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Abstrakt  

Hormonální terapie nové generace zlepšily výsledky léčby pacientů s karcinomem 
prostaty, ale téměř u všech nakonec dochází k rozvoji rezistence. Pro zlepšení účinnosti 
léčby karcinomu prostaty je proto zapotřebí vývoj nových léčiv. V hlavní části 
disertační práce byla analyzována biologická aktivita knihovny 
dihydrotestosteronových derivátů s různými modifikacemi na A-kruhu (celkem 119 
sloučenin) připravené syntetickou skupinou Évy Frank (University of Szeged, 
Maďarsko) Modifikace dihydrotestosteronu fúzí s pyrazolem byla obecně 
nejúčinnějším strukturním motivem analyzovaných sloučenin, jejíž zástupci vykazovali 
silnou antagonistickou aktivitu vůči transaktivaci androgenového receptoru a silnou 
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antagonisty enzalutamid a galeteron. Nejúčinnější látka vyvolala snížení exprese 
a degradaci androgenového receptoru, a to i ve vzorcích pacientů ex vivo. Molekulárním 
dokováním byl popsán strukturní základ aktivity sloučenin a objasněna interakce 
s ligand-vazebnou doménou androgenového receptoru i potenciál pro další 
optimalizaci. V další části disertační práce, vzhledem k roli glukokortikoidového 
receptoru u získané rezistence, byly také analyzovány deriváty hydrokortizonu 
a popsáni duální antagonisté androgenového a glukokortikoidového receptoru. Vedoucí 
sloučenina potlačila signalizaci obou receptorů a interakce s nimi byly detailně popsány. 
Obecně poskytla disertační práce cenné poznatky pro návrh a vývoji nových sloučenin 
cílených pro léčbu karcinomu prostaty a zdůraznila jejich potenciál jako alternativních 
nebo doplňkových terapií ke stávajícím standardním přístupům. 
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1 OBJECTIVES OF THE THESIS 
Nuclear receptors (NRs) are crucial regulators of physiological processes and diseases, 

with the androgen receptor (AR) having a pivotal role in prostate cancer (PCa) (Dhiman 

et al., 2018; Velho et al., 2021). Over the years, the treatment of PCa has undergone 

significant advancements and targeting of AR has been utilized to improve patients’ 

outcomes. Initially, antiandrogens were steroid-based (Dawson et al., 2000), the next 

development focused on non-steroidal compounds, which were successfully approved, 

but the steroid-based AR antagonists are less exploited. Several steroidal compounds, 

mostly modified on the D-ring of the androstane core have been investigated (Cortés-

Benítez et al., 2016; Shi et al., 2018; Jorda et al., 2019a, Jorda et al., 2019b), but apart 

of approved androgens’ synthesis inhibitor abiraterone (Jarman et al., 1998) only 

galeterone (Njar and Brodie, 2015) entered clinical trials, unfortunately without 

successful approval. (Taplin et al., 2019). For the abovementioned reasons, investigation 

of novel agents is desirable and identification of new predictive biomarkers of resistance 

is needed to improve treatment efficacy. 

Compared to D-ring fused or substituted steroid derivatives, compounds 

containing a heterocycle moiety on the A-ring have been recently much less investigated. 

In collaboration with Éva Frank’s (University of Szeged, Hungary) synthetic group, the 

main objective of the dissertation thesis was to characterise the biological activity 

of lready published and novel A-ring substituted 5α-dihydrotestosterone (DHT)- 

derivatives, searching for potent and selective AR modulators, predominantly 

antagonists. The compounds were intended to be analysed for their agonist and antagonist 

activities towards AR, their binding into the AR, antiproliferative activity in PCa cell 

lines (both AR-positive and AR-negative ones), the influence of the AR level 

or downstream signalling (Appendix I. – III.). 

The other objective was to evaluate the biological activity of hydrocortisone’s 

derivatives prepared by the synthetic group of Gyula Schneider and Erzsébet Mernyák 

(University of Szeged, Hungary). Compounds were intended to be analysed for their 

agonist or antagonist activity towards both the androgen and glucocorticoid (GR) 

receptors and appropriate PCa cell lines (Appendix IV.). 

As a part of this thesis, several D-ring-attached steroidal isoxazoles and triazoles 

(similar to abiraterone) were planned to be characterised for their presumed CYP17A1 

inhibitory effect and AR-antagonist activity (Appendix V.).   

https://erc.bioscientifica.com/view/journals/erc/21/4/T105.xml#bib22
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2 NUCLEAR RECEPTORS 
NRs have historically been at the forefront of cancer research. The family comprises 

48 transcription factors (TFs) pivotal in regulating a multitude of physiological processes, 

including metabolism, immunity, development and cell proliferation. However, they also 

act as critical regulators of diseases and serve as biomarkers for tumour classification and 

targets for hormone therapy (Mangelsdorf et al., 1995; Dhiman et al., 2018). Unlike other 

transcription factors, many NRs directly bind small lipophilic ligands (easily diffusing 

through the cytoplasmic membrane) in the cytosol or possibly in the nucleus, the main 

place of their action (Evans, 1988; Zhao et al., 2019) The NR family of transcription 

factors can be divided into three categories by their ligands: the endocrine NRs (utilizing 

endocrine hormones as their endogenous ligands), the orphan NRs (no natural ligand 

described yet) and the adopted NRs (formerly considered orphans, but later their natural 

ligands were discovered) (Table 1) (Yang et al., 2021). 

Table 1 Groups of nuclear receptors based on their ligands. Oestrogen receptor (ER), 
vitamin D receptor (VDR), retinoic acid receptor (RAR), androgen receptor (AR), 
mineralocorticoid receptor (MR), glucocorticoid receptor (GR), progesterone receptor 
(PR), thyroid hormone receptor (THR), REVERB – reverse ERB receptor, testicular 
receptor TR, neuron-derived orphan receptor (NOR1), nuclear receptor related 
1 (NURR1), nuclear receptor related 77 (NURR77), hepatocyte nuclear Factor (HNF4), 
constitutive androstane receptor (CAR), retinoic acid receptor-related orphan receptor 
(ROR), oestrogen-related receptor (ERR), peroxisome proliferator-activated receptor 
(PPAR), retinoid X receptor (RXR), liver X receptor (LXR), steroidogenic factor 1 (SF1), 
pregnane X receptor (PXR), farnesoid X receptor (FXR), dosage-sensitive adrenal 
hypoplasia X-linked 1 (DAX1), small heterodimer partner (SHP), testicular receptor 
2 (TR2), chicken ovalbumin upstream promoter transcription factor (COUPTF), liver 
homolog receptor 1 (LHR1), erythroblast transformation member 2 (EAR2), T-cell 
leukaemia homeobox protein (TLX), photoreceptor-specific nuclear receptor (PNR), 
germ cell nuclear factor (GCNF) (Dhiman et al., 2018; Yang et al., 2021). 

Human nuclear receptors 

Endocrine ERα, ERβ, VDR, RARα, RARβ, RARγ, AR, MR, GR, PR, THRα, 

THRβ 

Adopted REVERBα, REVERBβ, TR4, NOR1, NURR1, NURR77, HNF4α, 

HNF4γ, CAR, RORα, RORβ, RORγ, ERRα, ERRβ, ERRγ, PPARα, 

PPARβ, PPARγ, RXRα, RXRβ, RXRγ, LXRα, LXRβ, SF1, PXR, FXR 

Orphan DAX1, SHP, TR2, COUPTF1, COUPTF2, LHR1, EAR2, TLX, PNR, 

GNCF 



 

12 

Upon ligand binding, conformational changes occur within NR proteins, leading 

to diverse functional outcomes. These changes facilitate NR binding to specific DNA 

target motifs (hormone response elements – HREs) within the genome and modulate the 

transcription of target genes. It's important to note that NR-mediated effects on gene 

expression aren't solely dependent on HREs; ligand-bound NRs can also interact with 

other TFs within chromatin complexes (Danielian et al.,1992). 

The NR can quickly react to changes in the cellular environment, making them 

important parts of signalling pathways. Many tissues in the body express different types 

of NRs responding to various signals, which is why they play crucial roles in both normal 

body functions and diseases (Becnel et al., 2015). Early research of NRs linked steroid 

hormones’ receptors to PCa (AR) and BrCa (ER) development and progression (Bluemn 

et al., 2012; Thomas and Gustafsson, 2015). Later it was found, that the presence 

or absence of certain NRs, like the ER and (PR), can affect patient survival and response 

to treatment in BrCa. Using specific detection, the NRs’ expression can be used for 

tumour classification and prediction of their response to hormone therapy (Bardou et al., 

2003). 

In the past, much attention has been given to studying the specific roles 

of particular NRs in different types of cancer. However, gene regulation in cells involves 

complex interactions among multiple proteins and most tissues express several NRs that 

are linked to cancer. These findings suggest that NRs likely cooperate in cancer cells, 

forming a network with various chromatin modifiers, signalling molecules, 

transcriptional co-regulators, and pioneer factors (Kittler et al., 2013; Dhiman et al., 

2018). More importantly, it was found that tissue-specific expression of crucial NRs 

might play oncogenic, tumour-suppressive or both roles in the cancerogenesis of different 

cancers. For example, the clear oncogenic role of AR in PCa (Sharma et al., 2013) differs 

from its possible tumour-suppressive role in bladder cancer (Boorjian et al., 2004). 

Taken together, NRs are pivotal in the development and perpetuation of cancer 

characteristics. Numerous drugs targeting NRs have been extensively employed 

in treating cancer, or are currently undergoing evaluation in clinical trials (Yang et al., 

2021). With advancing knowledge regarding the involvement of NRs in physiological 

and pathological cellular processes, there is a promise of the emergence of novel 

approaches capable of targeting these receptors with enhanced efficacy and reduced 

adverse effects (AEs) in cancer therapy. 
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 Androgen receptor 
The AR, also known as NR3C4 (nuclear receptor subfamily 3, group C, member 4), 

is a NR that binds the androgen hormones, primarily testosterone and DHT. Acting as 

a TF, it plays a crucial role in the physiological development of both primary and 

secondary male sexual characteristics. The AR gene is located on the X chromosome, 

specifically on the long arm in the Xq11 to Xq12 loci (Velho et al., 2021). It consists of 8 

exons and introns and the protein product comprises 919 amino acids forming three main 

domains along with a hinge region, resulting in a final molecular weight of 110 kDa (Tan 

et al., 2015). Exon 1 encodes the N-terminal domain (NTD), exons 2 and 3 encode the 

DNA binding domain (DBD), and exons 4 to 8 encode the ligand binding domain (LBD) 

and hinge region (HR). The complete structure of the AR is illustrated in Figure 1. 

The NTD is the largest part of AR, spanning 555 amino acids (Velho et al., 2021). 

It plays an important role in receptor activation, cooperating with the LBD. Within the 

NTD, there is a so-called activation function 1 (AF-1), located between amino acids 142 

and 485. Two regions within AF-1, Tau-1 (amino acid residues 110 to 370) and Tau-5 

(amino acid residues 360 to 485), are essential for achieving full receptor activation. 

Additionally, specific sequences within the NTD, including FQNLF (amino acid residues 

23 - 27) and WHTLF (amino acid residues 433 - 437), are necessary for establishing 

a direct interaction between the NTD and LBD. This interaction is crucial for regulating 

many androgen-dependent genes (Davey and Grossmann, 2016). Moreover, this domain 

interaction aids receptor dimerization and stabilisation, with subsequent impairment 

of ligand dissociation from LBD. 

The DBD spans from the 556 - 623 amino acid residues and is highly conserved 

(Tan et al., 2015). Its core is formed from a cysteine-rich region containing two zinc 

fingers (Cys2-His2 type) which enable the binding of the receptor to the HREs on the 

DNA. Within the DBD and the HR (624 - 665), there is a nucleus-transport signal region 

(residues 617 - 633). This transport of the activated AR is crucial, as passive movement 

through the nuclear membrane is limited. Therefore, upon the ligand binding, the AR 

undergoes a conformational change with the nucleus-transport signal region exposure. 

Additionally, the HR enhances DNA binding and serves as a target for acetylation, 

methylation, and ubiquitination (Wen et al., 2020). 
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Figure 1 The AR gene/protein structure. The AR gene is transcribed from the X 
chromosome with 8 exons. The exon 1 codes for the NTD, exons 2 and 3 code for the 
DBD and exons 4-8 code for the HR and the LBD. AF-1 resides within the NTD, with 
two activation domains Tau-1 and Tau-5, while Activation Function-2 (AF-2) resides 
mainly within the final helix H12 of the LBD. Taken from Maylin et al., 2021. 

The LBD spans from amino acid residues 666 - 919. Unlike the NTD, its structure 

has been extensively described using crystallography since the early 21st century (Matias 

et al., 2000). This domain comprises 11 α-helices and 2 antiparallel folded β-sheets. The 

entire structure is sandwiched into 3 layers. The first layer contains helices H1 and H3, 

while H2, commonly found in the LBD of most NRs, is absent in the AR and is replaced 

by a long flexible linker. The middle layer consists of H4, H5, a β-folded sheet, H8 and 

H9. The third layer includes H10 and H11. The direct binding site of the ligand, known 

as the ligand binding pocket (LBP), is surrounded by the N-terminal segments of H3, H5, 

and H11. The AF-2, formed by helix H12, acts as the "lid" of the LBP (Figure 2). After 

ligand binding, AF-2 closes the LBP by altering its conformation. Additionally, the LBD 

regulates the AR nuclear/cytoplasmic shuttling by ligand detection (Tyagi et al., 2000) 

with a nearby located nuclear export signal (NES) (Saporita et al., 2003). In addition 

to the classic AR structure described above, several other variants were described, both 

in healthy and malignant cells (Velho et al., 2021). These morphologically different 

variants are known as AR splicing variants (AR-Vs), arising from alternative splicing 

of intron regions during the pre-mRNA splicing (Nakazawa et al., 2014). They confer the 

resistance towards antiandrogens, which is described in detail in section 2.4. 

555 623 665 1 919 
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 Androgen receptor’s activation and regulation 
The current model of testosterone action is initiated by its synthesis, primarily by the 

Leydig cells in the testes (secondary in target tissues from adrenal androgens), under the 

regulation of luteinizing hormone (LH) secreted by the anterior pituitary gland. LH 

secretion is upstream regulated by gonadotropin-releasing hormone (GnRH). (Dai et al., 

2017). Once synthesised, testosterone is transported bound to serum sex hormone-binding 

globulin (SHBG) or albumin (Baker et al., 2002), with only the free form entering prostate 

cells. Upon internalisation, testosterone is converted into a more potent metabolite DHT, 

which activates the AR (described below), to regulate the transcription, leading to the 

proliferation, survival and growth of prostate cells (Dehm and Tindall, 2006). The 

presence of androgens and functional AR is crucial for male sexual differentiation, 

prostate development and physiological processes (Heinlein and Chang, 2004). AR’s 

significance in disease is considerable, as it is implicated in conditions ranging from 

complete androgen insensitivity syndrome and spinal bulbar muscular atrophy 

(Brinkmann, 2001) to PCa or BrCa. In the PCa, the dependence on AR signalling is clear 

and it has been exploited for therapeutic intervention for decades. 

The nature of the AR ligand can be agonist (enhances the transcriptional activity), 

or antagonist (suppresses the transcriptional activity), or its effects may be mixed 

or variable. AR can bind a wide range of ligands by a flexible accommodation of the LBP 

(Gao et al., 2005). Generally, natural agonists are small lipophilic molecules derived from 

cholesterol. The activation of AR follows similar principles within the known 

physiological agonists (testosterone or DHT) or synthetic analogues (metribolone 

(R1881) and initiates by the interaction between the AR and the ligand in the cytosol 

of the cell (Tan et al., 2015). In the cytosol, AR is found as an inactive monomer bound 

to chaperones from the heat shock protein (HSP) family (HSP90, HSP70) or co-

chaperones (p23) (Cano et al., 2013). Upon ligand binding to the LBP, the receptor 

is released from HSP. Through the signal sequence in the DBD and the HR, the ligand-

bound AR monomer is transported into the nucleus and dimerizes with another AR 

molecule (Chen et al, 2012). Posttranslational modifications (PTM) (primarily 

phosphorylation) play a crucial role in AR activation and can take place in the cytosol 

or nucleus. Following dimerization, AR binds to androgen response elements (AREs) 

in the promoter region of downstream target genes (e.g., prostate-specific antigen (PSA), 

by a zinc finger motif. This binding results in the formation of an AR-dimer complex with 
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coactivators and other DNA-binding proteins, leading to full activation of AR's 

transcriptional activity. DHT is stronger agonist compared to testosterone due to the 

absence of the C4-C5 double bond on the A-ring, exhibiting altered geometry and altering 

the distance and angle of the hydrogen bond with the key residue Arg752 (Figure 2). This 

modification favours the interaction of the LBP with DHT over testosterone (Pereira de 

Jésus-Tran et al., 2006) and reduces the dissociation rate of DHT by up to 5 times (Grino 

et al., 1990). An important synthetic agonist of AR, metribolone, is among the most potent 

orally active AR agonists (Takeda et al., 2007). The agonists display the same orientations 

and interactions in the LBP with conserved hydrogen bonds with N705, Q711, R752 and 

T877 along with hydrophobic interactions (Figure 2). 

 
Figure 2 (A) Structure of DHT and its interactions in AR LBD from the co-crystal 
structure (PDB 1I37). (B) Structure of R1881 and its interactions in AR LBD from the 
co-crystal structure (PDB 1E3G). The AR-LBD residues forming hydrogen bonds 
(yellow dotted lines) with (N705, Q711, R752, and T877) are labelled and shown as blue 
sticks, and the residues forming hydrophobic interactions are shown as grey lines. (C) 
Structure of the AR-LBD (PDB 1E3G) consists of 11 α-helices (cyan), two-stranded β-
sheets (magenta) arranged in a typical three-layer (1st, 2nd, 3rd) sandwich fold and the 
regulatory helix12 (orange) and the linkers, including the long flexible linker (salmon). 
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Beyond its regulation by androgens, the AR is also modulated by PTMs, serving 

not only as a TF but also as a central node integrating various signal transduction 

pathways, possibly targeted by therapy. Thus far, several PTM of AR have been 

discovered, encompassing phosphorylation, acetylation, methylation, ubiquitination and 

SUMOylation (Figure 3) (Wen et al., 2020). These alterations are indispensable for 

upholding the protein's stability, nuclear translocation and full transcriptional activity. 

The most prominent AR post-translational regulation is phosphorylation, with at least 

19 phosphorylation sites on AR protein, with the majority being regulated by androgens, 

located predominantly on serine residues (Koryakina et al., 2015; Wen et al., 2020) and 

activating the AR functions. The AR phosphorylation sites are well described, with 

known therapy implications. The highly studied phosphorylation on S81 can be both 

androgen-dependent (Chen et al., 2006) and independent (Yang et al., 2007), but 

it is generally impaired by androgen deprivation in vivo (Russo et al., 2018). It increases 

AR protein stability, nuclear localization and transactivation. S81 is phosphorylated 

by several cyclin-dependent kinases (CDKs) (Chen et al., 2006; Jorda et al., 2018; Liu et 

al., 2017; Gordon et al., 2010), further modulated by Sema4D/plexin-B1 (Williamson et 

al., 2016) or Caveolin-1 (Karantanos et al., 2016) in the nucleus (Figure 3). 

 

Figure 3 A diagram summarizing PTMs of the AR. Modifications: phosphorylation (P), 
acetylation (A), methylation (M), ubiquitination (U) and SUMOylation (S) are shown and 
the character of effect is distinguished by colours. Taken from Wen et al., 2020. 
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 Androgen receptor’s role in prostate cancer development and 

progression 
The prostate, a walnut-sized gland of men, produces seminal fluid to support sperm 

transport. It comprises four zones: anterior fibromuscular stroma, central zone, peripheral 

zone, and periurethral transition zone. Most PCa arise from the peripheral zone, while the 

transition zone is implicated in benign prostatic hyperplasia (BPH) (Shen et al., 2010). 

The prostate epithelium consists of luminal, basal, and neuroendocrine cells, with 

emerging evidence suggesting that PCa originates from either luminal or basal cell types 

(Stoyanova et al., 2013; Wang et al., 2013). The prenatal prostate development relies 

on androgens and a functional AR (Wilson et al., 1993), which also support the survival 

of secretory epithelia in fully-developed organ. In normal prostate tissue, cell death and 

proliferation rates are balanced (Berges et al., 1995). While castration reduces prostatic 

DHT levels, leading to apoptosis of secretory epithelial cells, stromal cells are rather 

androgen-independent. On the contrary, elevated serum androgens increase prostate cells’ 

proliferation, but they may not alone promote prostate carcinogenesis (Hsing, 2001). 

Androgen-responsive genes (affected by androgen treatment) are regulated 

through AR transcriptional activity. Identification of these genes led to progress in PCa 

diagnosis and treatment, but it could still unveil new biomarkers and treatment strategies. 

The most known AR downstream target is PSA (kallikrein-related peptidase 3 (KLK3), 

whose expression is tightly regulated by AR through ARE in the PSA promoter (Cleutjens 

et al., 1997). It's a serine protease secreted into the prostate ducts to prevent semen 

coagulation. The importance of AR activity for PSA expression was demonstrated in AR-

negative PCa cell line PC-3, where re-expression of AR induced PSA production (Kollara 

et al., 2003). The PSA protein still remains the most recruited biochemical marker for 

prostatic diseases, particularly PCa and the treatment response. In a normal prostate, PSA 

levels are significantly higher than in serum, entering the serum through leakage only. 

During PCa progression, abnormal ductal structure allows PSA secretion into 

extracellular space, elevating serum PSA levels (Heinlein and Chang, 2004). 

While historically only a few downstream targets of AR were known (KLK3, 

KLK2 and NKX3-1) (Prescott et al., 1998), advances by the human genome project and 

microarray technologies have enabled the discovery of numerous AR downstream genes 

through expression analyses of PCa cells and tissues (a core set of more than 200 genes) 

(Jin et al., 2013). Alongside the discovery of androgen-responsive genes, the downstream 
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molecular pathways and cellular processes governed by androgens became apparent. 

Functional annotation revealed that a majority of the genes are involved in: (I) production 

or modification of secretary proteins, protein folding, trafficking, and secretion (KLK2, 

KLK3, NDRG1, FKBP5, HERC3, SEC24D, TMPRSS2) (Xu et al., 2001); (II) cell-cycle, 

energy metabolism and biosynthetic pathways (DHCR24, ALDH1A3, CDK8, BARD1) 

(Massie et al., 2011); (III) signalling (PIK3R3, BCHE, SGK, MERTK, TMPRSS2) and 

regulators of transcription such as GATA2, CTBP1, ETV1, CREB3L4, HOXB13 and 

NKX3-1. These findings underscore the role of androgens in supporting the survival and 

growth of prostatic cells and the production of seminal fluid (Toivanen and Shen, 2017). 

Accordingly, growth control in the normal prostate is tightly regulated but it is lost 

in neoplasia (Lamb et al., 2014). Not only is androgen signalling indispensable to prostate 

development and normal function, but it is also a key driver of PCa initiation and 

progression. Therefore, numerous studies characterised the expression and function 

of AR target genes in PCa, for example, the FKBP5, which was expressed higher in 

prostate tumour samples relative to BPH and may be a potential diagnostic marker for 

PCa (Velasco et al., 2004). The malignant progression of prostate tumours is an intricate 

process driven by the accumulation of somatic mutations in the prostate epithelial cells’ 

genome. These mutations, occurring in oncogenes or tumour suppressor genes, play 

pivotal roles in regulating cell growth, DNA damage repair (DDR), cell proliferation, and 

cell death (Ahmed and Eeles, 2015; Robinson et al., 2015). PCa is categorized as a C-

class tumour, with prevalent genetic changes including copy number alterations (CNAs) 

and gene structural rearrangements (Baca et al., 2013; Hieronymus et al., 2014). 

During the initial stages, a premalignant lesion known as prostatic intraepithelial 

neoplasia (PIN) emerges, with high-grade PIN (HGPIN) recognized as a precursor to 

invasive PCa (Bostwick and Cheng, 2012). HGPIN exhibits numerous proliferative 

abnormalities compared to normal and hyperplastic epithelium, with overexpression of 

oncogenic proteins such as anti-apoptotic Bcl2 and GSTP1. Additionally, dysregulation 

of proliferation markers like Ki-67 and cyclin-dependent kinase inhibitor p27 (Kip1), 

along with loss of tumour suppressor proteins like PTEN and Nkx3.1, are observed in 

HGPIN (Packer et al., 2016). The AR signalling pathway is implicated in promoting PCa 

through chromosomal translocations (Fraser et al., 2017), particularly TMPRSS2-ERG 

gene fusions, generated by AR-induced chromosomal proximity and erroneous DNA 

repair (Stopsack et al., 2020). These fusions are commonly detected in HGPIN lesions, 

suggesting their involvement in early PCa development (Tomlins et al., 2005). 
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Furthermore, the downregulation of several miRNA families along with activation 

of telomerase, PTEN deletion, and loss of RB1, contribute to the progression from HGPIN 

to carcinoma (Packer et al., 2016; Antonarakis et al., 2012). Further genetic alterations, 

including AR mutations and amplification, overexpression of oncogenes like CXCR4 and 

EZH2, and mutations in FOXA1, BRCA1/2, and ATM, are associated with PCa 

progression from early stages to metastatic disease (Rebello et al., 2021). 

 Androgen receptor’s role in the castration-resistant prostate 

cancer 
Various acquired resistance mechanisms are AR-mediated, but many are also AR-

independent. While ADT and AR antagonists (abiraterone and enzalutamide) initially 

block tumour progression, most patients eventually develop castration-resistant prostate 

cancer (CRPC) due to the cells' adaptation to low androgen levels (Chandrasekar et al., 

2015). Upon the ADT, numerous genes display differential expression, but many of them 

were not down-regulated after short-term castration in patients. It indicated that the ADT 

may not be sufficient to completely block the AR activity, which can then lead to PCa 

cell survival in a low androgen environment (Montgomery et al., 2008). The AR 

signalling plays a critical role in CRPC development and resistance to current therapy 

renders metastatic CRPC (mCRPC) a lethal form of the disease (Angulo et al., 2022). 

The AR-dependent acquired resistance mechanisms include AR mutations, AR 

amplification and overexpression, AR-alternative splicing, altered expression of AR-

coregulators or intratumoral androgen biosynthesis.  

Point mutations in the AR LBD are common in PCa, particularly in mCRPC and 

the frequently observed ones include F877L, H875Y, T877A, and L702H. These variants 

were detected in circulating free DNA (cf-DNA) samples from mCRPC patients, typically 

emerging with disease progression upon treatment with enzalutamide or abiraterone 

(Antonarakis et al., 2016). They are all associated with AR promiscuity (loss 

of specificity to androgens), being activated by other hormones like oestrogens, 

progesterone or glucocorticoids. Additionally, mutated AR can switch non-steroidal 

antiandrogens (enzalutamide and apalutamide) into agonists, leading to resistance to these 

treatments (Culig et al., 1999; Rathkopf et al., 2017) (resistance patterns are summarised 

in Table 2). Currently, mutated AR can be targeted only by darolutamide, but the future 

holds promises in clinical trials of proteolysis targeting chimeras (PROTACs) 

or compounds targeting NTD or DBD (Li et al., 2019; He et al., 2022). 
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Table 2 Resistance patterns of different AR point mutations (Antonarakis et al., 2016; 
Culig et al., 1999; Rathkopf et al., 2017; Schmidt et al., 2021). 
 

Condition / mutation L702H H875Y F877L T877A 

enzalutamide treatment  ✔ ✔ ✔ 

abiraterone treatment ✔   ✔ 

steroid hormones’ promiscuity ✔ ✔ ✔ ✔ 

enzalutamide and apalutamide 

agonist activity 
  ✔  

 

Overexpression of AR, as the most common alternation (in 30–50% of patients) 

is frequently observed in CRPC at the time of diagnosis, typically identified through 

tumour biopsies (Robinson et al., 2015). Analysis of cf-DNA in plasma samples from 

patients treated with enzalutamide reveals a higher incidence of AR amplification 

compared to abiraterone (Annala et al., 2018). Amplification serves as a compensatory 

mechanism against AR inhibition, leading to reduced treatment efficacy over time. AR 

overexpression can be induced by increased protein stability or decreased degradation 

(Vellky et al., 2020). Elevated AR expression increases tumour cell sensitivity to minimal 

androgen levels, increasing the risk of disease progression (Coutinho et al., 2016). AR-

signalling in CRPC can be reactivated and sustained by extensive S81 phosphorylation, 

which became indeed a useful biomarker of AR activity in CRPC (Russo et al., 2018). 

Resistant PCa is also linked to the expression of AR-Vs, which are constitutively 

active forms, usually lacking the LBD (target of antagonists). Various AR-Vs, including 

AR-V1, AR-V567es, AR-V3, and notably androgen receptor splicing-variant 7 (AR-V7), 

are found in CRPC (Figure 4). Among these, AR-V7 is the most prevalent, detected in 

approximately 40% of cases at the protein level (Antonarakis et al., 2016). Patients with 

AR-V7 expression typically experience shorter progression-free survival (PFS). These 

variants function independently of androgen binding and can confer resistance by forming 

active homodimers or heterodimers with full-length AR (AR-FL) (Wadosky et al., 2019). 

Detection of AR-V7 in the nucleus of circulating tumour cells points out CRPC patients 

for taxane-based chemotherapy, since cabazitaxel showed promising outcomes in these 

patients (Ashizawa et al., 2022) and there are also investigational drugs targeting other 

than the LBD. 
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Figure 4 The AR gene is composed of 8 exons coding the different domains and the RNA 
transcript might be spliced in distinct ways to combine the standard exons (1–8), resulting 
in cryptic exons (CE-1, CE-2, CE-3, CE-4). CE inclusion results in unique (U) regions 
with sequences not found in the wt-AR. The composition of the four most prominent AR-
Vs with constitutive activity is shown. In AR-V3/AR6, the splice variant bears only one 
zinc finger (Zn) and, thus, a truncated DBD. The numbers of included exons are shown 
above each splice variant (Antonarakis et al., 2016; Wadosky et al., 2019). 

 

Furthermore, a significant mechanism contributing to abnormal AR signalling 

in CRPC involves intra-tumoral androgen synthesis, driven by the upregulation of key 

enzymes in steroidogenesis. Notably, enzymes such as cytochrome P450 cholesterol side 

chain cleavage enzyme (CYP11A1) and CYP17A1 are often overexpressed, facilitating 

the production of weak androgens like dehydroepiandrosterone (DHEA) 

and androstenedione. These weak androgens can then be converted into testosterone 

through the catalysis of enzymes 3β-hydroxysteroid dehydrogenase (3β-HSD) or aldo-

keto reductase 3 (AKR1C3), which are also highly expressed by CRPC cells (Penning et 

al., 2014). Following ADT, there may be an intratumoral increase in testosterone 

precursors (progesterone, cholesterol) (Armandari et al., 2014), all supporting 

the hypothesis of a compensatory mechanism for treatment. 

 Targeting androgen receptor in management of prostate cancer 
Over the years, the treatment of PCa has undergone significant advancements and 

targeting of AR signalling, a significant driver of PCa growth, has been utilized for 

revolutionizing patient outcomes and improving survival rates. The prognosis for both 

localized and metastatic PCa (mPCa) has significantly improved over the past decades, 
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reflecting the success of scientific advancements in this field. Previously limited 

to palliative care, treatment options now include curative robotic-assisted radical 

prostatectomy, stereotactic radiotherapy, and brachytherapy. Chemotherapy and 

androgen-suppressive therapies have also extended life expectancy, alongside 

the advancements in diagnostic imaging and staging (Denmeade and Isaacs, 2002). 

Modern management of PCa considers various factors for tailored treatment, 

including disease stage, histopathological characteristics, molecular features, and patient-

specific factors. For localized disease, options include active surveillance, surgery, 

radiotherapy, and hormone therapy based on the risk assessment. Multimodal approaches 

are recommended for locally advanced disease (Kane et al., 2017). The treatment 

landscape for mPCa has evolved significantly. While standard treatment involved ADT, 

new agents like next-generation hormone therapies, radionuclides, taxanes, and poly 

ADP-ribose polymerase (PARP) inhibitors have expanded treatment options, with 

evolving strategies from single-agent to combination therapies even in mPCa, often 

leading to temporary remission (Cornford et al., 2017; Gillessen et al., 2020). The focus 

has been mainly to directly target either the ligand (synthesis of testosterone) 

or the receptor (AR transcription activity). However, there have been instances where 

alternative methods have been explored to indirectly inhibit AR signalling. In 

the following sections, different strategies targeting this crucial signalling pathway will 

be described, along with their effectiveness and constraints. 

 Androgen deprivation therapy  
The concept of androgen ablation in prostate disease dates back to the 19th century, with 

experiments in animals establishing the relationship between hormones and prostate 

function (Lytton, 2001). The subsequent research elucidated the testosterone synthesis 

regulation and was awarded by two Nobel Prizes in Physiology and Medicine (Denmeade 

and Isaacs, 2002). The hypothalamus plays a crucial role by the secretion of the 

luteinizing hormone-releasing hormone (LHRH), stimulating the pituitary gland 

to release follicle-stimulating hormone (FSH) and LH. While LH acts on receptors on the 

Leydig cells in the testes to control testosterone synthesis, FSH influences the Sertoli 

cells, prompting the expression of LH receptors (Tolkach et al., 2013). 

The discovery and synthesis of LHRH led to the development of synthetic peptide 

agonists (Schally et al., 2000), which induced transient testosterone flare 

and downregulated pituitary receptors for LHRH, leading to reduced testosterone levels, 
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effective in the treatment of PCa. Synthetic peptide LHRH agonists included leuprolide 

(Lupron), and goserelin (Zoladex) which were developed for clinical use (Xu et al., 2012). 

Unfortunately, LHRH agonists come with drawbacks such as high cost, impotence, hot 

flashes and loss of libido. Additionally, the testosterone peak following the initial use 

of LHRH agonists might trigger tumour flare in patients with advanced disease (Rhee 

et al, 2015). To mitigate these AEs, combined therapy with androgen signalling inhibitors 

was suggested and also LHRH antagonists were developed. 

LHRH direct antagonists, such as cetrorelix (Cetrotide), abarelix (Plenaxix) and 

orgalutran (Ganirelix), controlled the testosterone levels better and faster than agonists. 

In the example of abarelix, it was shown that LHRH antagonists do not induce the harmful 

flare in serum testosterone, in contrast, they perform rapid medical castration (Crawford 

et al., 2009). In 2008, a new generation LHRH antagonist, degarelix (Firmagon) was 

developed and approved by the US Food and Drug Administration (FDA) for advanced 

PCa, being a potent and long-acting suppressor of testosterone levels in patients without 

serious AEs (Klotz et al., 2008; Cui et al., 2014). All the above-mentioned approaches 

of androgen ablation were compared and showed to be equally effective in reducing 

tumour growth and upon the decades of surgical orchiectomy, LHRH antagonists have 

become the preferred method (Hussain et al., 2013). 

There were efforts to develop new approaches targeting testosterone synthesis. 

Ketoconazole (antifungal agent) (Figure 5), has been repurposed as a second-line 

treatment for patients who failed androgen ablation. By inhibiting the enzyme CYP171A, 

ketoconazole blocks both gonadal and adrenal steroidogenesis. Treatment with 

ketoconazole reduced the PSA level, however, without any improvement in patients’ 

overall survival (OS) and with AEs such as gastrointestinal, liver and skin problems 

(Vasaitis et al., 2011). Abiraterone acetate, the first FDA-approved drug targets both 

adrenal and intra-tumoral androgen synthesis, and inhibits CYP450 17α-hydroxylase and 

17,20-lyase activities. Clinical trials have shown that it effectively suppresses serum 

testosterone, exhibiting significant antitumor activity (Jarman et al., 1998). However, 

abiraterone treatment leads to elevated levels of adrenocorticotropic hormone, 

necessitating co-administration of low-dose prednisone to mitigate this AE. It was shown 

that the active metabolite of abiraterone acetate, Δ (4)-abiraterone, displays potent clinical 

activity by inhibition of steroidogenesis and moderate AR antagonism (Vasaitis et al., 

2011). Other drugs targeting androgen biosynthesis have also emerged. Orteronel (TAK-

700) and seviteronel (VT-464) (Figure 5) exhibit selective inhibition of the 17,20-lyase 
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activity of CYP17A1 and induce decreased circulating androgens, leading to prolonged 

PFS (Madan et al., 2020). Galeterone, the CYP17A1 inhibitor and also the steroidal 

antiandrogen is discussed in section 3.2. Additionally, finasteride, an inhibitor of the 5α-

reductase enzyme, reduces DHT synthesis by blocking the conversion of testosterone 

to DHT in cells and it is used for the treatment of BPH (Denmeade and Isaacs, 2002). 

 

Figure 5 Clinically used inhibitors of testosterone synthesis targeting the CYP17A1. 

 Steroidal antiandrogens 
First AR antagonists were developed in response to failures of androgen synthesis 

inhibitors. To directly bind and block the AR LBD and interfere with its transcriptional 

activity, initial antiandrogens incorporated a steroidal skeleton, analogous to the 

androgens, to ensure receptor binding (Helsen et al., 2014). Several steroidal 

antiandrogens like cyproterone acetate (CPA), megestrol acetate, medroxyprogesterone 

acetate and spironolactone (Figure 6) were utilized to achieve maximal androgen 

blockade. However, their clinical use was limited due to significant drawbacks such 

as hepatotoxicity, interference with libido and potency, cardiovascular side effects, and 

low efficacy (Dawson et al., 2000; Schröder et al., 2004). 

These AEs were attributed to their low selectivity towards other steroid receptors, 

such as the PR and GR, where they acted as weak or partial agonists. Their 

antigonadotrophic effects resulted in reduced secretion of LH and FSH, leading 

to decreased plasma levels of testosterone and oestradiol, affecting libido and potency 

(Schröder et al., 1993). CPA has been one of the most clinically studied cancer drugs 

https://erc.bioscientifica.com/view/journals/erc/21/4/T105.xml#bib22
https://erc.bioscientifica.com/view/journals/erc/21/4/T105.xml#bib87
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in PCa, especially for palliative treatment (Saranyutanon et al., 2019). The molecule 

displayed greater binding affinity to the AR compared to first-generation nonsteroidal 

antiandrogens and also an antigonadotrophic character. However, studies showed that 

CPA as monotherapy is inferior, and combination with goserelin acetate is not superior 

(Thorpe et al., 1996). The antiandrogenic activity of spironolactone and megestrol acetate 

was comparable to CPA, but they acted also at the periphery to inhibit 5-α-reductase 

activity (Sert et al., 2003; Saranyutanon et al., 2019). The clinical use of megestrol acetate 

is limited by increased appetite and the patient's weight and also by dysregulation 

of corticoid hormones (Orme et al., 2003). Medroxyprogesterone acetate is used as 

a treatment for hot flushing in menopausal women (Irani et al., 2010). 

 

Figure 6 Initial steroidal AR antagonists (upper line) and new-generation of steroidal AR 
antagonists/androgen synthesis inhibitors. 
 
Compared to the above-mentioned steroidal antagonists, the modern multi-targeted drug 

galeterone (TOK-001) (Figure 6) is a selective modulator that alters androgen signalling 

in a variety of ways. It works as a powerful AR antagonist and a selective CYP17A1 

inhibitor, inducing AR protein degradation in PCa cells (Kwegyir-Afful et al., 2015; 

2016). Galeterone therapy in PCa models led to a considerable decrease in the levels 

of both AR-FL and AR-V7. Galeterone is also effective against AR point mutations 



 

27 

T877A and F876L mutations (Pozas et al., 2022). Galeterone’s phase I and phase II trials 

in patients with CRPC showed sufficient tolerance and potential efficacy, with 

the majority of patients displaying a drop in PSA level, which led to the phase III clinical 

study (Bastos and Antonarakis, 2016), focusing on the splice variant AR-V7. Patients 

with mCRPC who exhibited AR-V7 were treated with galeterone, but the trial was 

stopped after it was determined that the survival endpoints were unlikely to be met. 

However, galeterone is still in ongoing clinical trial (ClinicalTrials.gov ID: 

NCT04098081) for pancreatic cancer in combination with gemcitabine (Kwegyir-Afful 

et al., 2017). 

In subsequent research aimed at enhancing galeterone's effectiveness against PCa, 

potent analogues were discovered through structural modifications of the C-3 hydroxy 

group (Purushottamachar et al., 2013; 2016). Additionally, it was found that galeterone 

and its analogues not only inhibit the AR axis, but also effectively target oncogenic 

eukaryotic protein translation by degradation of mitogen-activated protein kinase 

interacting kinases 1 and 2, eventually inhibiting the initiation factor 4E (Kwegyir-Afful 

et al., 2016). This signalling is frequently associated with drug resistance in various 

human cancers (Bhat et al., 2015) and it was demonstrated that galeterone and analogues 

are effective even in drug-resistant PCa cell lines, including enzalutamide-resistant CRPC 

(D’Abronzo and Ghosh, 2018). Furthermore, the discovery of galeterone analogue 

VNPP433-3β (Figure 6), as a molecular glue that induces the proximity of AR-FL and 

mouse double minute 2 homolog (MDM2) revealed its role in the mediation of 

the ubiquitination and degradation of AR by MDM2 (Thomas et al., 2023). 

Recent findings suggested that the formulation of galeterone and analogues could 

significantly impact potency, due to their weakly basic nature and low solubility. 

In an in vivo rat study, KinetiSol amorphous solid dispersions exhibited a two-fold higher 

potency compared to a spray-dried dispersion with an equal drug load (Thompson et al., 

2023). Concerning the challenges related to solubility and bioavailability, 

the monohydrochloride salt of galeterone and the mono- and di-hydrochloride salts 

of VNPP433-3β were prepared, to improve their in vivo pharmacokinetics. The 

galeterone salt demonstrated increased in vitro antiproliferative activity (7.4-fold), but 

decreased plasma exposure, compared to VNPP433-3β salts with the same 

antiproliferative activities, but significantly improved oral pharmacokinetic profiles 

Therefore, the HCl salts of VNPP433-3β represent promising candidates for further 

clinical assessment (Thankan et al., 2023). 
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3.2.1 Investigational steroidal compounds 
Inspired by the promising potency of galeterone and its analogues, several other steroid 

compounds were developed, mainly bearing D-ring substitution/fusion with diverse 

heterocyclic cores. For example, a set of 17β-N-arylcarbamoylandrost-4-en-3-one 

derivatives displayed potent antiproliferative activity, however towards both the AR-

positive and negative PCa cell lines (compared to non-cancerous cells). The compound 

6g exhibited reasonable antiproliferative activity (GI50 ≈ 10 μM in LNCaP and PC-3), but 

was androgen-independent, which suggested targeting distinct pathways than AR 

(Cortés-Benítez et al., 2016). A series of other steroidal D-ring pyridines exhibited 

reasonable growth inhibition against AR-negative PC-3 cells (GI50 ≈ 1.55 μM), but much 

lower potency towards AR-positive LNCaP cells. Compound 3j inhibited colony 

formation and migration of PC-3 cells, but did not target the AR as well (Shi et al., 2018). 

Novel oxazoline, benzoxazole and benzimidazole androstane derivatives inspired 

by abiraterone and galeterone proved the benefit of the isoxazole substitution at the C-17 

on the D-ring. Compounds displayed moderate antiproliferative activity, equal towards 

AR-positive and negative cell lines and CYP17A1 binding (Latysheva et al., 2020). 

It inspired further investigations of these compounds as potential anti-PCa agents with 

isoxazole substitution. The modified derivatives diminished the AR transcriptional 

activity and displayed antiproliferative activity selective to AR-positive cell lines (GI50 

in the low μM range). The candidate compound 24j suppressed AR signalling, decreased 

the AR protein level and showed clear AR targeting (Appendix V., Rudovich et al., 

2022). A series of novel D-ring spirofused and linked 1,3,4-thiadiazine steroid derivatives 

displayed antiproliferative activity against AR-positive PCa cells (22Rv1) and blocked 

the AR downstream signalling, inducing apoptosis. The linked thiadiazine-substituted 

androstenes (7j) exhibited better antiproliferative activity (GI50 ≈ 4  μM) than spiro-

derivatives and notably, than the antiandrogen bicalutamide (Komendantova et al., 2019). 

Most importantly, two series of steroidal AR-antagonists were developed and 

characterised in our department. At first, novel 4,5,6,7-tetrahydropyrazolo[1,5-

a]pyridine-fused steroidal compounds on the D-ring showed the ability to suppress the 

AR-downstream signalling with slight selectivity towards AR-positive PCa cell lines 

(compound 11), but weak antiproliferative activity (Jorda et al., 2019a). Additionally, 

series of galeterone analogues including steroid-fused azacycles on the D-ring displayed 

strong targeting of the AR with potent antiproliferative activity towards AR-positive cell 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/pyridine-derivative
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lines (single-digit micromolar GI50). The candidate compound 3f reduced AR 

transactivation and downstream signalling and the flexible docking proved a similar 

position within AR-LBD compared to galeterone, with better binding energy (Jorda et al., 

2019b). All the structures of investigational steroidal compounds are shown in Figure 7. 

 The collaborating group of Éva Frank published a synthesis of novel D-ring 

pyrazolyl derivatives as potent CYP17A1 inhibitors and antiproliferative agents in the 

BrCa cell lines (single-digit micromolar GI50s) (Kovács et al., 2016). Further, they also 

presented androstano-arylpyrimidines fused on A or D ring with specificity towards PCa 

cell lines, but they were evaluated only in AR-negative ones, suggesting that other 

pathways than AR are targeted (Baji et al., 2017a) (Figure 7). Part of the compounds 

analysed in the frame of this thesis was previously synthesized and characterised, but 

without any biological analysis towards the AR or AR-positive PCa cell lines at all. They 

comprised the monosubstituted A-ring fused pyrazoles (Baji et al., 2017b), A-ring 

quinolines (Baji et al., 2016) and 1-aryl-5-methyl A-ring fused pyrazoles (Mótyán et al., 

2019) of DHT, which were analysed for their effect on AR-axis (Appendix II., III.). 

 
Figure 7 Structures of novel investigational steroidal compounds. 
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 Non-steroidal antiandrogens 
Due to the AEs observed upon treatment with steroidal antiandrogens (central impact 

on androgen secretion, loss of libido and sexual potency, hepatotoxicity etc.), 

pharmaceutical companies began to search for alternative, nonsteroidal anti-androgens 

without these side effects, but with the same mechanism (occupation the AR-LBD). 

In contrast to steroidal antiandrogens, non-steroidal counterparts have a more specific 

target range, resulting in fewer side effects (Saranyutanon et al., 2019), however, they 

also display several limitations, as listed below. The representatives of two generations 

of non-steroidal antiandrogens as well as their approval dates and PCa conditions are 

summarised in Table 3 and the structures of all representatives are shown in Figure 8. 

3.3.1 First-generation non-steroidal antiandrogens 
Flutamide was discovered as the first antiandrogen of this kind (Airhart et al., 1978), 

which underwent clinical testing, receiving FDA approval for PCa treatment (Crawford 

et al., 1989), followed by its derivative nilutamide (Namer et al., 1988), with better 

pharmacokinetic properties. They both displayed beneficial effect in PCa patients 

in combination with ADT, but only slightly improving the OS. Later, a more potent 

derivative, bicalutamide (Figure 8), was developed (Chen et al., 2009) (Table 3). 
Conversely, bicalutamide operates through a distinct mechanism, it binds to an allosteric 

site on the AR-LBD, inducing a conformational change and inhibiting the transcriptional 

activity (Osguthorpe and Hagler, 2011). It also exhibits a higher affinity for AR compared 

to other first-generation representatives. Thanks to the good safety profile and dosage 

once a day, bicalutamide is commonly used in monotherapy (Chen et al., 2009). 

Initially perceived as advantageous due to their low impact on libido or potency, 

it later emerged that these agents could traverse the blood-brain barrier, and increase LH 

levels in the bloodstream, leading to elevated serum testosterone levels. Even though they 

were tolerated and potent during the early stages of the disease, they are considered 

inferior therapies in terms of OS and PFS (Seidenfeld et al., 2000). Ultimately, patients 

develop resistance to these drugs and progress to the lethal stage of CRPC. While these 

agents temporarily reduced the AR expression, in some individuals with CRPC they 

exhibited agonist activity, particularly due to AR mutations (T877A or W741L), 

converting them to agonists (Culig et al., 1999; Chen et al., 2009). To address these 

limitations in treatment, second-generation antiandrogens with enhanced binding affinity 

and specificity were developed. 
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Table 3 Nonsteroidal AR antagonists’ approval and type of PCa. 

Generic 
name 

Another 
name 

Approval date 
(clinical stage) 

Treatments Reference  

Fist-generation 

Flutamide Eulexin 27 Jan 1989 mCRPC Airhart et al., 1978, 
Crawford et al., 1989 

Bicalutamide Casodex 04 Oct 1995 mCRPC Cockshott et al., 1990 

Nilutamide Nilandron 09 Sep 1996 mCRPC 
(+castration) 

Namer et al., 1988, 
Dijkman et al., 1997 

Second-generation 

Enzalutamide MDV3100 

31 Aug 2012 mCRPC Tran et al., 2009 

13 Jul 2018 nmCRPC Hussain et al., 2018 

16 Dec 2019 mCSPC Davis et al., 2019 

Apalutamide ARN-509 
14 Feb 2018 nmCRPC Clegg et al., 2012 

17 Sep 2019 mCSPC/ 
mCRPC 

Smith et al., 2018;  
Chi et al., 2019 

Darolutamide ODM-201 
30 Jul 2019 nmCRPC Moilanen et al., 2015 

Phase III  mCSPC Fizazi et al., 2020 
 

3.3.2 Second-generation non-steroidal antiandrogens 
The second-generation of FDA-approved antiandrogens include enzalutamide, 

apalutamide and darolutamide. The use of these second-generation AR antagonists has 

indeed led to improved patient OS by more effective targeting of aberrant AR signalling 

in CRPC patients (Scher et al., 2012) (Table 3). However, despite their initial efficacy, 

these agents have only yielded temporary responses due to the swift emergence of 

resistance (Watson et al., 2015; Schmidt et al., 2021). 

Enzalutamide (MDV3100) (Figure 8) was the first FDA-approved second-

generation AR antagonist for the treatment of CRPC, boasting significantly higher AR-

binding affinity, compared to the first-generation counterparts. It competes with 

androgens for AR-LBD binding, inhibits nuclear translocation, DNA binding, and co-

activator recruitment (Tran et al., 2009). Extending overall survival (OS) and metastasis-

free survival (MFS) in CRPC (Hussain et al., 2018) and castration-sensitive PCa (CSPC) 

(Davis et al., 2019), it has been a golden standard of PCa treatment. Despite its 
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widespread clinical use, enzalutamide's elevated steady-state brain levels are linked 

to central nervous system (CNS)-related events like seizures (Pilon et al., 2017). 

Apalutamide (ARN-509) (Figure 8), another member of the second generation 

emerged subsequently, showing a lower steady-state brain level with fewer seizure side 

effects (Clegg et al., 2012), but retaining all the potent activities towards the AR axis 

as enzalutamide (Tran et al., 2009). Apalutamide notably increases the MFS of CRPC 

and OS of mPCa’s (Smith et al., 2018; Chi et al., 2019) and is frequently used 

in combination with abiraterone and prednisone (Saad et al., 2021). Unfortunately, the 

weak binding to AR with the F876L mutation poses a risk of treatment resistance in the 

case of both enzalutamide and apalutamide (Saranyutanon et al., 2019). 

In contrast to enzalutamide and apalutamide, the most recently approved second-

generation AR antagonist darolutamide (ODM-201) (Figure 8) possesses a distinct 

chemical structure and is unable to penetrate the blood-brain barrier, suggesting a reduced 

potential for CNS side effects. It also exhibits higher AR affinity compared to the other 

two mentioned, effectively blocking the nuclear translocation of the AR (Moilanen et al., 

2015). Clinical trials showed that darolutamide not only delivers significant antitumor 

effects with longer OS but also maintains a favourable safety profile in patients with 

nmCRPC (Shore et al., 2018; Fizazi et al., 2020). Another phase III study of darolutamide 

plus ADT in metastatic castration-sensitive prostate cancer (mCSPC) patients is currently 

ongoing (NCT04736199) (Table 3). Additional in vitro data highlighted darolutamide's 

effective inhibition of AR-FL harbouring a majority of gain-of-function mutations 

(Lallous et al., 2021). 

Taken together, the successful second-generation non-steroidal AR antagonists 

trio demonstrated potent efficacy in AR’s suppression across patients with various stages 

of PCa (Lokeshwar et al., 2021). However, concerns persist regarding enzalutamide-

induced seizures and the shorter serum half-life of darolutamide, necessitating higher 

doses, which can lead to cardiovascular toxicity (Morgans et al., 2021). Additionally, 

prolonged use of AR antagonists leads to drug resistance, prompting ongoing research 

into new AR antagonists and alternative therapeutic approaches. 
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Figure 8 Structures and development of non-steroidal AR antagonists. The common 
motif is shown in red. 

3.3.3 Investigational non-steroidal antiandrogens  

The limited sustainability of clinical response with inevitable acquired resistance has 

supported the clinical investigation of more potent therapeutic agents (Schmidt et al., 

2021). A novel derivative of enzalutamide, rezvilutamide (SHR3680) (Figure 8), 

demonstrated comparable anti-tumour potency with reduced brain distribution and 

a lower risk of seizures. In a phase I/II study involving patients with progressive mCRPC, 

rezvilutamide exhibited favourable tolerability, safety, and promising anti-tumour 

activity (Qin et al., 2022). In interim analyses of a phase III clinical trial (NCT03520478), 

rezvilutamide plus ADT significantly improved PFS and OS in high-volume mCSPC 

patients (Gu et al., 2022). Following successful clinical evaluation, rezvilutamide was 

approved in China for treating mCSPC with high tumour burden. There are other ongoing 

trials in mCRPC previously treated with abiraterone (NCT04603833) or in high-risk 

locally advanced PCa (NCT05009290) (Keam, 2023). 

Proxalutamide (GT-0918) (Figure 8), another derivative similar to enzalutamide, 

demonstrated three times higher binding affinity to AR in preclinical studies. 

It effectively downregulated AR levels in CRPC and exhibited efficacy against both  

wt-AR and AR mutants conferring resistance to previous antagonists (Zhou et al., 2020). 

Proxalutamide has completed a phase I clinical trial in mCRPC (NCT02826772), 

indicating superior tolerance and promising antitumor activity (Zhou et al., 2023), 
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currently enrolling participants for phase II (NCT03899467). Interestingly, since AR 

regulates the expression of angiotensin-converting enzyme 2 (ACE2) and the cell surface 

transmembrane serine protease 2 (TMPRSS2) (Samuel et al., 2020), blockade 

of androgen signalling with AR antagonists may mitigate coronaviruses infectivity and 

proxalutamide is now entering phase III studies for treating SARS-CoV-2 

(NCT04869228) (Qiao et al., 2023). 

BMS-641988, another AR antagonist, showed AR-binding affinity and 

antitumour activity comparable to proxalutamide (Attar et al., 2009). In a phase I clinical 

trial for CRPC patients, BMS-641988 exhibited moderate anti-tumour activity and 

seizures, leading to the study's termination (Rathkopf et al., 2011). 

Another novel AR TRC-253 (JNJ-63576253) (Figure 8), a thiohydantoin 

structural derivative of apalutamide, acts as a competitive antagonist with high affinity 

for both wt-AR and AR mutants in LBD. A Phase I/IIA dose-escalation study 

(NCT02987829) in mCRPC patients revealed that elevated doses of TRC-253 were 

linked to AEs, including anaemia (Rathkopf et al., 2019; Zhang et al., 2021). 

ODM-204 (Figure 8), finally, represents an orally bioavailable non-steroidal dual 

inhibitor of the CYP17A1 enzyme and AR signalling. It potently inhibited steroid 

biosynthesis in vivo, along with promising antitumor efficacy in human PCa xenografts 

(Oksala et al., 2019). Subsequent phase I–II trials conducted in patients with progressive 

mCRPC (NCT02344017) revealed that it was well tolerated and displayed preliminary 

antitumor activity. Unfortunately, challenges related to pharmacokinetics impede its 

further development (Peltola et al., 2020). 

 Co-activators’ inhibition 
As reiterated, the AR is a crucial transcription factor, whose regulation involves 

a cooperation with co-regulator proteins, forming the ultimate transcription complex. Co-

regulator proteins influence the transcription mainly through epigenetic modifications of 

chromatin, mainly through histone acetylation/deacetylation (Velho et al., 2021). It is 

governed by three classes of proteins: histone-acetyltransferases (writers), histone 

deacetylases (erasers), and bromodomain and extra-terminal motif (BET) proteins 

(readers) that bind to acetylated histones (Dawson et al., 2012). Hormone-bound AR 

in active conformation binds coactivators to an AF-2 region and the most prominent AR 

co-activators are cAMP response element-binding protein (CREB)-binding protein 

(CBP) and its homolog p300 (histone acetyltransferases) and BET proteins, resulting 
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in potent activity to run the transcription from AREs (Shang et al., 2002, Ogryzko et al., 

1996). AR co-activators can govern the upregulation of oncogenic drivers like c-MYC 

and AKT (Zhang et al., 2017), can play a pivotal role in CRPC development (Heemers 

and Tindall, 2007) and inhibition of this axis has been proposed to combat resistance 

mechanisms in PCa. 

Molibresib (GSK525762, I-BET-762) is an orally bioavailable BET inhibitor 

which demonstrated antitumor activity in preclinical studies, including PCa models (Zhao 

et al., 2013). A phase I trial in CRPC patients who already received at least 3 prior 

therapies, showed a partial response or stable disease with improved PFS and OS in the 

majority of subjects. On the other hand, treatment-related AEs were observed in the 

majority of patients as well, leading to therapy discontinuation or dose reductions 

Investigations evaluating molibresib in combination with abiraterone or enzalutamide 

in mCRPC patients were terminated (NCT03150056) (Cousin et al., 2022). 

Birabresib (MK-8628/OTX015) is a bromodomain inhibitor that competes with 

bromodomain proteins’ binding to acetylated histones. Preclinical studies indicated its 

efficacy in PCa (Asangani et al., 2016) and a phase Ib trial included patients with mCRPC 

(NCT02259114). Clinical antitumor activity was observed, with the majority of patients 

showing stable disease. Dose-limiting toxicities were milder compared to molibresib, 

with common treatment-related AEs (Lewin et al., 2018). 

ZEN-3694, a second-generation pan-BET/bromodomain inhibitor, showed potent 

inhibitory activity on the AR signalling pathway, downregulating AR-Vs, cellular 

myelocytomatosis oncogene (c-MYC), GR, and other CRPC oncogenes. A phase Ib/II 

trial combining ZEN-3694 with enzalutamide displayed a benefit (increased PFS) for 

mCRPC patients who had progressed on abiraterone and/or enzalutamide (Aggarwal 

et al., 2020) and a phase II study combining it with enzalutamide or pembrolizumab 

is enrolling patients (NCT04471974). Other promising candidates from this group 

include inobrodib (CCS1477) and NEO2734, targeting p300/CBP or BET and CBP/p300, 

respectively. Both compounds effectively inhibited the expression of AR (FL, Vs) and  

c-MYC and showed potency in bicalutamide-resistant xenograft models, surpassing 

molibresib (Spriamo et al., 2020). There is an ongoing phase I/IIa trial (NCT03568656) 

assessing the safety and efficacy of inobrodib alone or in combination with abiraterone 

or enzalutamide, in mCRPC patients (DeBono et al., 2019) and a phase I trial 

of NEO2734 (NCT05488548) is recruiting patients to validate the efficacy in patients 

harbouring hotspot mutations in SPOP (Yan et al., 2019). 
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 Targeting other domains of androgen receptor 
Currently, the majority of approved and evaluated AR antagonists target the LBD, 

however, these compounds are susceptible to LBD mutations and alternative splicing 

variants. Recently, the NTD of AR has emerged as a promising novel target due to its 

crucial role in AR transcription (Li et al., 2019). Several candidate drugs acting as NTD 

AR antagonists (anitens) have emerged, including mainly the EPI-compounds (EPIs), 

which inhibit the AR transactivation by binding to the AF1 domain in the AR-NTD (Ban 

et al., 2021). They were derived from marine sponges (Yang et al., 2016) and 

it is discussed whether the initially isolated mixture of diastereoisomers (EPI-001) could 

have been a metabolic product of bisphenol A diglycidyl ester, generated by the sponges 

in polluted seawater (Avgeris et al., 2022). EPI-506 (ralaniten acetate), the triacetate pro-

drug of EPI-002 (Figure 9) was the first AR-NTD inhibitor which entered clinical trials 

(NCT02606123), but was discontinued due to moderate potency and poor bioavailability 

(Maurice-Dror et al., 2022). Next-generation EPIs, such as EPI-7386 (masofaniten) 

(Figure 9) demonstrated enhanced potency in AR-Vs positive xenografts and favourable 

pharmaceutical properties. Moreover, it has successfully proceeded through phase I 

clinical trials for mCRPC, where it was well tolerated and showed preliminary antitumor 

activity in heavily pre-treated mCRPC (NCT04421222). Part Ib is opened for enrolment 

of pre-treated mCRPC patients and treatment-naive nmCRPC ones (Pachynski et al., 

2023). Additionally, synergistic activity of EPIs and enzalutamide has been observed in 

preclinical models of enzalutamide-resistant CRPC (Hirayama et al., 2020) Further 

research on ligand-based optimization of NTD-targeting drugs is recommended due to 

the NTD's intrinsic disorder, which makes it unsuitable for structure-based drug 

discovery. The EPI core is a generally promising structure for chemical modifications and 

already led to the development of a targeted degrader (more in section 3.6.3). 

The DBD of the AR represents an alternative binding site, vital for ARE 

recognition and AR dimerization. However, due to its conservation among other steroid 

receptors, targeting this domain can lead to unintended effects on other receptors (Xu et 

al., 2015). Despite challenges, progress has been made in developing DBD-targeting AR 

antagonists. Pyrvinium, initially an anti-pinworm medication, was re-purposed as a non-

competitive antagonist of AR-DBD by binding at the DBD-ARE interface. It showed 

potent inhibition of AR signalling including AR-Vs and inhibited CRPC xenograft 
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growth, but decreased both prostate weight and bone mineral density. It indeed affected 

PR and GR, which hindered its clinical evaluation (Lim et al., 2014; Pal et al., 2019). 

Other studies have explored other potential DBD binders, yet none have advanced 

to clinical trials. Several compounds target the P box, disrupting interactions between the 

DBD and AREs in both AR-FL and AR-Vs. Notably, specific amino acids at positions 

590 and 594 in the AR DBD could confer high selectivity towards AR, sparing other NRs. 

Dimerization of AR-FL and AR-Vs is essential for transcriptional activity, since AR-Vs 

monomers showed no activity compared to AR-FL monomers (Riley et al., 2023). 

Through docking and pharmacophore modelling, VPC-17281 and VPC-17160 emerged 

as promising leads, exhibiting stronger inhibition of AR-V7 than AR-FL and suppressing 

growth in PCa cell lines carrying AR-Vs (Xu et al., 2023). 

 

Figure 9 AR-NTD (left) and AR-DBD (right) - targeting molecules. 

 Targeted degradation of androgen receptor 
Targeting proteins for degradation is an innovative approach based on a complete 

elimination of the target protein, rather than inhibition of the function only. This strategy 

traces back to the development of HSP90 inhibitors as anticancer agents (Kundrat and 

Regan, 2010). The approach increased its efficacy and attractivity with the introduction 

of PROTACs and molecular glues, which hijack the ubiquitin-proteasome system (UPS) 

essential for the degradation of misfolded proteins. Significant progress has been 

accomplished in recent years, reaching also clinical evaluation (Alabi and Crews, 2021). 

AR degradation presents a complementary approach to AR antagonists, offering 

several advantages etc. overcoming resistance to AR antagonists in PCa cells with AR 

point mutations (Salami et al., 2018), operating in an event-driven manner rather than 
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occupancy manner observed in antagonists. To maintain appropriate AR levels, 

it undergoes physiologic degradation via the UPS and alternative PTEN-caspase-3 

pathway (Lee et al., 2003). The UPS involves covalent attachment of ubiquitin to the 

target protein, marking it for degradation by 26S proteasome. The key component of the 

UPS is the E3 ligase, with the most established ones being cereblon (CRBN), and von 

Hippel–Lindau (VHL), an inhibitor of apoptosis protein and (MDM2) (Collins et al., 

2017). Notably, MDM2 phosphorylate the AR at Ser213 and Ser791 through the 

PI3K/AKT pathway, facilitating its recognition for subsequent degradation. Additionally, 

the AR HR includes the PEST sequence, serving as the degradation motif. Alternatively, 

the tumour suppressor PTEN can interact with AR-DBD and expose it for caspase-3 

recognition and cleavage in the cytoplasm (Lin et al., 2004). 

AR degraders can be sorted based on degradation mechanisms to bifunctional AR 

PROTACs (including also specific nongenetic inhibitor of apoptosis protein erasers and 

hydrophobic tagged chimeric degraders), molecular glues, autophagic degraders of AR 

and others. The terminology of small molecules triggering degradation lacks a precise 

definition. The mechanism of action of PROTACs and molecular glues (bivalent 

molecules) is well-understood and implied by their terms. However, the other substances 

(antagonists or modulators), inducing AR protein degradation through distinct 

mechanisms (destabilisation, folding disruption) are not properly categorised, being 

termed as "monomer AR degraders" (Chen et al., 2024), which does not properly capture 

their nature. Hence, we suggest referring to them as "monovalent inducers of AR 

degradation" instead. 

3.6.1 Monovalent inducers of androgen receptor’s degradation 
Efforts have been dedicated to discover compounds with distinct pharmacodynamic 

properties compared to non-steroidal antagonists, including selective AR modulators 

(SARMs), which offer tissue selectivity. Acting as partial or weak agonists in androgenic 

tissues, SARMs primarily exert anabolic effects on muscles and bones, showing 

therapeutic potential in osteoporosis, muscular dystrophy, BPH, BrCa, and PCa (Solomon 

et al., 2019). For instance, minor modifications of bicalutamide resulted in enobosarm, 

a potent SARM evaluated in BrCa (Marhefka et al., 2004). LY2452473 (OPK-88004) 

(Figure 10), the SARM developed for PCa exhibited antagonist AR activity, reduced 

PSA levels, and enhanced anabolic effects and completed phase II in clinical evaluation 

(NCT02499497) (Pencina et al., 2021). 
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Figure 10 Structure of SARMs (LY2452473 and enobosarm) and development 
of SARDs. The common motif is shown in red. 
 

The compound UT-69, derived from enobosarm, acted as a monomeric selective AR 

degrader (SARD) (Figure 10). It inhibited AR transactivation, blocked downstream 

signalling and promoted AR degradation by binding to both the LBD and the AF1 domain 

in the NTD. Despite being effective against wt-AR and Vs, UT-69's oral administration 

was hindered by metabolic instability. Further optimizations led to potent and orally 

highly bioavailable derivative UT-34, which bound to AF-1 rather than LBD, leading 

to AR degradation, inducing tumour regression in preclinical models (Ponnusamy et al., 

2019) phase I/II clinical study in mCRPC (NCT05917470). Recently, UT-143 (Figure 

10) has been reported to irreversibly suppress both AR-FL and AR-V7 transactivation, 

through the selective and covalent binding to cysteines (C406 and C327) in the AF-1 

(Thiyagarajan et al., 2023). 

Other monomeric AR degraders act by distinct mechanisms, such as the above-

mentioned dissociation of HSPs from the AR, promoting AR degradation. For example, 

a derivative of natural antibiotic geldanamycin, 17-allylamino-17-

demethoxygeldanamycin inhibited HSP90 chaperone function, degrading both wt-AR 

and mutants in vivo, however, a phase II trial in mCRPC (NCT00118092) found 

it ineffective (Heath et al., 2008). ASC-J9, a curcumin derivative, was established as an 

AR degrader, acting by dissociation from chaperone and promoting the AR-MDM2 

association, which displayed potency in preclinical models of CRPC (Cheng et al., 2018) 

and advanced to phase II clinical trials for acne and androgenetic alopecia treatment 

(NCT00525499). Niclosamide, an approved anti-helminthic drug, acts as an AR degrader 

and targets both the AR-FL and Vs (Liu et al., 2021). While niclosamide showed 

preclinical activity in CRPC, its bioavailability was initially poor (Schweizer et al., 2018; 

NCT02532114), however, it proceeded through the phase I clinical trial for CRPC 
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(NCT02807805) in a novel orally bioavailable formulation and the phase II of this drug 

is warranted (Parikh et al., 2021). 

Various other compounds have demonstrated the ability to reduce AR protein 

levels via the UPS, although many lack a clear degradation mechanism. For instance, 

darolutamide derivatives downregulated both AR-FL and Vs, while galeterone and 

analogues induced AR degradation by interfering with balanced ubiquitination (Ha et al., 

2022). AR protein stability is crucial for its function and antagonists, typically blocking 

AR nuclear localization, may decrease its activating phosphorylation at S81, thereby 

promoting AR protein degradation (Hsu et al., 2011). Conversely, docetaxel, used in 

advanced PCa, can enhance AR protein stability by increasing phosphorylation at S81, 

potentially contributing to chemotherapy resistance, which can be overcome by the AR 

degradation (by ASC-J9) restoring docetaxel sensitivity (Luo et al., 2019). 

3.6.2 Molecular glues and autophagic degraders of androgen receptor 
Molecular glues, a recent innovation in targeted protein degradation, induce proximity 

and formation of a complex between the AR and ubiquitin ligases, leading to AR 

ubiquitination and subsequent degradation by UPS (Dong et al., 2021). For instance, 

VNPP433-3β, a new-generation galeterone analogue, facilitates this process by inducing 

the formation of the AR-MDM2 complex (Thomas et al., 2023). These glues, typically 

small molecules, possess promising pharmacokinetic properties, however, systematic 

drug discovery strategies for AR molecular glues are lacking, with galeterone derivatives 

being the only reported examples to date (Wang et al., 2022). 

Autophagic degradation of AR involves directing specifically ubiquitinated AR 

to autophagosomes via the autophagy receptor p62, followed by lysosomal degradation 

(Mitani et al., 2015). Riluzole, used for treating amyotrophic lateral sclerosis, promotes 

selective autophagy by enhancing the interaction between AR and p62, leading to AR 

(FL, Vs and mutants) degradation. Additionally, riluzole as the only example activates 

endoplasmic reticulum stress (Wadosky et al., 2019) increasing the AR degradation. 

3.6.3 Proteolysis targeting chimeras 
Introduction of PROTACs revolutionised induced protein degradation (Sakamoto et al., 

2001). Operating through an event-driven mechanism, PROTACs (comprising a target-

protein ligand, linker and E3 ligand) selectively degrade target proteins by hijacking the 

UPS, even with temporary binding. The AR was selected for PROTACs investigation due 
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to its pivotal role in PCa progression and played a central role in the evolution of 

PROTAC technology with ARV-110 (bavdegalutamide) being the first AR PROTAC in 

clinical trials, showing potential to overcome resistance in CRPC (Ha et al., 2022). 

Numerous novel PROTACs targeting the AR have emerged, differing in the AR 

binder and the E3-ubiquitin ligase binder. The known PROTACs can be categorized into 

sub-groups based on the AR domain they target (LBD (predominantly), DBD or NTD). 

Regarding the AR binding component, the LBD PROTACs can utilize AR endogenous 

agonists, synthetic agonists (such as S-6) or antagonists. Conversely, E3 ubiquitin ligase 

components include early peptide E3 ligands, small-molecule affinity binders of CRBN 

and VHL proteins, inhibitors of apoptosis proteins and MDM2 proteins, or hydrophobic 

tags (Zeng et al., 2020; Chen et al., 2024). 

The first AR LBD-PROTACs were constructed from DHT and peptides (phospho-

peptide from IκBα (Sakamoto et al., 2001) or VHL-targeting peptide (Schneekloth et al., 

2004) and faced limitations due to their high molecular weight and poor 

pharmacokinetics. Recognizing the significance of AR mutations in CRPC, ARCC-4 

(Figure 11) based on enzalutamide moiety and VHL ligand was developed and its 

superiority over enzalutamide in CRPC cells was demonstrated (Salami et al., 2018). This 

breakthrough, including the degradation of clinically relevant AR mutants led to the 

development of AR-PROTACs with improved pharmacokinetic properties by Arvinas. 

Starting from ARCC-4, the E3 binder was first modified to CRBN, then the molecule was 

modified several times to improve in vitro degradation potency and in vivo 

pharmacokinetics, finally obtaining bavdegalutamide (ARV-110) (Figure 11) (Ha et al., 

2022). It started a new journey for AR PROTACs toward clinical practice.  The phase 

I trial (NCT03888612) results showed that ARV-110 is well-tolerated by CRPC patients, 

effectively degrading AR and suppressing tumour growth (Petrylak et al., 2020). 

Consequently, bavdegalutamide (as the first-in-class AR PROTAC) entered phase II 

clinical study in October 2020, which already demonstrated its antitumor efficacy among 

PCa patients even with T877A and H875Y mutations, despite not being initially designed 

to degrade mutated AR. Notably, bavdegalutamide failed to degrade AR with the point 

mutation Leu702His or AR-V7 (Ha et al., 2022; Gao et al., 2022). 

Therefore, Arvinas is devoted to refine the drawbacks and develop AR-V7 

targeting PROTAC. The structure of another AR PROTAC supported by Arvinas, ARV-

766 (luxdegalutamide) was designed for optimal genotype coverage, by modifications 

in the AR ligand and E3 ligase ligand of ARV-110 (Snyder et al., 2023). Preclinical data 
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demonstrated the potency to robustly suppress tumour growth even under high 

concentrations of androgen. Clinical studies of ARV-766, as a monotherapy or in 

combination with abiraterone, have recently progressed from phase I to phase II in 

patients with mCRPC (Petrylak et al., 2023). 

 

Figure 11 PROTACs targeting the AR-LBD (upper) with the AR-DBD PROTAC MTX-
23 and AR-NTD PROTAC BWA-522. The AR ligand is shown in red, the linker in black 
and the E3 ligand in blue. 
 

The DBD PROTACs are less explored, however, the example is compound MTX-

23 (Figure 11) based on the DBD ligand VPC-14228 linked to a VHL ligand. MTX-23 

preclinically displayed the degradation of AR variants, including V-7, inhibited cell 

proliferation and tumour growth in vivo, especially in CRPC cell line and enzalutamide-

resistant PCa xenografts (Lee et al., 2021). Next, the well-established NTD antagonist 

EPI-506 (a pro-drug of EPI-002) was successfully utilized to develop the AR PROTAC 

BWA-522 (Figure 11), which incorporates a CRBN head. It degraded both AR-FL and 

AR-V7, effectively suppressing AR downstream signalling in vitro. Moreover, BWA-

522 achieved sufficient oral bioavailability in mice and was potent against PCa xenografts 

in vivo (Zhang et al., 2023). 

 Resistance to known therapies and its management 
The novel AR-targeted drugs have significantly improved PCa management, providing 

effective alternatives to cytotoxic chemotherapy and leading to improved clinical 

outcomes in both CSPC and CRPC. However, the long-term efficacy of these agents 
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is limited by acquired resistance, a similar challenge observed with abiraterone. As 

already mentioned, CRPC develops on the basis of acquired resistance by many 

mechanisms collectively contributing to the re-activation of AR signalling (Vellky and 

Ricke, 2020). Prolonged exposure to AR signalling inhibitors, such as enzalutamide and 

abiraterone, may force CRPC cells to undergo de-differentiation into AR-negative PCa, 

accompanied by significant transcriptional and chromatin structural rewiring (Feng et al., 

2023). 

Researchers actively explore ways to overcome resistance and enhance existing 

therapies and identify new targets (AR-V7, AKT, HIF1α etc.). The search for predictive 

biomarkers of resistant tumours resulted in the approval of PARP inhibitors (olaparib and 

rucaparib) for pre-treated mCRPC (Iannantuono et al., 2023). The outcomes of ongoing 

clinical trials offer hope for advancing precision medicine in PCa and refining treatment 

strategies to enhance patient outcomes. 

The most frequent acquired mechanisms of resistance are loss of AR expression and 

GR upregulation, which are discussed below. Strong and prolonged inhibition of the AR 

has led to an increase in PCa cases transitioning into AR-negative disease, associated with 

poor prognosis (Formaggio et al., 2021). The resistance to enzalutamide usually involves 

other genes in adaptation (e.g., SOX2, TP53, RB1, N-MYC, EZH2), compared 

to resistance to ADT, typically involving only genes within the AR pathway. At the stage 

of CRPC, the plasticity of PCa cells increases and the de-differentiation process leads to 

a transition into AR-negative disease, involving extensive transcriptional and chromatin 

changes resulting in resistance and decreased response to treatment (Feng et al., 2023). 

The incidence of AR-negative disease in mCRPC patients has increased from 11% 

to 36% with androgen receptor inhibitors’ treatment (abiraterone, enzalutamide) (Bluemn 

et al., 2017), suggesting a continuing trend, possibly even extended in AR PROTACs. 

The tumour biopsy is required for diagnosis of AR-negative disease, and the most 

prevalent and recognised subtype is the neuroendocrine PCa, characterized by elevated 

neuroendocrine proteins and reduced expression of AR-regulated epithelial markers 

(Beltran et al., 2014). Its standard treatment involves platinum-based chemotherapy 

(cisplatin/carboplatin with docetaxel or etoposide). Unfortunately, response rates to these 

regimens are high but not long-lasting, with poor prognosis (Aparicio et al., 2013), 

therefore, there is a clinical priority to explore strategies to prevent the AR-negative PCa 

onset and maintain sensitivity to therapy. 
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In recent decades, numerous strategies to re-activate AR expression in advanced 

PCa were developed, mainly targeting the RB1 and p53 signalling network (EZH2 or p38 

inhibition, SOX2 silencing, azacytidine treatment) (Ku et al., 2017), although they lack 

robust in vivo validation. Future research could benefit from clinically relevant models 

to better understand AR-negative disease and the potential for restoring AR expression. 

Numerous studies indicated that GR can activate transcription programs similar 

to AR, potentially bypassing AR blockade and contributing to therapy resistance in CRPC 

(Isikbay et al., 2014). Prolonged ADT, AR inhibition or docetaxel treatment often result 

in the restoration of histone H3 lysine 27 acetylation on the GR enhancer, leading 

to increased GR expression, both in vitro and in relapsed patient samples (Palit et al., 

2019). This GR upregulation is associated with the re-expression of AR-responsive genes, 

promoting PCa tumour proliferation despite AR blockade. Additionally, GR agonists like 

dexamethasone can induce resistance to enzalutamide, while GR antagonists may restore 

enzalutamide sensitivity in CRPC (Puhr et al., 2018). Considering the frequent use of 

glucocorticoids (prednisone, dexamethasone) in primary or mPCa patients, there's an 

urgent need to develop new therapeutic strategies with a focus on GR expression. Recent 

studies suggest that targeting the GR pathway alongside antiandrogen therapy could 

enhance PCa treatment outcomes, and there's ongoing development of novel compounds 

acting as AR/GR antagonists (Wu et al., 2019; Li et al., 2024), as well as combinations 

of AR antagonists with selective GR antagonists. Even though the approach was found 

safe and well tolerated, yet, no clinical trial showed beneficial outcomes in targeting both 

the AR and GR in CRPC patients (Abida et al., 2024). 

3.8. Development of novel therapies for prostate cancer  
Various novel approaches like PROTACs and targeting different regions (NTD or DBD) 

are explored to overcome resistance mechanisms observed in clinical trials. However, the 

development of novel LBD antagonists is also plausible, with emphasis on desired 

properties such as limited resistance, favourable pharmacokinetics and minimal side 

effects. The absence of a crystal structure of the wt-LBD with an antagonist hampers the 

structure-based development, even though the structures of AR mutants in complex with 

antagonists provided a basis to build the model for prediction of antagonist binding 

to AR-wt (Wahl and Smieško, 2018). Among the important questions to be addressed in 

the future is the detailed interactions between the selective ligands and the AR-LBD, since 

there are at least two possible orientations of the tail group of second-generation 



 

45 

nonsteroidal antagonists in the LBP (Gim et al., 2021). Overall, the continued 

development of novel AR antagonists holds promise for improving outcomes of PCa 

patients, particularly those who do not respond to current treatments or developed 

resistance. 

Apart from the AR axis, several other approaches might be used to target and treat 

PCa, including phototherapy, immunotherapy and targeting other signalling pathways 

(PARP, AKT or CDK). Phototherapy, including photodynamic therapy (PDT) or 

photothermal therapy (PTT), offers benefits such as minimal invasiveness, precise tumour 

targeting, low systemic toxicity, and low risk of resistance development, however, 

irradiation of the deep-seated solid tumours may be challenging (Shi and Sadler, 2020). 

PDT utilize a non-toxic photoactive compound accumulating in a tumour which is 

activated by irradiation, leading to tumour destruction and it is in a clinical trial for 

recurrent PCa (NCT03067051). PTT, on the other hand, involves heating tumour tissue 

(by near-infrared laser irradiation) to temperatures around 41–45 °C, sensitizing tumour 

cells to chemotherapy, demonstrated by combination with doxorubicin chemotherapy and 

the targeting with gold nanoparticles in a pilot clinical trial showed potent PCa tumour 

ablation (Rastinehad et al., 2019). 

Targeting a specific membrane antigen is crucial for treatment selectivity and 

prostate-specific membrane antigen (PSMA) is highly expressed in PCa and serves as 

a vital target for diagnosis and therapy. PSMA ligands such as monoclonal antibodies, 

aptamers, and small-molecule inhibitors offer the potential to build conjugates for 

imaging and targeted therapy (He et al., 2022). PSMA imaging agents like 68Ga-PSMA-

11 for positron emission tomography have shown improved sensitivity in PCa diagnosis 

(Afshar-Oromieh et al., 2013). Targeted radionuclide therapy with 177Lu-PSMA-617, 

demonstrated potent anticancer activity with higher PSA response rates and fewer AEs 

compared to cabazitaxel in mCRPC and was FDA-approved (Sartor et al., 2021). Several 

PSMA-targeted radionuclide therapies are currently being evaluated in ongoing clinical 

trials (Jang et al., 2023). PSMA can also be targeted by antibody-drug conjugates 

or PSMA-based Chimeric Antigen Receptor-T Cell Therapy, both of which are 

undergoing evaluation in clinical trials (Deluce et al., 2022). 
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 MATERIALS AND METHODS  

 Commercial compounds  
The compounds which were used as standards are listed in Table 4. 

 

Table 4 List of commercially available compounds, vendor and their purity. 

Compound CAS number Vendor Purity (%), determination 

enzalutamide 915087-33-1 MedChemExpress 99.96% (HPLC/MS) 

galeterone 851983-85-2 Merck ≥98 %, (HPLC) 

R1881  965-93-5 Merck ≥98 % (HPLC) 

MG-132 133407-82-6 MedChemExpress 99.97% (HPLC/MS) 

 

 Cell cultures 
The PCa cell lines comprised the LNCaP and C4-2 (American Tissue Culture Collection), 

22Rv1, LAPC-4, DU145 (generous gift from Assoc. Prof. Jan Bouchal from Faculty 

Hospital Olomouc) LNCaP-Abl and DuCaP (generous gift from Prof. Zoran Culig, 

Medical University Innsbruck, Austria) and PC-3 (German Collection of Microorganisms 

and Cell Cultures). All the PCa cell lines were cultivated in RPMI, supplemented with 

foetal bovine sera (FBS) specified for each experiment, only LAPC-4 was routinely 

cultivated with 1 nM R1881 and LNCaP-Abl with steroid-depleted serum (charcoal-

stripped serum, CSS). The AR-positive breast cancer cell lines comprised T47D and 

MCF7 (European Collection of Authenticated Cell Culture) and SKBR3 (American 

Tissue Culture Collection) and were cultivated in DMEM. The reporter cell lines 22Rv1-

ARE14 and AZ-GR were generous gifts from Prof. Zdeněk Dvořák from the Department 

of Cell Biology, UP. All the media were supplemented with 100 IU/ml penicillin, 

100 μg/ml streptomycin, 4 mM glutamine and 1 mM sodium pyruvate. Cells were 

cultivated in a humidified incubator at 37 °C and in a 5% CO2 atmosphere. 

4.2.1 Androgen and glucocorticoid receptors’ transactivation assay 
The Nunc™ MicroWell™ 96-well optical flat-bottom plate (Thermo Fisher Scientific) 

was used for luciferase assays, in which 22Rv1-ARE14 or AZ-GR cells were seeded 

(40 000 or 20 000 cells/well, respectively). On the second day, the cultivation medium 

(supplemented with FBS) was discarded and cells were washed with PBS. Cells were 

then incubated in the absence or presence of analysed compounds dissolved in a medium 
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supplemented with CSS and 1 nM R1881 or 100 nM dexamethasone in the case of 22Rv1-

ARE14 or AZ-GR, respectively. Upon 24 h of incubation, cells were washed with PBS 

again and lysed for 10 min in a lysis buffer (10 mM Tris pH = 7.4, 2 mM DCTA, 1% 

Nonidet P40, 2 mM DTT) at 37 °C. Next, reaction buffer (20 mM tricine pH = 7.8, 1.07 

mM MgSO4⋅7H20, 5 mM ATP, 9.4 mM luciferin) was added and the luminescence of the 

samples was measured using a Tecan M200 Pro microplate reader (Biotek). Assays were 

performed in duplicate. 

4.2.2  Cell viability assay 
For the viability assays, cells were seeded into the 96-well tissue culture plates, the other 

day, solutions of compounds were added in different concentrations in replicates for 72 h. 

Upon treatment, the resazurin solution (Sigma Aldrich) was added for 4 h, and the 

fluorescence of resorufin was subsequently measured at 544 nm/590 nm 

(excitation/emission) using a Fluoroskan Ascent microplate reader (Labsystems). 

Percentual viability or GI50 value was calculated from the dose-response curves that 

resulted from the measurements using GraphPad Prism 5. 

4.2.3 Colony formation assay  
PCa cells 22Rv1 and DU145 (5000 cells per well), LAPC-4 and PC-3 (10 000 cells per 

well) were seeded into 6-well plates. After two days of cultivation, the medium was 

replaced with fresh medium containing different concentrations of the compounds. Cells 

were cultivated for 10 days in the presence of compounds. After the treatment, the 

medium was discarded and colonies were fixed with 70% ethanol for 15 min, washed 

with PBS and stained with crystal violet (1% solution in 96% ethanol) for 1 h. Finally, 

wells were washed with PBS and colonies’ photographs were captured. 

4.2.4 Cell lysis, electrophoresis and Western blot 
After all treatments, cells were harvested by centrifugation, washed twice with PBS, 

pelleted and kept frozen at - 80 °C. Pellets were thawed and resuspended in ice-cold RIPA 

lysis buffer supplemented with phosphatase and protease inhibitors. Ultrasound 

sonication (10 s with 30% amplitude) of cells was performed on ice and soluble proteins 

in supernatants were obtained by centrifugation at 14 000 g for 30 min. Cellular 

fractionation experiments were performed using the Qproteome Cell Compartment Kit 

(Qiagen). Protein concentration in supernatants was measured and balanced within 

samples. Proteins were denatured by the addition of sodium dodecyl sulphate (SDS)-
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loading buffer, separated by SDS- polyacrylamide gel electrophoresis (PAGE) and 

electroblotted onto nitrocellulose membranes. Immunodetection of proteins was 

performed as usual, membranes were blocked in BSA solution, incubated overnight with 

primary antibodies, washed and incubated with secondary antibodies conjugated with 

peroxidase. Then, peroxidase activity was detected by SuperSignal West Pico reagents 

(Thermo Scientific) using a CCD camera LAS-4000 (Fujifilm). Particular primary 

antibodies are listed in publications (appendices), secondary antibodies were purchased 

from Cell Signalling Technology: anti-rabbit secondary antibody (porcine anti-rabbit 

immunoglobulin serum); anti-mouse secondary antibody (rabbit anti-mouse IgG, clone 

D3V2A). All antibodies were diluted in 4% BSA and 0.1% Tween 20 in TBS. 

4.2.5 Fractionation of cellular compartments 
Cellular fractionation experiments were performed using the Qproteome Cell 

Compartment Kit (Qiagen). The protocol was subsequently optimised with in-house 

buffers, as described in section 5.5. Cells were first harvested by trypsinisation, washed 

in PBS and divided into aliquots. Then, the basic cytosolic buffer A (150 mM NaCl, 50 

mM HEPES (pH 7.4) with protease inhibitors and 0.1% IGEPAL® CA-630 was added. 

After the 5 min incubation on ice, the suspension was centrifuged at 600 g for 6 min. The 

obtained supernatant represented the cytosolic fraction, while the pellet was further 

incubated with buffer B (nuclear, 20 mM HEPES, pH 7.9, 1.5 mM MgCl2, 0.5 M NaCl, 

0.2 mM EDTA, 20% glycerol, 1% Triton™ X100), sonicated and centrifuged at 14 000 g 

for 15 min. The supernatant represented soluble nuclear proteins, while the pellet 

contained insoluble proteins bound to chromatin and cell debris. 

4.2.6 Cellular thermal shift assay 
CETSA experiments were performed according to the optimised protocol (section 5.5). 

LAPC-4 or C4-2 cells were harvested by trypsinisation, re-suspended in PBS with 5 mM 

glucose and divided into test tubes, where they were treated with tested compounds for 

1 h. Upon the treatment, cells were counted and equally aliquoted into PCR strips, heated 

at the temperature gradient from 37 °C to 60 °C for 3 min, cooled down to 4 °C and they 

were snap-frozen in liquid nitrogen. The lysis by freeze-thaw cycles was performed and 

the supernatants containing soluble proteins were obtained by centrifugation at 14 000 g 

for 30 min, and mixed with SDS-loading buffer, separated by SDS-PAGE and 

immunoblotted for thermostable AR level. 

https://www.sigmaaldrich.com/US/en/product/sigma/t8787
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4.2.7 Cell cycle analysis 
Cells were treated with test compounds for 24 h, they were harvested by trypsinisation, 

washed with PBS and fixed with 70% ethanol. After rehydration, cells were 

permeabilised by 2 M HCl, 0.5% Triton X-100. Following neutralization and washing 

with PBS, the cells were stained with propidium iodide and analysed by flow cytometry 

with a 488 nm laser (BD FACS Verse with BD FACSuite software, version 1.0.6.). Cell 

cycle distribution was analysed using ModFit LT (Verity Software House, version 5.0). 

4.2.8 Analysis of mRNA expression 
Cells were treated and harvested into lysis buffer and total RNA was isolated using 

RNeasy plus mini kit (QIAGEN) based on the manufacturer’s instruction. RNA 

concentration and purity were evaluated using a DeNovix DS-11 spectrophotometer, 

while the quality of RNA was determined by gel electrophoresis. The RNA (0.5–1 μg) 

was reverse transcribed into first-strand cDNA which was carried out by SensiFast cDNA 

Synthesis Kit (Bioline). RNA Spike I template (TATAA) was used as a control. 

Quantitative RT-PCR was performed on a CFX96 Real-Time PCR Detection System 

(Bio-rad) with a SensiFAST SYBR No-Rox Kit (Bioline). The suitable primers were 

designed using Primer-BLAST (Ye et al., 2012) and synthesized by Generi Biotech. 

Primary data were analysed using Bio-rad CFX Maestro 2.2. Relative gene expression 

levels were determined using the ΔΔCt method (Livak and Schmittgen, 2001). Expression 

was normalized per ACTB and SDHA (the most stable by Bio-rad CFX Maestro 2.2). 

Used primers: ACTB (F: GCACCACACCTTCTACAAT; R: 

GTCTCAAACATGATCTGG GT); AR-FL (F: TTCGCCCCTGATCTGGTTTT; R: 

TGCCTCATTCGGACAC ACTG); KLK3 (F: CCACACCCGCTCTACGATATG; R: 

GGAGGTCCACACACT GAAGTT); SDHA (F: TACAAGGTGCGGATTGATGA; R: 

GTTTTGTCGATCACG GGTCT). 

4.2.9 Androgen receptor preparation and micro-scale thermophoresis 
AR-LBD (with His6-tag) was expressed and purified using recombinant plasmid pET-

15b-hAR-663-919, which was a generous gift from Elizabeth Wilson (Addgene plasmid 

# 89083) by the original protocol (Askew et al., 2007). The recombinant AR was purified 

into the storage buffer (25 mM Tris, 300 mM NaCl, pH 8.0, 5 mM DTT) and concentrated 

up to 0.5 mg/ml using a centrifugal filter unit with 10 kDa cut-off (Merck). MST method 

was used to prove the binding of 3d in the AR-LBD, which was labelled with the His-
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Tag Labelling Kit RED-tris-NTA (NanoTemper) (100 nM dye + 800 nM His-tagged 

protein) for 30 min. The labelled protein was used for MST measurements with or without 

3d in a final concentration of 400 nM His-tagged protein in the storage buffer, 

supplemented with 0.1% Tween. Measurements were done on a Monolith NT.115 

instrument (NanoTemper Technologies). 

4.2.10  Molecular docking 
Molecular docking was performed with the crystal structure of AR-LBD with DHT (PDB: 

2PIV) or AR-antagonist model (Wahl and Smieško, 2018), for GR the docking was 

performed into the crystal structure of GR-LBD with mifepristone (PDB:1NHZ). The 3D 

structures of all compounds were obtained and their energy was minimised by molecular 

mechanics with Avogadro 1.90.0, a software used for the drawing and characterisation of 

chemical structures. Polar hydrogens were added to ligands and proteins with the 

AutoDock Tools program (Morris et al., 2009) and docking studies were performed using 

AutoDock Vina 1.05 (Trott et al., 2010). Interactions between ligand and amino acid 

residues were modelled in PLIP software (Adasme et al., 2021). Figures were generated 

in Pymol ver. 2.0.4 (Schrödinger, LLC).  
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 SURVEY OF RESULTS AND DISCUSSION 
Steroid-based compounds have gained attractivity in recent years with several examples, 

mostly modified in the D-ring of the androstane core, as AR modulators with anti-PCa 

properties, investigated also at our department (Cortés-Benítez et al., 2016; Shi et al., 

2018; Jorda et al., 2019a, Jorda et al., 2019b). 

However, compared to D-ring fused or substituted steroid derivatives, compounds 

containing a heterocycle moiety in the A-ring have been recently much less investigated. 

In collaboration with Éva Frank’s (University of Szeged, Hungary) synthetic group, we 

explored the biological activity and structure and activity relationship (SAR) of 5α-

dihydrotestosterone (DHT)-derivatives with modifications on the A-ring (Figure 12). 

The results part of the thesis comprises the deep screening of AR antagonists 

within novel and already published (Baji et al., 2017b; Baji et al., 2016; Mótyán et al., 

2019) compounds based on DHT with diverse A-ring substitution. At first, the effect of 

compounds on AR-transactivation was investigated using gene reporter assay and 

antiproliferative potency towards PCa cell lines was assessed by resazurin-based assay. 

The most potent compounds were analysed in detail for their binding into the AR, the 

influence of the AR level and downstream signalling (Appendix I. – III.). For a detailed 

assessment of the compounds’ behaviour, several methods established at the department 

were used, while the isolation of the cellular fractions (cytosol and nuclei) and the 

cellular-thermal shift assay were optimised based on the published protocols to fit best 

for the NR’s analysis as a part of this thesis. 

Finally, the biological activity of hydrocortisone’s derivatives prepared by the 

synthetic group of Gyula Schneider and Erzsébet Mernyák (University of Szeged, 

Hungary) was also performed. Given the crucial role of GR in resistant PCa and recently 

described dual and selective antagonists of AR/GR, further development of similar 

compounds was supported. As a part of this dissertation thesis, novel 17α- and/or 21-ester 

or carbamate derivatives of hydrocortisone were characterised. Compounds were 

analysed for their activity towards both the AR and GR and the lead compound 

suppressing the signalling of both receptors was successfully found (Appendix IV.). 

As a part of this thesis, several D-ring-attached steroidal isoxazoles and triazoles (similar 

to abiraterone) were also developed and characterised, displaying presumed CYP17A1 

inhibitory effect and moderate AR-antagonist activity (Appendix V.). 
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 Screening and discovery of novel androgen receptor’s antagonists  
An ideal AR antagonist should possess key properties to ensure effective therapeutic 

outcomes. These properties include a high affinity for the AR to effectively compete with 

endogenous androgens, selectivity towards the AR to minimize off-target effects and 

reduce AEs, potency to suppress the growth and proliferation of PCa cells with minimal 

toxicity to healthy tissue, favourable pharmacokinetic properties etc (He et al., 2022). 

A broad library of DHT derivatives (Figure 12) was efficiently prepared in two 

steps. Generally, Claisen-Schmidt condensation of the DHT precursor with variously 

substituted aldehydes led to the regio- and stereoselective formation of α,β-unsaturated 

ketones, which underwent cyclization with different binucleophilic reagents, without or 

with microwave irradiation applied to the reaction mixture. The heterocyclic products 

were obtained with good yields. Next, in some cases the 17β-hydroxyl group was 

oxidized, leading to the corresponding 17-ones. In addition to the routine solution-phase 

analysis of the products, the structures of several compounds were determined by single-

crystal X-ray diffraction. Altogether, compounds bearing different nitrogen-containing 

five or six-membered heterocycles as a fusion to the A-ring of DHT with a similar series 

of terminal substituents (119 compounds in total) were thoroughly characterised. 

 

Figure 12 Schematic representation of the A-ring fused DHT derivatives from Éva 
Frank’s synthetic group analysed in publications (Appendix I. -III.). 
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The analysed library of the A-ring DHT derivatives comprised particularly: 

• α,β-enones with C17-OH group (9 compounds) 

• triazolo[1,5-a]pyrimidines with C17-OH or C17-keto group (18) 

• pyrazolo[1,5-a]pyrimidines (4) 

• N-monosubstituted pyrazole derivatives (16) 

• 1-aryl-5-methyl pyrazole derivatives (16) 

• 1,5-disubstituted pyrazole derivatives (24) 

• monosubstituted quinoline derivatives (9) 

• mono- and di-substituted pyridine derivatives (23) 

 

Since the AR modulators are known to influence AR-dependent transcription, at first 

the activity of analysed compounds towards the R1881-stimulated AR’s transcriptional 

activity was assessed, upon 24 h treatment. Compounds were screened at point 

concentrations (including 10 μM, as frequently used in previous studies) using an AR-

dependent reporter cell line, 22Rv1-ARE14, stable-transfected with a reporter plasmid 

containing KLK3 promoter with ARE sequence controlling luciferase expression 

(Bartonkova et al., 2015). Subsequently, compounds were analysed for their 

antiproliferative in AR-positive and AR-negative cell lines, to display their potency 

to block the proliferation of PCa cells. 
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Table 5 Overview of activities of A-ring fused DHT derivatives. The characteristics 
of every group is shown as a mean of the effect (AR transactivation in agonist/antagonist 
setting or per cent of viable cells) within the whole group of compounds.  

 
*mean of the percentual AR transcriptional activity upon treatment (calculated for the 
whole group of compounds, normalised to the level of 1 nM R1881, n.a., not analysed. 
† percentual viability upon 72-h treatment with 10 µM compounds, norm. to control. 
⸸ percentual viability upon 72-h treatment with 20 µM compounds, norm. to control. 

The A-ring fusion Structure Original 
label 

AR activity 
(antagonist 

mode) (%)*

AR activity 
(agonist 

mode) (%)*

Viability 
of AR+ 
lines†

Viability 
of AR- 
line†

Ref.

α,β-enones C17-OH 2a - 2k 50 no 90                 
2f, 2j 

n.a.

triazolo[1,5-a]pyrimidines,        
C17-OH 

8a - 8k 78 majority no 91 n.a.

triazolo[1,5-a]pyrimidines,        
C17=O

11a -11k 88 majority no 98 n.a.

pyrazolo-pyrimidines 6a, 7a, 9a, 
10a

74 no 107 n.a.

The A-ring fusion Structure Original 
label 

AR activity 
(antagonist 

mode) (%)*

AR activity 
(agonist 

mode) (%)*

Viability 
of AR+ 
lines⸸

Viability 
of AR- 

cell line⸸
Ref.

monosubstituted (N-2) 
pyrazoles, C17-OH 

1a-1h 55 64 62 90                      
1d

monosubstituted (N-1) 
pyrazoles, C17-OH 

2a-2h 77 78 98 102

1-aryl-5-methyl pyrazoles,       
 C17-OH 

3a - 3h 25 21 54 81           
3c, 3g 

1-aryl-5-methyl pyrazoles,   
C17=O

4a - 4h 60 24 71 103

5-aryl-1-methyl pyrazoles,        
C17-OH 

8a -8h 52 11 40 97

5-aryl-1-methyl pyrazoles,       
C17=O

10a - 10h 70 13 43 98

1,5 -biaryl pyrazoles, C17-OH 8i - 8 k 141 64 42 25

1,5 -biaryl pyrazoles, C17=O 10i - 10k 157 66 63 70                 
10i 

quinolines 1a-1i 83 30 79 96

 6'‐substituted pyridines 2a - 2h 101 70 82 105

 4',6'‐disubstituted pyridines 3a - 3o 112 60 79 106
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The first part of the analysed library comprised α,β-enones, triazolo[1,5-a]pyrimidines 

and pyrazolo[1,5-a]pyrimidines. As shown in Table 5 and Appendix I., Table 3 α,β-

enones belonged to the most active compounds (6 compounds reduced R1881-stimulated 

AR transactivation to 50 % at 10 μM concentration, most potently the compounds 2a, 2d, 

2f. Within the α,β-enones, there was not any compound with agonist properties at 10 μM. 

On the other hand, triazolo[1,5-a]pyrimidines and pyrazolo[1,5-a]pyrimidine DHT-

derivatives were active only partially and some of them displayed agonist activities. It 

was obvious that heterocyclization of 2a reduced the antiandrogenic effect (8a). While 

the C17-OH derivatives were not all generally more potent antagonists than the C17-keto 

counterparts, within the examples of 8e, 8i, 8j and 11e, 11i, 11j C17-OH variants 

displayed slightly higher potency. 

The antagonist activity of p-chlorobenzylidene derivative 2f (Figure 13) 

(IC50 = 3.54 μM) reached up to single-digit micromolar values and showed to be 

comparable with values obtained for standards, i.e. galeterone (IC50 = 5.82 μM) and 

enzalutamide (IC50 = 1.50 μM) (Yu et al., 2014; Tran et al., 2009) (Appendix I., 

Supplementary Material, S38-S41). Antiproliferative properties were tested in two AR-

positive PCa cell lines (22Rv1-ARE14, C4-2), at 10 μM compounds for 72 h. While the 

majority of the compounds induced no decrease in PCa cells proliferation, the most potent 

derivative 2f (Figure 13) displayed mid-micromolar values (GI50 = 9.9 ± 1.8 μM and 

15.7 ± 4.4 μM) in 22Rv1-ARE14 and C4-2, respectively and outperformed the used 

standards with GI50 > 50 μM (Appendix I., Supplementary Material, S42-S47). 

Considering the limited cytotoxicity of AR antagonists (Latysheva et al., 2020; Chen 

et al., 2022), displaying rather a cytostatic effect, the results might correspond with 

previous studies. That is why the prolonged antiproliferative effect of 2f was further 

evaluated by clonogenic assay in 22Rv1-ARE14 cells. As shown in Appendix I., Fig. 5, 

2f significantly inhibited the formation of cell colonies in a dose-dependent manner. 

The next group of analysed derivatives comprised already published A-ring fused 

pyrazoles of DHT bearing the mono-substitution in positions N2 or N1 (series 1 and 2) 

and 1-aryl-5- methyl pyrazoles (3 and 4), together with newly prepared 1-methyl-5-

aryl pyrazoles (8 and 10). The monosubstituted pyrazoles from series 1 and 2 displayed 

only moderate effect on R1881-stimulated AR-transcriptional activity, being only weak 

antagonists in 10 μM concentration. Unfortunately, most compounds 

(except regioisomers 1f and 2f) undesirably activated the AR in agonist mode (Table 5, 

Appendix II., Table 2). Representatives from series 3 and 8 that bear the C-17 hydroxy 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/clonogenic-assay
https://www.sciencedirect.com/science/article/pii/S0960076021000972?via%3Dihub#fig0025
https://www.sciencedirect.com/topics/chemistry/pyrazole
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/agonist
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group and combine methyl and aryl substitution at N1 or C5 position of pyrazole (3a–3h, 

8a–8h) showed to act as strong antagonists. In total, 12 out of 16 compounds were able 

to decrease the AR-transcriptional activity below 50 % of R1881-stimulated control 

(Table 5, Appendix II., Tables 3, 4). Compounds from series 3 were generally more 

potent antagonists than their regioisomers from series 8. Importantly, none of the 

compounds displayed agonist activities except 8b. The most potent derivative was 3d 

(Figure 13) with 1-fluorophenyl-5-methyl pyrazole moiety reaching the low micromolar 

antagonist potency (IC50 = 1.18 μM), outperforming the analysed standards enzalutamide 

and galeterone (Yu et al., 2014; Tran et al., 2009). 

Antagonist activities were observed also for series 4 and 10 bearing the C-17 keto 

group (counterparts of 3 and 8, combining methyl and aryl substitution at the N1 or C5 

position of the pyrazole ring, respectively). All compounds (4a–4h, 10a–10h) acted 

predominantly as AR antagonists but were less potent than compounds from series 3 and 

8 (Table 5, Appendix II., Tables 3, 4). Previous results showed that the combination of 

a small substituent (Me group) with a bulky one (phenyl or para-substituted phenyl 

moiety) in the 1,5 positions of the pyrazole ring is fundamental to reach strong antagonist 

activity. This scenario was obvious from the results with derivatives 8l, 10l (1,5-dimethyl-

substituted) and 8i, 10i (1,5-diaryl-substituted) that displayed only agonist activities 

towards AR transactivation. 

Antiproliferative properties of the pyrazole derivatives were screened on the panel 

of three PCa cell lines, namely LAPC-4, 22Rv1 (AR-positive) and DU145 (AR-negative). 

In general, effects corresponded with previous assays showing that compounds from 

series 3, 4, 8, and 10 belonged to the most active ones, while compounds from series 

1 and 2 did not exert any effect on the viability of PCa cells, consistently with the weak 

agonist activity of these derivatives. The most potent derivatives in 22Rv1 cells were 

compounds 3a, 3d, 8d–g (<30 % viable cells in 20 μM concentration), while LAPC4 cells 

were the most sensitive to compounds 3d, 4e and 10a–h (<40 % viable cells in 20 μM 

concentration). The results confirmed the selective targeting of AR because DU145 

stayed unaffected upon treatment with the majority of compounds, with the exceptions of 

antagonists 3c, 3g and compounds 8i–k, 10i displaying potent antiproliferative activity 

towards DU145 and no AR-antagonist properties (Table 5, Appendix II., Table 5), 

suggesting another mechanism of action. In a consequence of the relatively low 

antiproliferative potential of AR antagonists (Latysheva et al., 2020; Chen et al., 2022), 

their effect was evaluated on the colony-formation assay in LAPC-4 cells during the  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/position
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/transactivation
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10-day treatment. As shown in Appendix II., Table 2, Table 3, Table 4, Figures. S4 

and S5, all compounds from series 3, 4, 8 and 10 were potent in blocking the formation 

of cell colonies in 5 μM concentration, the majority outperforming the enzalutamide (Tran 

et al., 2009). Consistently with previous results, compounds from series 2 and 8i–l, 10i–

l displayed only a weak effect comparable to enzalutamide. On the other hand, many 

compounds from series 1 effectively inhibited colonies growth, being only weak 

antagonists, indicating the targeting of other processes in cells. Further, 

the antiproliferative effect of the most potent compound 3d (Figure 13) in different cell 

lines was dose-dependent, with increased potency in AR-positive PCa cell lines with GI50 

values in low micromolar ranges with LAPC-4 cells being the most sensitive 

(GI50 = 7.9 ± 1.6 μM) (Appendix II., Figure S9). 

The last analysed group in the library comprised already published steroidal A-

ring-fused quinolines (1a–1i) and novel A-ring-fused 6'‐substituted pyridine derivatives 

(2a–2h) and A-ring-fused 4',6'‐disubstituted pyridine derivatives (3a–3o). Approximately 

one-half of the quinolines were able to decrease the AR-transcriptional activity in the 

antagonist mode, but with much lower potency compared to earlier derivatives, with only 

3 compounds (1a, 1d, 1i) able to diminish the R1881-activated AR transcriptional activity 

to approx. 50 % at 10 µM. In the agonist mode, it was found that four compounds 

displayed agonist activity (1b, 1g, 1c, 1i), while the rest of this group was found not 

to have AR agonist activity (Table 5, Appendix III., Table 3), including 1d (Figure 13), 

which was found to be the most potent one with IC50 = 10.51 µM, comparable potency to 

galeterone (7.59 µM) (Yu et al., 2014) (Appendix III., Figure 7). There was no clear 

SAR within series 2 and 3, of the pyridines, which generally show very few and only 

weak antagonists. It was clear that the monosubstitution at the C-6' position by an 

aromatic moiety led to compounds exerting strong agonist activities in series 2, except 

for compounds 2f and 2g. In series 3, the combination of a methyl moiety at the 4'-position 

with an aryl substitution in the C-6' position yielded compounds with moderate antagonist 

properties (3a–3c) (Appendix III., Table 3). A similar beneficial effect was earlier 

observed in very potent disubstituted A-ring fused pyrazoles. In contrast, substitutions by 

the bi-aryl motif (in both C-4' and C-6' positions of the pyridine) yielded compounds with 

strong agonist activities, also correlating with the previous research. All compounds were 

evaluated in 20 µM concentration for their effect on PCa cell lines’ (LAPC-4, 22Rv1, 

LNCaP and DU145) proliferation using the resazurin-based cell viability assay after 72 h 

treatment. The results confirmed previous studies and correlated with weak antagonist 

https://www.sciencedirect.com/science/article/pii/S0223523423000016?via%3Dihub#tbl2
https://www.sciencedirect.com/science/article/pii/S0223523423000016?via%3Dihub#tbl3
https://www.sciencedirect.com/science/article/pii/S0223523423000016?via%3Dihub#tbl4
https://www.sciencedirect.com/science/article/pii/S0223523423000016?via%3Dihub#appsec1
https://www.sciencedirect.com/science/article/pii/S0223523423000016?via%3Dihub#appsec1
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/enzalutamide
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/antiproliferative-activity
https://www.sciencedirect.com/science/article/pii/S0223523423000016?via%3Dihub#appsec1
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/receptor-agonists
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properties, because the majority of compounds decreased the viability only to 70–80% of 

the vehicle-treated cells (Latysheva et al., 2020; Chen et al., 2022). Generally, the 

viability of DU145 was not influenced by most of the compounds, which supports the 

targeting of the AR. Corresponding with the AR-antagonist activity, compounds 1d and 

1i indeed displayed reasonable antiproliferative activity predominantly in 22Rv1 

(decreasing the viability to approx. 20%), but also in LAPC-4 and LNCaP (Appendix 

III., Table 4). Compound 1d (Figure 13) outperformed the standard antagonists 

galeterone and enzalutamide. There was a clear difference between the sensitivity of the 

AR-positive cell lines and the AR-negative DU145 (Appendix III., Figure 7). The 

antiproliferative activity of these derivatives in 10 µM towards the LAPC-4 cell line using 

the CFA for 10 days showed profound antiproliferative activity of compounds 1a, 1c, 1d, 

1g, 1h and 1i, decreasing the colony formation to 16–30% of control treated by vehicle 

(Appendix III., Figure 5). 

 

Figure 13 Structures of the most potent compounds from each group. 

 Compounds’ effect on downstream signalling and the cell cycle 
The crucial process in AR signalling is its translocation into the nucleus in response to 

androgens (Chen et al, 2012), where it drives the transcription of target genes and AR 

modulators have been shown to block the transport and accumulation of AR in the nucleus 

(Tran et al., 2009; Yu et al., 2014). Therefore, the effect of 2f on AR distribution in 

R1881-stimulated cells was analysed. As shown in Appendix I., Fig. 7, 2f and galeterone 

markedly decreased the transport of AR to the nucleus, compared to androgen-activated 

control. While AR remained in cytosol upon the treatment of cells with 2f, galeterone 

induced also partial AR degradation (Kwegyir-Afful et al., 2015). 

With the most potent AR antagonists from novel compounds, further analysis of 

the AR downstream signalling was performed by western-blot analysis of AR 

transcription targets, PSA and Nkx3.1. In the case of the p-chlorobenzylidene derivative 

https://www.sciencedirect.com/science/article/pii/S0960076021000972?via%3Dihub#fig0035
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2f, the treatment of 22Rv1-ARE14 and C4-2 did not lead to changes in the protein 

expression of AR itself, while expression of PSA and Nkx3.1 decreased in a dose-

dependent manner compared to R1881-stimulated cells. It was consistent with the effect 

on AR-transactivation and comparable with galeterone (Yu et al., 2014). Moreover, 

cleaved PARP (indicating ongoing apoptosis) was not detected, corresponding with mild 

cytotoxicity of the investigated compound (Appendix I., Figure 9). 

The most potent pyrazole derivatives were analysed in detail in three PCa cell 

lines (LNCaP, LNCaP-Abl, LAPC-4). Apart from other potent compounds, candidate 3d 

displayed potent blockage of AR signalling mainly in LAPC-4 (expressing wt-AR), with 

sharp decreases in both Nkx3.1 and PSA protein levels and AR-phosphorylation level 

at serine 81 as well as moderate decrease in AR level, in agreement with antagonist 

activity (He et al., 2022). Moreover, 3d displayed activity in LNCaP cells (bearing the 

AR Thr877Ala mutation) and importantly, even in CRPC model LNCaP – Abl (cells 

established by long-term cultivation in androgen-depleted medium, resulted in AR 

hypersensitivity (Culig et al., 1999), being able to block the S81 phosphorylation and 

down-regulate both the AR and PSA (Appendix II., Figure 4). Moreover, the changes 

in AR level and downstream targets were precisely monitored in different concentrations 

and time of treatment, where the dose-dependent suppression of AR signalling up 

to 10 μM concentration of 3d (comparable to galeterone's effect) was observed in LAPC-

4 (Appendix II., Figure 5), as well as in 22Rv1 and LNCaP (Appendix II., 

Supplementary Figure S6) (Kwegyir-Afful et al., 2015). Long-term treatment  

of LAPC-4 showed a significant decrease in the AR expression (discussed in section 5.3).  

In case of the DHT-quinolines, upon steroid withdrawal and subsequent 

stimulation of AR signalling by R1881, compounds 1d and 1a moderately diminished the 

AR phosphorylation on S81 (Jorda et al., 2018; Lv et al., 2020) and suppressed the AR 

signalling in 10 µM concentration (decrease of the PSA protein level) in LAPC-4, similar 

to the effect of galeterone (Kwegyir-Afful et al., 2015) (Appendix III., Figure 7). Similar 

activity of the lead compound 1d was observed mainly on the PSA level even in LNCaP 

and 22Rv1 (Appendix III., Supplementary Figure 4). 

To further describe the effect of candidate compounds on PCa cells’ proliferation 

and mechanism of action, the cell cycle analysis was performed. Upon 48 h of treatment, 

a reduced number of cells in the S-phase of the cell cycle was detected upon treatment 

with pyrazole derivative 3d in AR-positive LAPC-4 and 22Rv1 cells, but with no effect 

in AR-negative DU145 cells (Appendix II., Supplementary Figure S10). The S-phase 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/poly-adp-ribose-polymerase
https://www.sciencedirect.com/topics/chemistry/serine
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-cycle-analysis
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cells’ decrease corresponded with published AR-regulation of the cell cycle (Gregory et 

al., 2001). Interestingly, the effect of 3d was comparable with PROTAC bavdegalutamide 

and while in the LAPC-4 cells the 48-h treatment led to an increase in G2/M phase cells, 

in 22Rv1, the G1 cells’ percentage was increased, leading to a similar increase in cell 

death in higher concentration. This suggested that the consequences of treatment might 

be slightly different among the PCa cell lines, but the complete inactivity in DU145 cells 

proved the AR-targeting (Puhr et al., 2018). In the case of quinoline derivative 1d, cell 

cycle analysis after 24 h of treatment showed an increased number of cells in the G1 phase 

with reduced S-phase cells’ percentage in LAPC-4 and LNCaP. The effect was consistent 

with proliferation blockage and was more profound compared to galeterone 

or enzalutamide (Appendix II., Supplementary Figure S5). 

 Androgen receptor’s downregulation and degradation  
Long-term treatment of LAPC-4 with the most potent pyrazole derivative 3d showed 

a significant decrease in AR protein level after 48 and 72 h (Appendix II., Figure 5B), 

as observed for bavdegalutamide as well. Similar effect was published for galeterone 

(Yu et al., 2014; Kwegyir-Afful et al., 2015) and several other monomer AR-degraders 

(Wu et al., 2023). Moreover, the expression of PSA and Nkx3.1 was completely switched 

off upon 72-h treatment with 3d. Importantly, the longer treatment with 3d caused only 

proliferation inhibition without massive induction of apoptosis as documented 

by monitoring of PARP and procaspases proteins expression and fragmentation 

(Appendix II., Supplementary Figure S7). It was therefore confirmed that the AR 

downregulation is not evoked by cell death, which was induced only in prolonged 

treatment (72 h) by the AR-signalling inhibition. 

Using the rescue experiment (Tang et al., 2009), the ability of 3d to bind to AR-

LBP was verified. Upon saturation of AR-LBP with 3d for 1 h, bavdegalutamide (a rapid 

and effective AR degrader) degradation activity in the following 4 h treatment was 

impaired, (Appendix II., Figure 5C), which confirmed the competition for binding to 

the AR-LBP (Burslem et al., 2018). To further evaluate the functional consequences of 

diminished AR transactivation, qPCR analysis of mRNA expression of AR and KLK3 

(PSA) was performed. In the 24 h treatment, lead compound 3d decreased KLK3 mRNA 

expression in both 22Rv1 and LAPC-4 cells (activated by 1 nM R1881) more potently 

than enzalutamide or galeterone (Appendix II., Figure 7B). Moreover, the expression 

level of AR transcript decreased moderately, as well (Appendix II., Supplementary 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/real-time-polymerase-chain-reaction
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Figure S11). Upon the discovery of AR mRNA downregulation, an experiment with 

proteasome inhibition was needed, to distinguish whether the novel derivatives target the 

AR transcription or the AR-protein stability. The proteasome inhibitor MG-132 was 

recruited to block its activity and as a result, ubiquitinated proteins (including AR) 

accumulated within the cells because they could not be efficiently degraded (Jin et al., 

2020) (Figure 14A). As was already demonstrated, 3d was able to markedly decrease the 

AR protein level upon 24 h treatment in 10 μM concentration, similar to bavdegalutamide 

in the range of hundreds of nM to 1 μM. Oppositely, treatment with 10 μM proteasome 

inhibitor MG-132 induced an increase in AR protein level and co-treatment with the 

analysed AR degraders blocked the AR degradation (Figure 14A), suggesting that the 3d 

indeed induced proteasomal degradation and changed the AR turnover, similarly 

to galeterone (Kwegyir-Afful et al., 2015). In contrast with that, the treatment with 3d 

revealed a dose-response decrease in AR mRNA expression to approx. 50 % in 10 μM 

(also comparable to galeterone (Kwegyir-Afful et al., 2015), while the 1 μM 

bavdegalutamide did not lead to a significant decrease (Figure 14B). Altogether, it was 

shown that compared to pure AR degrader bavdegalutamide (Neklesa et al., 2018), 

candidate compound 3d both down-regulates the transcription of AR and induces the AR 

protein degradation. Most importantly, it was shown that compound 3d downregulated 

the AR (similar to enzalutamide and bavdegalutamide) in short-term ex vivo culture of 

patient-derived samples (Appendix II., Figure 8, Supplementary Figure S12. 

 
Figure 14 (A) Western blot analysis of AR and overall ubiquitinylated proteins. The 
LAPC-4 cells were treated with 3d, bavdegalutamide, MG-132 or combinations for 20 h. 
Upon the treatment, Full-cell lysate in 1% SDS was prepared. β-actin served as a loading 
control. (B) The dose-dependent effect of compound 3d and standard PROTAC 
bavdegaltuamide on relative normalized mRNA expression of AR and its downstream 
gene KLK3 (PSA). Cells were cultivated in CSS medium overnight, then treated with 
compounds in the presence of 1 nM R1881 for 24 h. Bav, bavdegalutamide. 
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 Analysis of compounds’ interaction with androgen receptor 
Previous findings showed that steroidal agonists (testosterone, DHT and R1881) can 

induce thermal stabilisation of AR performed by CETSA (Shaw et al., 2018), therefore 

the assay was recruited and optimised to be useful in NR’s thermal stability analysis, 

as described in section 5.5. The optimised assay proved the direct in-cell (C4-2) binding 

of 2f (Appendix I., Figure 6) to the AR in a dose-dependent manner. The control 

experiment with 100 nM R1881 confirmed a previously published increase in AR’s 

thermal stability as well as (Shaw et al., 2018). 

 Even though the optimised CETSA was useful to prove the direct binding,  

it is a tedious and time-consuming method. That is why the bacterial expression 

of recombinant human His6-tagged AR-LBD was performed, based on the previously 

published protocol (Askew et al., 2007). Innovatively, AR-LBD was expressed without 

any ligand present during the expression (it is mainly expressed in the presence of DHT), 

to have empty LBP. Next, the binding of 3d in purified recombinant AR-LBD was 

examined by the MST using the Protein Labelling Kit RED-NHS (Nanotemper). The 

binding of the 3d induced significant changes in the protein mobility marked by the 

labelling dye-fluorescence (Wienken et al., 2010) (Appendix II., Fig. S8) and thus 

confirmed the direct binding of 3d into the AR-LBD. Further, using the same procedure, 

the interaction of 1d was also confirmed by MST and the change was consistent with the 

effect of 25 µM galeterone (Appendix II., Figure 8B). 

To particularly describe the binding and the binding pose of novel antagonists 

in the LBP, molecular docking was recruited. The binding of all candidate 

compounds was assessed by flexible docking into AR-LBD co-crystal structure with 

natural agonist DHT (PDB: 2PIV). The key residues in the extremities of the cavity 

(Asn705, Gln711, Arg752, and Thr877) were set flexible, which allowed the 

rearrangement of the cavity to fit ligands. Candidate compound 2f showed a similar pose 

and interactions with the AR binding site (Appendix I., Figure 8) as DHT, with 

conserved bonds to Arg752 and Asn705 and better binding energy (-12.7 kcal/mol) 

in comparison with the natural ligand DHT (-10.9 kcal/mol). The binding of the candidate 

compound 3d revealed more extensive binding in AR-LBD with poses similar to steroidal 

antagonists cyproterone (Bohl et al., 2007) or galeterone (Njar and Brodie, 2015). 

Moreover, it was confirmed by similar positions of interacting residues as in the published 

antagonist model (Wahl and Smieško, 2018). The first two poses of 3d displayed high 

https://www.sciencedirect.com/science/article/pii/S0223523423000016?via%3Dihub#appsec1
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binding energy (ΔGVina = −11.8 kcal/mol and −11.6 kcal/mol, respectively) and similar 

orientation with identical interactions in the 1'-(4″-fluorophenyl)-5′-methylpyrazolo part 

of 3d (Arg752 and Gly583 halogen bond with fluorine with other hydrophobic 

interactions) (Appendix II., Figure 6A, B), but the key difference was observed in the 

interaction of the 17β-OH on the D-ring of 3d. In the first pose, the group formed 

a conserved hydrogen bond with Thr877 (known from the binding of DHT), while in the 

second pose, the steroid core was positioned at a different angle towards Asn705 

(independent of Thr877), forming a hydrogen bond with the 17β-OH group (Appendix 

II., Figure 8B). Most importantly, both poses showed similar binding to cyproterone and 

the second pose independent of Thr877 (mutated in LNCaP cell line to alanine) is also 

observed in the second generation of non-steroidal antiandrogens (Prekovic et al., 2016; 

Xu et al., 2022), explaining the potency even in PCa with AR mutations. The flexible 

molecular docking of the quinoline 1d in the same setting showed a very similar binding 

pose, with the best binding energy ΔGVina = −10.2 kcal/mol. Overall, the A-ring fused 6'‐

methoxyquinoline part was sandwiched between the helix 2 and 3 and the methoxy 

moiety formed hydrogen bonds between the oxygen and Arg752 and Gln711. The steroid 

core was stabilised by conserved interactions (Bohl et al., 2007; Gim et al., 2021) and the 

17β-OH on the D-ring formed a conserved bond with Thr877, with a possible interaction 

with Asn705 as well (Appendix III., Figure 8C). 

 

Figure 15 Binding poses of the most potent pyrazole derivative 3d in the AR-LBD, 
dependent (A) and independent (B) of Thr877. 

 Optimisation of cell fractionation and cellular thermal shift assay  
The cell’s compartment fractionation is a useful assay, enabling the analysis of the sub-

cellular localisation of protein target (AR). The trial experiment was performed using the 

Qproteome Cell Compartment Kit (Qiagen) (Appendix I., Figure 7). Subsequently, 

a protocol using in-house buffers was optimised to increase the throughput of the assay. 

Inspired by protocols for crude subcellular fractionation (Abmayr et al., 2006; Holden 

and Horton, 2009), 22Rv1 cells were washed and directly lysed from the adherent 
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monolayer on the Petri dish. The monolayer was incubated with the lysis buffer A 

(cytosolic, 150 mM NaCl, 50 mM HEPES (pH 7.4), 45 μg/ml digitonin with protease 

inhibitors) for 5 minutes on ice, which should release the cytosol fraction (Abmayr et al., 

2006; Holden and Horton, 2009), that was collected (sample 1) (Figure 16A). 

Unfortunately, the digitonin did not disrupt cells properly, which took place during the 

subsequent scratching in another portion of buffer A, releasing the cellular content 

(sample 2). Upon centrifugation at 600 g for 6 min, the pellet contained all proteins 

(sample 3), while the supernatant only the cytosolic ones (sample 4). The pellet was 

further incubated with the RIPA (nuclear) lysis buffer (150 mM NaCl, 50 mM HEPES 

(pH 7.4) 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate) in which 

it completely dissolved (sample 5), but contained all the types of proteins (Figure 16A). 

 Another protocol was used to isolate sub-cellular fractions from the Petri dish 

monolayer of 22Rv1 cells (Baghirova et al., 2015). Cells were washed with PBS and 

incubated with the lysis buffer A (cytosolic, 150 mM NaCl, 50 mM HEPES (pH 7.4), 

0.1% IGEPAL® CA-630 with protease inhibitors) for 5 min on ice. Upon the incubation, 

the cells detached and they were gently washed from the dish bottom (sample 1) (Figure 

16B) and centrifuged at 600 g for 6 min. The obtained supernatant (sample 2) contained 

only cytosolic proteins, while the pellet was further incubated with buffer B (nuclear, 

20 mM HEPES, pH 7.9, 1.5 mM MgCl2, 0.5 M NaCl, 0.2 mM EDTA, 20% glycerol, 

1% Triton™ X100), sonicated and centrifuged at 14 000 g for 15 min. The obtained 

supernatant (sample 3) contained soluble and membrane nuclear proteins and the 

insoluble pellet contained DNA-bound proteins (sample 4) (Figure 16B). 

 Since the previous attempts showed limitations of direct lysis on the Petri dish, 

to compare different detergents (Baghirova et al., 2015; Senichkin et al., 2021) in the 

cytosolic buffer, cells were initially harvested by trypsinisation and washed in PBS and 

aliquoted. Then, the basic cytosolic buffer A (150 mM NaCl, 50 mM HEPES (pH 7.4) 

with protease inhibitors) was applied with three different detergents: 45 μg/mL digitonin 

or 0.1% IGEPAL® CA-630 or 0.1 % NP-40. After the 5 min incubation on ice, the 

suspension was centrifuged at 600 g for 6 min. The obtained supernatant should represent 

the cytosolic fraction (c), while the pellet was further incubated with buffer B (nuclear, 

20 mM HEPES, pH 7.9, 1.5 mM MgCl2, 0.5 M NaCl, 0.2 mM EDTA, 20% glycerol, 

1% Triton™ X100), sonicated and centrifuged at 14 000 g for 15 min to obtain soluble 

nuclear fraction (n). While Igepal or NP-40 (Baghirova et al., 2015; Senichkin et al., 

2021) were suitable for the selective cytosol extraction, digitonin (Abmayr et al., 2006; 

https://www.sigmaaldrich.com/US/en/product/sigma/t8787
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Holden and Horton, 2009) did not succeed in the cell lysis (Figure 16C). The 

combination of the Igepal/Triton buffers fractionated the cells for the cytosolic, nuclear 

and insoluble cytoskeleton/DNA-bound proteins (Figure 16D). The optimised buffers 

(section 4.2.5) were used to assess the NR’s localisation (Appendix IV., Figure 4). 

 
Figure 16 Comparison of digitonin and RIPA buffers (A) with Igepal/Triton buffers (B) 
for 22Rv1 cell fractionation from Petri dish with the same procedure (lysis in the first 
buffer, scratching of the cells, low speed-centrifugation to separate nuclei, their lysis in 
the second buffer, high-speed centrifugation. Numbers correspond with obtained cellular 
fractions. (C) Fractionation of trypsinized cells incubated with different combinations of 
lysis buffers with the same general procedure to obtain cytosolic (c) and nuclear (n) 
fractions. (D) Igepal/ Triton combination for the best fractionation of cytosol (c), soluble 
nuclear proteins (n) and DNA-bound nuclear proteins (d) with the membrane debris.  
 

The binding of candidate AR antagonists was first evaluated by CETSA, whose 

advantage is the use of untagged AR from cell lysate or within intact cells, showing the 
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thermal stabilisation upon target engagement. At first, the CETSA experiment was based 

on the original publication (Jafari et al., 2014) using a purified AR-FL protein (Merck 

Millipore) in a protein buffer and a crude cell lysate of C4-2 cells (high AR expression) 

in RIPA lysis buffer. The aggregation temperature was screened in the range of 40 – 60 °C 

(3 min in CFX96 Touch (BioRad), then the samples were cooled for 3 min at 4 °C and 

centrifuged at 14 000 g for 30 min. The supernatants were subsequently mixed with SDS-

loading buffer, separated by SDS-PAGE and immunoblotted with AR-antibody. 

It was shown that the thermal stability of recombinant protein is insufficient, while 

the lysate from C4-2 cells displayed an appropriate response, with the aggregation 

temperature around 44 °C (Figure 17A). The optimisation continued with the C4-2 cell 

lysate from the harvested cells cultivated in FBS-supplemented media or in CSS-

supplemented media (steroid-depleted). No clear thermal stabilisation was observed upon 

the incubation of the R1881 or 2f with both lysates for 1 h (Figure 17B). 

Even though the CETSA can be performed in lysate, the presence of detergents 

might change the protein solubility. The next setup was the CETSA in treated intact cells 

(Shaw et al., 2018; Henderson et al., 2020) cultivated in CSS-supplemented media. The 

cells were harvested by trypsinisation, diluted in PBS with 5 mM glucose, counted and 

divided into test tubes, and treated with R1881 or 2f for 3 h. The subsequent procedure 

followed the same principle, with a temperature gradient from 45 °C to 57 °C. Obtained 

samples were lysed by 3 freeze-thaw cycles (Almqvist et al., 2016) and processed. 

Apparently, R1881 and candidate compound 2f increased temperature stability, but after 

the normalisation of the signal to the control, no effect was observed (Figure 17C). 

The prolonged incubation of cells in PBS with high concentrations of compounds 

probably influenced the integrity of the cells and caused an imbalance of the basal AR 

level. To avoid it, finally, C4-2 cells were harvested, re-suspended in PBS with 5 mM 

glucose, divided into test tubes and treated with R1881 only for 1 h. Next, cells were 

counted and aliquoted into PCR strips, heated at the temperature gradient from 37 °C 

to 60 °C and processed as before. The immunoblotting revealed that 100 nM R1881 

induced thermal stabilisation from 43 °C to 54 °C (Figure 17D), corresponding with 

previous findings (Shaw et al., 2018). The CETSA was also found to confirm the binding 

of non-steroidal AR-antagonists CCPI (Lv et al., 2021) and enzalutamide (Shaw et al., 

2018), however, by showing a decrease in AR thermal stability. The candidate compound 

2f displayed AR-stabilisation in C4-2 in a concentration manner (from 10 μM – 100 μM) 
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(Appendix I., Figure 6), despite being characterised as a competitive antagonist, and it 

might originate from extensive interaction of the steroid scaffold with AR-LBD.  

 
Figure 17 Optimisation of the CETSA protocol. (A) First trial of thermal shift using 
recombinant AR protein and C4-2 cell lysate. (B) CETSA with 1 h incubation of 
compounds with RIPA-buffer lysate from cells cultivated in FBS or CSS-supplemented 
media (C) CETSA performed in cells treated for 3 h with subsequent lysis by freeze-thaw 
cycles. (D) CETSA performed in cells treated for 1 h and normalised after the treatment 
with subsequent lysis by freeze-thaw cycles.  
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 Dual targeting of androgen and glucocorticoid receptors 

To combat the resistance of CRPC, namely the AR-negative PCa with GR upregulation, 

GR-targeting treatments were recently described with dual and selective antagonists 

of AR/GR (Rosette et al., 2020). In the frame of this thesis, novel 17α- and/or 21-ester 

or carbamate derivatives of hydrocortisone (GR agonist) were developed and evaluated 

for their biological activity towards AR and GR in different PCa cells. The group 

of analysed compounds comprised 17α-monoesters of hydrocortisone, C-21 esters and 

carbamates. The effect of compounds on both NRs was evaluated using AR and GR 

reporter cell lines, 22Rv1-ARE14 (Bartonkova et al., 2015) and AZ-GR (Novotna et al., 

2012) respectively. Within prepared compounds, some AR agonists were described, 

in agreement that hydrocortisone can activate AR (Bartonkova et al., 2015) and that 

glucocorticoids can act as AR agonists in AR mutants (Zhao et al., 2000). However, the 

attention was focused on two 17α-butyryloxy,21-(alkyl)carbamoyloxy 

derivatives 14 and 15 that displayed strong antagonist properties towards both AR and 

GR (Appendix IV., Figure 2). Antagonist activities of the lead compounds towards AR 

reached low micromolar values (IC50 = 3.96 µM and 11.38 µM for 14 and 15, 

respectively), comparable to standards, i.e. enzalutamide (IC50 = 3.32 µM) and galeterone 

(IC50 = 7.59 µM) (Norris et al., 2017). Additionally, antagonist activities towards GR 

reached single-digit micromolar values (IC50 = 4.44 µM and 8.11 µM for 14 and 15, 

respectively), weaker than for standard mifepristone (IC50 = 0.59 µM) (Du et al., 2019). 

No clear agonist activity was observed for compounds 14 and 15 neither towards the AR, 

nor the GR (Appendix IV., Figure 2). 

Antiproliferative properties of the hydrocortisone derivatives were tested in four 

PCa cell lines, namely LAPC-4, 22Rv1 (expressing both AR and GR), C4–2 (only AR), 

and DU145 (AR-negative and GR overexpressing). While the compounds without clear 

AR/GR activities did not display antiproliferative activities, the most potent 

derivatives 14 and 15 displayed mid-micromolar values (GI50 = 25 μM - 40 μM upon 

treatment for 72 h) in all AR-positive cells, comparable with standards galeterone and 

mifepristone. Compound 14 (Figure 18) was the only one which reached measurable 

GI50 = 80 μM in R-negative DU145 cells (Appendix IV., Supplementary Figure S6). 

The CFA was performed to assess the prolonged antiproliferative potency in 22Rv1, 

LAPC-4 and DU145. Generally, compound 14 exhibited strong colony-formation 

inhibition in AR-positive PCa cell lines, comparable with standard galeterone (Kwegyir-

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/biological-activity
https://www.sciencedirect.com/science/article/pii/S0960076023000249?via=ihub#bib26
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzalutamide
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Afful et al., 2019), but weaker colony-formation inhibition in AR-negative and GR-

overexpressing PCa cell line, compared to both galeterone and mifepristone (Appendix 

IV., Figure 3). 

 

Figure 18 Structure of the most potent AR/GR antagonist 14. 

 

Interaction with both NRs was confirmed by the optimised CETSA and followed 

the previous studies. Subsequently, 14 decreased the translocation of AR and GR to the 

nucleus similarly to galeterone (Yu et al., 2014) and mifepristone (Peeters et al., 2008), 

respectively (Appendix IV., Figure 4). Both compounds 14 and 15 were able to reduce 

AR a GR downstream signalling by diminishing the levels of their transcriptional targets 

(PSA and Nkx3.1 of AR and SGK-1 and 11-β-HSD2 of GR). In LAPC-4 (Appendix IV., 

Figure 5A) and 22Rv1 (Appendix IV., Supplementary Figure S9) S81phosphorylation 

and PSA and Nkx3.1 decreased, comparable with galeterone’s effect (Yu et al., 2014). 

Analysis of DU145 (Appendix IV., Figure 5B) revealed the blockage of activating 

phosphorylation of GR on S211 and decreases in the protein levels of 11-β-HSD2 and 

SGK-1 upon treatment with 20 μM 14, similar to mifepristone (Peeters et al., 2008). 

Molecular docking into the GR (PDB 1NHZ) (Kauppi et al., 2003) showed 

extensive binding of 14 in a similar way as mifepristone, but with stronger binding energy 

(ΔGVina = −11.5 kcal/mol and −10.8 kcal/mol, respectively). Direct hydrogen bonds from 

the 3-carbonyl in the A-ring to Gln570 and Arg611 were found. Interestingly, the 21-

(N,N-diethylcarbamoyloxy) was orientated in the same direction as the dimethylaniline 

side chain of mifepristone (Appendix IV., Figure 6A, B), disrupting the helix-

12 position (Kauppi et al., 2003). Molecular docking into the AR-antagonist model 

(Wahl and Smieško, 2018) revealed the same binding of compound 14 as cyproterone 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hydrogen-bond
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/position
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/docking-molecular


 

70 

(Bohl et al., 2007) (Appendix IV., Figure 6C, D) with similar binding energy (ΔGVina = 

−12.5 kcal/mol and −12.1 kcal/mol, respectively) and key interaction residues. 

The enzalutamide resistance is connected with increased GR expression 

in vitro (Culig, 2017) and it was shown that the first changes in GR level could 

be observed just 7 days after the treatment with a sub-lethal concentration 

of enzalutamide (Isikbay et al., 2014; Puhr et al., 2018). Candidate compounds 

14 and 15 did not cause a significant increase in GR or AR levels during the same periods. 

Importantly, compound 14 reduced the enzalutamide-induced GR upregulation upon 3- 

and 7-day treatment (Appendix IV., Supplementary Figure S7). Overall, the findings 

and the clinical trial of enzalutamide and mifepristone in CRPC (Serritella et al., 2022) 

support the development and deep characterisation of novel dual AR and GR antagonists 

(Li et al., 2024) as anticancer agents in PCa cases with upregulation of GR activity.   

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/anticancer
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 CONCLUSION AND PERSPECTIVES  

The approved next-generation hormone therapies targeting AR markedly increased the 

effectiveness of the PCa therapy (He et al., 2022). Despite the initial effectiveness 

of treatment of PCa, nearly all patients eventually progress to develop resistance. 

Therefore, the discovery of novel strategies is needed to improve the effectiveness 

in resistant PCa cases (Deluce et al., 2022). Since the steroidal compounds containing 

a heterocycle moiety in the A-ring have been recently much less investigated towards the 

AR and PCa (Jorda et al., 2019b; Njar and Brodie, 2015; Baji et al., 2016; Mótyán et al., 

2019), the main part of the dissertation thesis investigated biological activity of library of 

DHT derivatives with modifications on the A-ring prepared by Éva Frank’s (University 

of Szeged, Hungary) synthetic group. Altogether, DHT derivatives bearing different 

nitrogen-containing five or six-membered heterocycles as a fusion to the A-ring with 

a series of terminal substituents (119 compounds in total) were thoroughly characterised, 

searching for a potent AR antagonist to effectively suppress the growth and proliferation 

of PCa cells with minimal toxicity to healthy tissue. For a detailed assessment of the 

compounds’ behaviour, methods established at the department were used, while the 

isolation of the cellular fractions (cytosol and nuclei) and the cellular-thermal shift assay 

were optimised based on the published protocols. 

Divided by the particular groups, it was clear that α,β-enones demonstrated potent 

antiandrogenic effects, with compound 2f being particularly effective outperforming 

standard treatments like enzalutamide and galeterone (Yu et al., 2014; Tran et al., 2009), 

while triazolo[1,5-a]pyrimidines and pyrazolo[1,5-a]pyrimidines showed partial activity, 

with some representatives exhibiting agonist properties (Appendix I.). The A-ring fused 

pyrazoles were generally the most potent group of analysed compounds with 

representatives bearing the C-17 hydroxy group and 1'-aryl-5'-methyl substitution 

showing the strongest antagonist properties. Antiproliferative effects were observed, 

selective for AR-positive cell lines, with the lead compound 3d displaying significant 

potency. The potent downregulation and degradation of AR must be underscored, as well 

as the potent activity of 3d in patients’ samples ex vivo (Appendix II.). The A-ring-fused 

quinolines showed moderate antagonist activity, with 1d which showed reasonable 

antiproliferative potency, particularly in AR-positive cell lines. The pyridine derivatives 

exhibited varying activity, with both agonist/antagonist properties (Appendix III.). 
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From the mechanistic point of view, the most potent derivative 3d displayed 

strong antagonist activity, surpassing standard AR antagonists like enzalutamide and 

galeterone, selectively targeted AR-positive cells, sparing AR-negative cell lines. 

Molecular docking studies provided insights into the structural basis of compounds’ 

activity, revealing interactions within the AR-LBD and potential for further optimization. 

Additionally, the biological activity of hydrocortisone’s derivatives was also 

analysed and compounds were described as dual antagonists of AR/GR. The lead 

compound suppressed the signalling of both receptors, the interactions were proved 

in cells and modelled by molecular docking (Appendix IV.). Since GR signalling is 

a resistance mechanism (Puhr et al., 2018; Wu et al., 2019), the findings support the 

development and deep characterisation of dual AR and GR antagonists 

as anticancer agents in PCa cases with upregulation of GR activity (Li et al., 2024). 

Finally, as a part of this thesis, several D-ring-attached steroidal isoxazoles and 

triazoles (similar to abiraterone) were characterised and their CYP17A1 inhibitory effect 

and AR-antagonist activity was proved (Appendix V.). 

Overall, the dissertation study provided valuable insights into the design and 

development of novel AR-targeted compounds for the treatment of PCa, highlighting 

their potential as alternative or complementary therapies to existing standards of care. 

Various novel approaches like PROTACs (Alabi and Crews, 2021). and targeting 

different regions (Li et al., 2019) are explored to overcome resistance mechanisms 

observed in clinical trials. Based on the frequent LBD mutations and splicing variants 

(Angulo et al., 2022), the most promising therapies seem to be N-terminal or DNA-

binding domains-targeting drugs. However, the development of novel LBD antagonists 

is also plausible, with emphasis on desired properties such as limited resistance, 

favourable pharmacokinetics and minimal side effects (He et al., 2022) The structure-

based development is however hampered by the absence of a crystal structure of the wt-

LBD with an antagonist (Wahl and Smieško, 2018). Apart from the AR axis, there are 

several other approaches for the PCa treatment, including phototherapy (Shi and Sadler, 

2020), targeting prostate-specific membrane antigen (PSMA) by immunotherapy 

in clinical trials or approved radionuclide therapy (177Lu-PSMA-617) (He et al., 2022). 

and many other clinical trials of compounds holding promise for the future. 

  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/anticancer
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A B S T R A C T   

One of the main directions of steroid research is the preparation of modified derivatives in which, in addition to 
changes in physicochemical properties, receptor binding is significantly altered, thus a bioactivity different from 
that of the parent compound predominates. In the frame of this work, 2-arylidene derivatives were first syn-
thesized by regioselective modification of the A-ring of natural sex hormone, 5α-dihydrotestosterone (DHT). 
After Claisen-Schmidt condensations of DHT with (hetero)aromatic aldehydes in alkaline EtOH, heterocycliza-
tions of the α,β-enones were performed with 3-amino-1,2,4-triazole, 3-aminopyrazole and 3-amino-5-methylpyr-
azole in the presence of t-BuOK in DMF to afford 7′-epimeric mixtures of A-ring-fused azolo-dihydropyrimidines, 
respectively. Depending on the electronic demand of the substituents of the arylidene moiety, spontaneous or 
2,3-dichloro-5,6-dicyanobenzoquinone (DDQ)-induced oxidation of the heteroring led to triazolo[1,5-a]pyrim-
idines and pyrazolo[1,5-a]pyrimidines in good yields, while, using the Jones reagent as a strong oxidant, 17- 
oxidation also occurred. The crystal structures of an arylidene and a triazolopyrimidine product have been 
determined by single crystal X-ray diffraction and both were found to crystallize in the monoclinic crystal system 
at P21 space group. Most derivatives were found to diminish the transcriptional activity of androgen receptor 
(AR) in reporter cell line. The candidate compound (17β-hydroxy-2-(4-chloro)benzylidene-5α-androstan-3-one, 
2f) showed to suppress androgen-mediated AR transactivation in a dose-dependent manner. We confirmed the 
cellular interaction of 2f with AR, described the binding in AR-binding cavity by the flexible docking and showed 
the ability of the compound to suppress the expression of AR-regulated genes in two prostate cancer cell lines.  

Abbreviations: 3AMP, 3-amino-5-methylpyrazole; 3AP, 3-aminopyrazole; 3AT, 3-aminotriazole; ATP, adenosine triphosphate; AR, androgen receptor; ARE, 
androgen response element; n-BuOH, normal butanol; t-BuOK, potassium tert-butylate; CETSA, cellular-thermal shift assay; CPPI, 3-(4-chlorophenyl)-6,7-dihydro-5H- 
pyrrolo[1,2-a]imidazole; CSS, charcoal stripped serum; CRPC, castration-resistant prostate cancer; CYP17A1, steroid 17α-hydroxylase/17,20-lyase; DCTA, trans-1,2- 
diaminocyclohexane-N,N,N′,N′-tetraacetic acid; DDQ, 2,3-dichloro-5,6-dicyanobenzoquinone; DHT, 5α-dihydrotestosterone; DMF, N,N-dimethylformamide; DTT, 
dithiotreitol; ESI-MS, electrospray ionization mass spectrometry; EtOH, ethanol; HMBC, heteronuclear multiple bond correlation; HSQC, heteronuclear single 
quantum correlation; LBD, ligand-binding domain; LHRH, luteinizing hormone-releasing hormone; MW, microwave; NOESY, nuclear overhauser effect spectroscopy; 
NMR, nuclear magnetic resonance; ORTEP, Oak Ridge Thermal-Ellipsoid Plot program for crystal structure illustrations; PARP, poly(ADP-ribose)polymerase; PBS, 
phosphate-buffered saline; PCR, polymerase chain reaction; PSA, prostate-specific antigen; RIPA, radioimmunoprecipitation assay buffer; SDS-PAGE, sodium dodecyl 
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1. Introduction 

The androgen receptor (AR) is a ligand-activated transcription factor 
that belongs to the superfamily of steroid and thyroid hormone receptors 
and plays a crucial role in the normal development of male reproductive 
tissues. High expression and/or relaxation of AR regulation is strongly 
implicated in prostate cancer (PCa). Current therapeutic strategies for 
the treatment of PCa include androgen deprivation and radiation ther-
apy (e.g. anti-LHRH agents), surgery, chemotherapy (e.g. docetaxel, 
cabazitaxel) or the use of steroidal (e.g. abiraterone) or non-steroidal 
antiandrogens (e.g. enzalutamide) (Fig. 1) or PARP inhibitors [1]. Un-
fortunately, the disease rapidly progresses to castration-resistant pros-
tate cancer (CRPC) stage, which is defined by AR-pathway alterations 
including AR gene amplification, overexpression, mutation, splice var-
iants, and the increase in adrenal and intratumoral androgens. 

AR splicing variants [2], which lack the ligand-binding domain as a 
result of alternative splicing of the AR gene, are emerging as a crucial 
mechanism in CRPC progression. Among these variants, AR-V7 is the 
most clinically meaningful and the most frequently expressed receptor 
variant in PCa samples [3]. Several anti-AR-V7 strategies have been 
described, including inhibition of the transcription of the AR gene, in-
hibition of splicing to generate AR-V7, destabilization of the AR-V7 
transcript and protein, AR degradation, blocking of AR synthesis, inhi-
bition of the constitutive activity of AR-V7 in the nucleus, interference 
with intracellular trafficking of AR, and inhibition of downstream sig-
nalling related to AR-V7 activation [4,5]. 

Several steroidal compounds, mostly modified in the D-ring of the 
androstane core have been investigated as AR modulators or for their 
anti-PCa properties [6–11], but only galeterone [12] and abiraterone 
[13] (Fig. 1) have entered clinical trials. Both agents showed to target 
adrenal and tumour androgen production by inhibition of the ste-
roidogenic enzyme CYP17A1, and galeterone is capable to induce AR 
and AR-V7 degradation in PCa by competitive antagonism of AR [14]. In 
the clinic, galeterone is shown to be well tolerated and demonstrates 
pharmacodynamic changes consistent with its selective, multifunctional 
AR signaling inhibition [15]. Unfortunately, recent results from phase 3 
clinical trials on AR-V7 and metastatic CRPC patients have not 
confirmed galeterone’s efficacy [16]. In addition, the fact that 

abiraterone-treated patients generally relapse within one year indicated 
the resistance mechanism to abiraterone that is accompanied by upre-
gulation of CYP17A1 and induction of AR and AR splice variants [2,17]. 
For the above reasons, investigations of other ligands are desirable. 

We previously described several D-ring-attached steroidal azoles, 
structurally similar to abiraterone, displaying CYP17A1 inhibitory effect 
[18–20]. Recently, some A-ring-fused arylpyrazoles [21] and arylpyr-
imidines [22] of 5α-dihydrotestosterone (DHT) have also been demon-
strated to exert anticancer activity against multiple cancer cell lines 
including PCas. Some recent articles reported steroidal compounds with 
pyrazolo[1,5-a]pyrimidine and triazolo[1,5-a]pyrimidine moieties [23, 
24] but without deeper pharmacological investigations. In the current 
work, additional A-ring-modified derivatives of DHT containing (het-
ero)arylidene, pyrazolo[1,5-a]pyrimidine and triazolo[1,5-a]pyrimi-
dine moieties have been synthesized and their ability to affect the 
transcriptional activity of AR in reporter cell line was investigated. 
Structural determination of all compounds was accomplished by 1H and 
13C NMR spectroscopy and electrospray ionization mass spectrometry 
(ESI-MS), while for two representative molecules, by single crystal X-ray 
diffraction. Candidate compound was further studied and showed to 
interact with AR and to suppress expression of Nkx3.1 and PSA in PCa. 
Finally, interaction within the AR’s cavity was performed by the flexible 
docking. 

2. Results and discussion 

2.1. Synthesis and characterization of the target compounds 

As a first synthetic modification, DHT was reacted with benzalde-
hyde (1a), substituted benzaldehydes 1b–h and heteroaromatic alde-
hydes 1i and 1j, respectively, in order to obtain 2-(hetero)arylidene-3- 
ones 2a–j suitable for cyclization with binucleophilic reagents (Table 1, 
entries 1–12). Arylaldehydes were selected to ensure that their reactivity 
covered a wide spectrum, i.e. in addition to benzaldehyde 1a, de-
rivatives containing both electron donating (CH3 and OMe) and electron 
withdrawing groups (Cl, CN, NO2) were used. The synthesis of a struc-
turally related 2-methylidene derivative 2k from DHT with excess 
acetaldehyde 1k has been reported previously [21] (Table 1, entry 13). 

Fig. 1. Representatives of steroidal and non-steroidal anti-PCa agents, which reduce endogenous androgen production by the inhibition of CYP17A1 and/or act as 
AR antagonists. 

M.A. Kiss et al.                                                                                                                                                                                                                                  



Journal of Steroid Biochemistry and Molecular Biology 211 (2021) 105904

3

Although Claisen-Schmidt condensation of arylaldehydes to the C16 
position of 17-ketosteroids was found to lead to the corresponding D- 
ring substituted products in alkaline EtOH both at room temperature 
[25] and under reflux [26], in the case of the A-ring, a regioselectivity 
problem may arise from the two α-carbon atoms (C2 and C4) adjacent to 
the C3 carbonyl group available for substitution. The reaction conditions 
may vary depending on the different electronic nature and thus reac-
tivity of the aldehydes used. 

For a preliminary experiment, the reaction of DHT and benzaldehyde 
1a in 1:1.2 M ratio was carried out in alkaline EtOH at both reflux and 
room temperatures (r. t.). Although at 25 ◦C longer time (3 h) was 
needed than in boiling EtOH (30 min) for complete conversion, the 
selectivity was found to be better, and the 2-benzylidene derivative 2a 
was obtained selectively in excellent yield (94 %, Table 1, entry 1). 
Higher temperature (entry 2) and especially microwave (MW) irradia-
tion (80 ◦C, 10 min, entry 3) favoured the formation of the 4-isomer as 
an undesired by-product. 

During the Claisen-Schmidt condensation of DHT performed with 
other arylaldehydes 1b–h, the reaction rates were found to be affected 
significantly by the different R substituents in the aromatic ring. Longer 
reaction time (4 h) at room temperature was needed for the regiose-
lective formation of the desired products 2b–d in cases of arylaldehydes 
1b–d containing electron donating groups (CH3, OMe), which can be 
explained by the decreased electrophilicity of these reagents (Table 1, 
entries 4–6). While p-fluorobenzaldehyde (1e) displayed similar reac-
tivity to benzaldehyde (entry 7), a lower temperature was required to 
achieve adequate regioselectivity when 1f with an electron-withdrawing 
Cl atom or heteroaryl aldehydes (1g, 1h) were used, due to the higher 
reactivity of these carbonyl compounds. It is also important to note that 
arylaldehydes 1g and 1h having a strong electron-withdrawing group 
(CN or NO2) were so reactive even at low temperature that the trans-
formations resulted in the inseparable mixtures of 2- (2g or 2h) and 4- 
arylidene derivatives as well as 2,4-disubstituted products (entries 9 
and 10), therefore these reactions were abandoned. 

The structure of the novel arylidene (2a–f) and heteroarylidene de-
rivatives (2i and 2 j) in solution was confirmed by 1H and 13C NMR 
measurements, which indicated the presence of the characteristic sig-
nals of the aromatic ring from the aryl- and heteroarylaldehydes (Sup-
plementary Material, S1-S30). Since the usually more stable and thus 
favoured (E)-configuration along the double bond was earlier evidenced 
by NOESY correlations between the 1-H and 21-CH3 protons for 2k [21], 

the same stereochemistry in solution appears to be certain for the 
structural analogues (2a–f, 2i, 2j) containing a larger (hetero)aromatic 
ring than the CH3 group of 2k. 

The solid phase structure of 2a was determined by single crystal X- 
ray diffraction. The molecule crystallized in the monoclinic crystal 
system in P21 space group. ORTEP representation together with atom 
numbering of the compound and the packing arrangements viewed from 
the crystallographic direction ’a’ is depicted in Fig. 2. The unit cell, 
containing two molecules, is shown in Fig. S1 and the packing ar-
rangements viewed from the ’a’, ’b’ and ’c’ crystallographic directions 
are shown in Fig. S2. The torsion angle measured for C2-C26-C1′-C6′

was found to be 16.5◦ showing that the phenyl ring is in a plane with the 
DHT rings. Bond distances and angles are collected in Tables S1 and S2. 
The molecules are arranged in columns by the help of O2-H2O…O1 
connection between neighboring molecules (Fig. S3). Some selected 
hydrogen bond data is shown in Table S3. Because of the steric hin-
drance of the C18 and C19 methyl groups, the molecules above each 
other are shifted away and C4-H4A…π and C5-H5…π secondary in-
teractions are forming between C–H protons and the phenyl rings 
(Fig. S3). The crystal does not contain any solvent accessible voids. 

As a continuation, the ring-closure reactions of the synthesized ste-
roidal α,β-enones with different aminoazole reagents were planned to 
carry out. The initial experiments were performed with the benzylidene 
derivative 2a, in order to find the optimum conditions for the synthesis 
of pyrazolo[1,5-a]pyrimidines and triazolo[1,5-a]pyrimidines (Scheme 
1). Although t-BuOK has often been used as catalyst in polar protic 
solvents, such as EtOH or n-BuOH, for similar heterocyclizations of 
α,β-unsaturated ketones, long reaction times (6–30 h) under reflux were 
generally required for complete conversions [23,27]. Since the progress 
of the reaction of 2a with 3-amino-5-methylpyrazole (3AMP), 3-amino-
pyrazole (3AP) or 3-aminotriazole (3AT) also proved to be very slow 
under these conditions, MW irradiation was first applied to obtain rate 
acceleration. In the latter cases, however, the formation of a significant 
amount of by-products was observed. As a next attempt, EtOH was 
replaced with DMF in the presence of t-BuOK, which in each case led to 
almost complete conversion indicated by a sharp colour change of the 
mixtures, within 45 min at 140 ◦C (Scheme 1). The same reactions in 
DMF required 3 h when KOH was used as a base. TLC monitoring 
confirmed the formation of two new substances in each reaction. The 
NMR spectroscopic analysis showed that the less polar compounds were 
the target products 6a–8a, while the more polar molecule proved to be 

Table 1 
Synthesis of A-ring-modified α,β-enones 2a–k from DHT.  

Entry R-CHO a R Temperature (◦C) Time Product Yield (%) b 

1 1a Ph reflux 30 min 2a 74 
2 1a Ph r.t. 3 h 2a 92 
3 1a Ph 80 (MW) 10 min 2a 69 
4 1b p-CH3C6H4 r.t. 4 h 2b 87 
5 1c m-CH3C6H4 r.t. 4 h 2c 89 
6 1d p-MeO-C6H4 r.t. 4 h 2d 89 
7 1e p-F-C6H4 r.t. 3 h 2e 91 
8 1f p-Cl-C6H4 0 3 h 2f 90 
9 1g p-CN-C6H4 0 1 h 2g c – 
10 1h p-NO2C6H4 0 1 h 2h c – 
11 1i furan-2-yl 0 3 h 2i 84 
12 1j tiophen-2-yl 0 3 h 2j 83 
13 1k CH3 − 10 3.5 h 2k d 70  

a 1.2 equiv. 
b After purification by column chromatography. 
c In addition to compound 2, the significant formation of the 4-arylidene and 2,4-diarylidene derivatives were detected. 
d The synthesis has been reported previously [21]. 
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Fig. 2. Crystal structure of 2a showing the (a) ORTEP representation of the molecule with atom numbering (displacement parameters are drawn at 50 % probability 
level) and (b) the packing arrangement of the molecules (without hydrogen atoms) viewed from crystallographic direction ’a’. 

Scheme 1. Synthesis of pyrazolo[1,5-a]pyrimidines and triazolo[1,5-a]pyrimidines from 2-benzylidene derivative (2a) of DHT. Reagents and conditions: Azoles: 
3AMP (R = CH3, X = CH), 3AP (R = H, X = CH), 3AT (R = H, X = N); (i) t-BuOK, DMF, 140 ◦C, 45 min; (ii) KOH, DMF, 140 ◦C, 3 h; (iii) stirred in air, 25 ◦C, 24 h; (iv) 
Jones reagent, acetone, r.t., 30 min.. 

Fig. 3. Proposed mechanism for the formation of azolo[1,5-a]pyrimidines.  
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its unoxidized precursor as an inseparable mixture of two epimers 
3a–5a. Since the autooxidation also occurred during the reaction, the 
reaction mixtures were stirred for an additional 24 h at room tempera-
ture after conversion of the benzylidene derivative 2a in order to com-
plete the oxidation to 6a–8a. The yields of the desired products were 
found to be the highest (8a, 72%) when 3AT was used for the cycliza-
tion, while only moderate yield (6a, 52 %) was obtained in case of 
3AMP. During the reactions with pyrazole reagents, small amounts of 
unconverted starting material 2a were also detected, suggesting the 
lower reactivity of these reagents compared to 3AT. Nevertheless, ac-
cording to the TLC monitoring of the reaction mixtures, the moderate 
yields were not justified unless the formation of some polar by-product 
adhering to the silica gel reduced the yield of the desired compounds. 

The presumed mechanism may provide an answer to the experi-
mental findings (Fig. 3). Since the azole reagents are very weak acids, a 
strong base is needed (KOH or t-BuOK) to deprotonate the ring-N atom, 
so that the aza-Michael addition to the enone can occur more efficiently. 
The increase in reaction rate by using t-BuOK in a polar aprotic (DMF) 
instead of a polar protic solvent (EtOH or n-BuOH) can be explained by 
the higher basicity of t-BuOK under this condition, as the solvent can 
interact only with the potassium centre. The isolated yields of the 
desired products can be affected by the acidic strength of the azoles, as 
well as the tendency of the polar intermediate formed by hetero-
cyclization to lose water (Fig. 3). The latter compound can reduce the 
yield of the azolo[1,5-a]pyrimidines as highly polar by-product. 

In contrast to the spontaneous oxidation of the heterocyclic moiety of 
3a–5a, complete oxidation of the crude products with the Jones reagent 
in acetone affected both the dihydropyrimidine ring and the 17− OH 
group, and resulted in the corresponding heteroaromatic 17-keto de-
rivative 9a–11a in moderate yields (Scheme 1). 

It is important to note that a one-pot three-component reaction of 
DHT, benzaldehyde (1a), and 3AP was also attempted [28], but these 
types of reactions were discarded due to long reaction times, purification 
difficulties, and similar product yields. The fact that α,β-enone in-
termediates may also be of pharmacological interest also supported the 
stepwise pathway. 

Since the highest product yield was obtained when 3AT was applied 
for heterocyclization, the other (hetero)arylidene derivatives (2b–f, 2i, 
2j) were converted to A-ring-fused triazolo[1,5-a]pyrimidines only 
using this reagent under the previously optimized conditions. According 
to the experimental results summarized in Table 2, in most of the cases 
the cyclization and subsequent spontaneous oxidation led to the desired 
products (8b–e, 8i–k) in good yields (entries 1–4 and 6–8). However, 
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) was required as mild 
oxidizing agent to convert 5f (Fig. 3), which contains an electron- 

withdrawing Cl atom on the benzene ring, to 8f (entry 5). DDQ could 
also be used for other derivatives to accelerate the heteroaromatization, 
as oxidation occurred rapidly in dioxane under MW irradiation at 120 ◦C 
within 5 min. When the product mixture containing 5 and 8 of each 
reaction was treated with the Jones reagent as strong oxidizing agent, 
not only the dihydropyrimidine ring but also the 17β-hydroxyl group 
was oxidized to a ketone to give derivatives 11 (Table 2). 

The structure of all heterocyclic products was confirmed by 1D and 
2D NMR as well as ESI-MS measurements. A comparison of the proton 
spectra of the 17− OH (6a, 7a, 8) and 17-keto derivatives (9a, 10a, 11) 
showed that the proton peaks of the angular C18 and C19 methyl groups 
were interchanged. Since 19-H3 is in similar chemical environment for 
all compounds, the location of its peak does not change significantly, 
however, for 17-ones, the 18-H3 protons are deshielded due to the strong 
electron-attracting effect of the carbonyl group, so that the singlet signal 
corresponding to these equivalent protons appears at a higher chemical 
shift. It can also be attributed to the presence of the carbonyl group in 
compounds 9a, 10a and 11, that the multiplet peaks of the 16-H2 pro-
tons are shifted downfield (2.08 and 2.45 ppm), separately from the 
signals of the other backbone protons. In the aliphatic region of the 
spectra, proton signals belonging to C1 and C4 with characteristic 
splitting can be observed. While the signals of 1-H2 appear as two 
doublets with the same coupling constant due to the germinal coupling, 
4-H2 gives two double doublet peaks because of both geminal coupling 
and coupling to a single proton on the adjacent C5 carbon atom. The 
spectrum of compounds 9a, 10a and 11 lacks the triplet of the 17-H 
proton characteristic of derivatives 6a, 7a and 8, which proves that 
oxidation has occurred. The aromatic region of the spectrum of all 
compounds shows the signals of the protons on the pyrimidine ring, as 
well as a singlet of 2′-H for triazole derivatives 8 and 11, two inter-
coupling doublets of the 2′-H and 3′-H for unsubstituted pyrazoles 7a 
and 10a and a singlet of 3′-H for methylpyrazoles 6a and 9a. 1H–13C 
correlations were performed based on 2D NMR measurements (HSQC 
and HMBC) of one representative of each pyrazolopyrimidine (7a) and 
triazolopyrimidine derivative (8a) (Supplementary Material, S-11 and S- 
13). It should be noted that for some derivatives, certain carbon atoms 
belonging to the condensed heterocycle were observed as weak signals 
in the 13 C NMR (J MOD) spectra in spite of the high number of scans, 
presumably due to the long relaxation time of these carbon nuclei. 

Crystal structure of 8j was determined by single crystal X-ray 
diffraction. The molecule crystallized in the monoclinic crystal system in 
P21 space group and the asymmetric unit contains two molecules and 
one dichloromethane solvent molecule. ORTEP representation together 
with atom numbering of the compound and the packing arrangements 
viewed from the crystallographic direction ’a’ is depicted in Fig. 4. The 

Table 2 
Synthesis of A-ring-fused triazolo[1,5-a]pyrimidines of DHT.  

Entry Enone R1 17-OH product Yield (%) b 17=O product c Yield (%) b 

1 2b p-CH3C6H4 8b 76 11b 62 
2 2c m-CH3C6H4 8c 77 11c 66 
3 2d p-MeO-C6H4 8d 71 11d 59 
4 2e p-F-C6H4 8e 73 11e 57 
5 2f a p-Cl-C6H4 8f 65 11f 62 
6 2i furan-2-yl 8i 59 11i 55 
7 2j thiophen-2-yl 8j 62 11j 57 
8 2k d CH3 8k 69 11k 52  

a After the heterocyclization, DDQ was used to oxidize the heteroring. 
b After chromatographic purification. 
c Jones oxidation was performed not with the purified 8, but with the crude product containing both 5 and 8, of the heterocyclization. 
d Ref [21]. 
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unit cell containing four molecules is shown in Fig. S4, and the packing 
arrangements viewed from the ’a’, ’b’ and ’c’ crystallographic directions 
are shown in Fig. S5. The two molecules of the asymmetric unit have 
different conformations. Overlay of the two structures in Fig. 4c clearly 
shows the different thiophene ring positions. Angles between thiophene 
and pyrimidine ring planes are 30.86◦ for molecule 1 and 83.47◦ for 
molecule 2. In case of molecule 2, the thiophene ring was found in two 
disordered position where the S21 and C23 atoms are interchanged. The 
occupancy of the major component containing C23A and S21A was 
found to be 76 %, while the minor component containing C23B and 
S21B atoms is 24 %. The rotational freedom of this ring is due to the fact 
that it interacts only from one direction with a neighbour by C24′′- 
H24′′…O1, while this freedom was not found for molecule 1 where the 
thiophene ring is involved in two hydrogen bonds with C5′′-H5′′…O2 
and C4′′-H4′′….Cl1 (Fig. S6 and Table S3). Selected bond distances and 
angles are collected in Tables S1 and S2. The packing of the molecules 
arranged by hydrogen bonds is shown in Fig. S3 and the data of the 
secondary interactions are collected in Table S3. The dichloromethane 
molecules are placed in voids of 72.2 Å3, which is 2.9 % of the unit cell 
volume. 

2.2. The effect of steroids on AR transcriptional activity and viability of 
PCa cells 

AR modulators are known to influence AR-dependent transcription; 
therefore, we examined the metribolone (R1881)-stimulated transcrip-
tional activity of AR after 24 h treatment with our novel DHT- 
derivatives. Compounds were screened at three concentrations using 

an AR-dependent reporter cell line, 22Rv1-ARE14, which was trans-
fected with a reporter plasmid containing androgen response element 
(ARE) sequence and luciferase sequence [29]. 

The analysed library of novel A-ring modified DHT-derivatives 
comprised 9 α,β-enones (series 2), 18 triazolo[1,5-a]pyrimidines (se-
ries 8 and 11), and 4 pyrazolo[1,5-a]pyrimidines (6a, 7a, 9a, and 10a). 
As shown in Table 3, α,β-enones from series 2 belong to the most active 
compounds (6 compounds reduced R1881-stimulated AR trans-
activation to 50 % at 10 μM concentration) with p-chlorobenzylidene 
derivate 2f being the most potent steroid, whereas thiophene-2-yl de-
rivative 2j and ethylidene derivative 2k belong to the least potent 
α,β-enones. DHT-derivatives from other series were active only partially 
(9 compounds reduced activity to 75 % of control) and only 3 members 
(8k, 11k, and 11i) were completely inactive. It is obvious that hetero-
cyclization of 2a with 3AT reduced the antiandrogenic effect (8a). We 
also observed that the methylation of the pyrazolo[1,5-a]pyrimidine 7a 
resulted in the less active derivative 6a. The same tendency displayed 
also 17-keto pairs of pyrazolo[1,5-a]pyrimidines 9a and 10a. The 
antagonistic activity of compounds 2f (IC50 = 3.54 μM) and 2a (IC50 =

6.92 μM) reached up to single-digit micromolar values and showed to be 
comparable with values obtained for standards, i.e. galeterone (IC50 =

5.82 μM) and enzalutamide (IC50 = 1.50 μM) (Supplementary Material, 
S38-S41). 

Antiproliferative properties of all novel steroids were tested in two 
AR-positive PCa cell lines (22Rv1-ARE14, C4-2), both originated from 
metastatic lesions. Resulting data are presented as residual viability at 
10 μM compounds after 72 h of treatment compared to untreated con-
trol. Antiproliferative activities of the most potent derivative 2f 

Fig. 4. Crystal structure of 8 j showing the (a) ORTEP representation of the asymmetric unit with atom numbering (displacement parameters are drawn at 50 % 
probability level) and the (b) packing arrangement of the molecules (without hydrogen atoms) viewed from crystallographic direction ’a’ and (c) overlay of the two 
molecules of the asymmetric unit (molecule 1 is coloured by element and molecule 2 is green). 
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displayed mid-micromolar values (GI50 = 9.9 ± 1.8 μM and 15.7 ± 4.4 
μM) in 22Rv1-ARE14 and C4-2, respectively. Compound 2f showed to 
have higher antiproliferative activity than used standards with GI50 > 50 
μM (Supplementary Material, S42-S47). 

The prolonged antiproliferative effect of 2f was further evaluated by 
clonogenic assay in 22Rv1-ARE14 cells. As shown in Fig. 5, 2f is able to 
significantly inhibit formation of cell colonies in a dose dependent 
manner after 10 days of treatment. 

2.3. Effect of 2f on the stability of AR and its cellular localization 

Previous findings showed that steroidal agonists (testosterone, DHT 
and R1881) can induce thermal stabilisation of AR performed by 
cellular-thermal shift assay (CETSA) [30]. This technology was previ-
ously found to confirm binding of nonsteroidal AR-antagonists CCPI and 
enzalutamide [30,31], therefore we performed this assay for 2f (Fig. 6). 
In control experiment, the incubation of C4-2 cells with 100 nM R1881 
confirmed previously published increase in thermal stability of AR [30]. 
Similar results were obtained with multiple concentrations of 2f that, in 
our opinion, originate from more extensive interaction with AR-LBD. 

The AR becomes strongly concentrated in the nucleus in response to 
androgens [32] where it drives the transcription of target genes. Several 
AR modulators showed to block the transport and accumulation of AR to 
nucleus [33–35] as a result of its targeting. Therefore, we investigated 
the effect of 2f on AR distribution in R1881-stimulated cells. As shown in 
Fig. 7, 2f and galeterone markedly decreased the transport of AR to the 
nucleus in comparison to androgen-activated cells. While AR remained 
in cytosol upon the treatment of cells with 2f, galeterone induced also 
partial AR degradation (see densitometric analysis). 

2.4. Molecular docking of DHT derivative 2f to AR-LBD 

The AR contains a narrow nonpolar active site with two hydrogen- 
bonding capacities: arginine (R752) towards carbonyl group on the A- 
ring, while threonine (T877) and asparagine (N705) towards the hy-
droxyl group on the D-ring of DHT. To confirm the location of ligand 2f 
within the AR’s cavity, the flexible docking study was performed [10]. 
Very importantly, candidate compound 2f showed similar interactions 
with AR binding site as DHT. This basic motif allows binding of 2f to the 

Table 3 
AR antagonistic activity and antiproliferative activity of novel DHT-derivatives.   

Compound Transcriptional AR activity (% ± SD) in 22Rv1-ARE14 after 24 h treatmenta Viability (% ± SD, 10 μM) after 72 hb   

10 μM 2 μM 0.4 μM 22Rv1-ARE14 C4-2 

α,β-enones 
C17-OH group 

2k 67.0 ± 3.9 98.2 ± 3.0 >100 > 100 87.0 ± 1.9 
2a 36.4 ± 5.3 69.9 ± 0.9 81.3 ± 10.3 92.9 ± 1.1 92.8 ± 4.2 
2b 42.2 ± 5.6 73.6 ± 7.0 90.1 ± 7.9 91.2 ± 1.2 97.2 ± 2.8 
2c 49.3 ± 3.5 89.2 ± 2.7 100.0 ± 1.9 90.3 ± 1.9 > 100 
2d 38.9 ± 1.9 70.2 ± 5.5 91.0 ± 2.9 91.3 ± 1.9 93.7 ± 2.7 
2e 64.9 ± 4.2 86.1 ± 9.7 99.1 ± 9.9 80.2 ± 3.3 98.9 ± 2.2 
2f 34.2 ± 6.5 86.3 ± 4.6 >100 42.2 ± 12.8 74.0 ± 13.6 
2i 40.6 ± 7.3 78.7 ± 5.5 93.9 ± 9.1 > 100 91.9 ± 2.0 
2j 77.5 ± 8.7 >100 >100 > 100 57.4 ± 2.0 

triazolo[1,5-a]pyrimidines 
C17-OH group 

8k >100 >100 >100 87.5 ± 2.6 > 100 
8a 77.6 ± 2.2 89.5 ± 3.0 91.2 ± 3.9 76.7 ± 1.3 93.5 ± 1.3 
8b 77.6 ± 3.0 86.1 ± 8.4 97.4 ± 4.0 70.8 ± 1.5 92.1 ± 1.9 
8c 86.1 ± 2.4 >100 >100 93.3 ± 1.2 94.2 ± 1.9 
8d 76.9 ± 1.5 91.6 ± 3.0 99.5 ± 4.8 91.1 ± 0.8 92.7 ± 1.6 
8e 86.7 ± 8.1 98.7 ± 2.2 98.1 ± 3.6 90.5 ± 2.1 88.4 ± 0.6 
8f 65.8 ± 5.2 94.3 ± 6.4 95.7 ± 4.1 94.1 ± 1.7 87.1 ± 4.0 
8i 67.1 ± 8.9 86.6 ± 3.7 97.9 ± 8.2 > 100 99.9 ± 2.5 
8j 59.9 ± 6.6 80.5 ± 8.6 97.5 ± 11.1 94.0 ± 2.2 90.9 ± 1.1 

triazolo[1,5-a]pyrimidines 
C17-keto group 

11k >100 96.7 ± 7.2 95.6 ± 8.3 > 100 97.1 ± 2.3 
11a 86.9 ± 6.7 87.0 ± 1.8 90.0 ± 9.9 96.9 ± 0.3 100.0 ± 3.6 
11b 68.7 ± 2.1 84.0 ± 7.2 100.4 ± 5.6 93.7 ± 1.8 97.3 ± 7.4 
11c 75.0 ± 4.6 82.0 ± 10.1 91.3 ± 0.5 88.6 ± 1.0 99.6 ± 3.6 
11d 74.2 ± 1.7 81.2 ± 2.8 84.6 ± 0.6 93.3 ± 1.9 96.5 ± 3.9 
11e 93.1 ± 9.7 96.5 ± 2.1 98.3 ± 8.4 > 100 > 100 
11f 67.8 ± 2.4 85.3 ± 2.7 96.7 ± 1.1 90.5 ± 0.8 97.3 ± 2.5 
11i >100 >100 >100 100.3 ± 2.0 99.7 ± 5.2 
11 j 88.6 ± 4.4 99.4 ± 7.4 >100 92.5 ± 1.0 > 100 

pyrazolo[1,5-a] pyrimidines 

6a 86.3 ± 4.4 >100 >100 > 100 99.1 ± 1.2 
7a 69.9 ± 2.5 >100 >100 > 100 99.7 ± 1.5 
9a 82.2 ± 1.7 >100 >100 > 100 > 100 
10a 62.5 ± 4.8 92.1 ± 6.6 >100 > 100 > 100  
Enzalutamide 14.3 ± 0.9 42.7 ± 2.2 75.4 ± 1.5 94.5 ± 1.2 90.0 ± 2.1  
Galeterone 34.6 ± 2.3 73.4 ± 2.9 92.4 ± 4.4 > 100 > 100  

a Transcriptional activity normalized to signal of 1 nM R1881 = 100 %, measured at least in triplicate. 
b Viability of treated cells normalized to the viability of control cell treated with vehicle, measured at least in triplicate. 

Fig. 5. Colony formation assay of 22Rv1-ARE14 PCa cells. Cells were treated 
with indicated concentrations of 2f for 10 days. Medium was replaced by fresh 
medium with compound after 5 days. Representative result from two replicates 
is shown. 
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same hydrogen bonds to arginine (R752) and asparagine (N705) as 
template (Fig. 8). Candidate compound 2f showed stronger binding 
energy (dG Vina - –12.7 kcal/mol,) in comparison with the natural 
ligand DHT (dG Vina -10.9 kcal/mol). 

2.5. Effects of 2f on the expression of AR-regulated targets 

We showed that compound 2f is able to reduce AR-transcriptional 
activity in a dose-dependent manner and to inhibit colony formation 
of studied PCa cell lines. We further analysed whether 2f can affect the 
protein expression of well-known AR transcriptional targets, namely 
PSA and Nkx3.1 in treated 22Rv1 and C4-2 cells. Immunoblotting 
analysis (Fig. 9) revealed that protein expression of AR remained un-
changed (both full length AR (FL) and V7-splice variant in 22Rv1-ARE14 
and predominant full length AR in C4-2), while expression of PSA and 
Nkx3.1 decreased in dose-dependent manner compared to control, 
R1881-stimulated cells. This trend is in agreement with luciferase AR- 
transcriptional assay and is comparable with results observed for gale-
terone. Moreover, we did not detect the cleaved PARP usually indicating 
ongoing apoptosis that corresponds with mild cytotoxicity of investi-
gated steroids. 

3. Conclusions 

A-ring-fused pyrazolo[1,5-a]pyrimidine and triazolo[1,5-a]pyrimi-
dine derivatives of DHT were efficiently prepared in two steps. Claisen- 
Schmidt condensation of the steroid precursor with variously 
substituted aldehydes led to the regio- and stereoselective formation of 
α,β-unsaturated ketones, which underwent cyclization with 3AT, 3AP 
and 3AMP, respectively, as binucleophilic reagents. The heterocyclic 
products were obtained in good yields by spontaneous or induced 
oxidation. 

In addition to the solution phase NMR analysis of the products, the 
structures of compounds 2a and 8j were determined by single crystal X- 
ray diffraction and both were found to crystallize in the monoclinic 
crystal system at P21 space group. In crystal 2a, the phenyl ring was 
found to be planar to the DHT part of the molecule. In case of 8j, the 
asymmetric unit of the crystal contains two molecules and one CH2Cl2 
solvent molecule. The thiophene ring is in plane with the DHT rings in 
one of the molecules, while it turns to almost perpendicular to the DHT 
ring planes in the second molecule and it occupies two disordered po-
sitions. Differences in freedom of rotation can be traced back to sec-
ondary interactions with neighbouring molecules. 

Our biological experiments revealed us that mainly substituted 
α,β-enones from series 2 inhibited R1881-stimulated AR transactivation 
in micromolar concentrations. Candidate compound 2f showed to 
interact with the AR in cells and to reduce its transport to the nucleus 
that resulted in the suppression of expression of AR-regulated proteins 
observed in androgen-stimulated PCa cell lines. Moreover, we per-
formed a flexible docking study to describe the proposed binding mode 
of 2f in the AR-LBD cavity. 

Fig. 6. Western blots showing protein level of AR (soluble fraction) after indicated heat shocks of C4-2 cells after 1 h treatment in absence (-) or presence (+) of 100 
nM R1881 or 2f in different concentrations. 

Fig. 7. Western blotting analysis showing AR distribution in 22Rv1-ARE14 
cells. The cells were cultivated in CSS medium for 24 h and then treated with 
1 nM R1881 alone or in combination with 2f or galeterone (Gal) for additional 
24 h. Cellular fractions were isolated using the Qproteome Cell Compartment 
Kit (Qiagen) and subjected for immunoblot analysis of appropriate proteins. 
Phosphorylated histone H3 and β-actin levels were used as controls of equal 
protein loading and quality of separation, respectively. Quantification was 
performed using Multigauge 3.0 software. Representative result from two 
replicates is shown. 

Fig. 8. Detailed view of the active site of the AR (PDBID:2PIV) with DHT as 
natural ligand (green compound, binding energy dG -10.9 kcal/mol) and 
candidate compound 2f (orange, binding energy dG Vina -12.7 kcal/mol). 
Hydrogen bonds (depicted as yellow dashed lines) can be observed between 
compound 2f and amino acids N705 and T877, similarly to DHT, that also 
makes the hydrogen bond with the amino acid R752. 
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4. Experimental 

4.1. General 

Chemicals, reagents and solvents were purchased from commercial 
suppliers (Sigma-Aldrich, TCI and Alfa Aesar) and used without further 
purification. Melting points (Mp) were determined on an SRS Optimelt 
digital apparatus and are uncorrected. For MW-assisted syntheses, a 
CEM Discover SP laboratory MW reactor was used with a max. power of 
200 W (running a dynamic control program). Elementary analysis data 
were obtained with a PerkinElmer CHN analyzer model 2400. The 
transformations were monitored by TLC using 0.25 mm thick Kieselgel- 
G plates (Si 254 F, Merck). The compound spots were detected by 
spraying with 5 % phosphomolybdic acid in 50 % aqueous phosphoric 
acid. Flash chromatographic purifications were carried out on silica gel 
60, 40–63 μm (Merck). NMR spectra were recorded with a Bruker DRX 
500 instrument at room temperature in CDCl3 using residual solvent 
signal as an internal reference. Chemical shifts are reported in ppm (δ 
scale), and coupling constants (J) are given in Hz. Multiplicities of the 1H 
signals are indicated as a singlet (s), a broad singlet (bs), a doublet (d), a 
double doublet (dd), a triplet (t), or a multiplet (m). 13C NMR spectra are 
1H-decoupled and the J-MOD pulse sequence was used for multiplicity 
editing. In this spin-echo type experiment, the signal intensity is 
modulated by the different coupling constants J of carbons depending on 
the number of attached protons. Both protonated and unprotonated 
carbons can be detected (CH3 and CH carbons appear as positive signals, 
while CH2 and C carbons as negative signals). 

Automated flow injection analyses were performed with an HPLC/ 
MSD system. System accessories: a micro-well plate autoinjector, an 
Agilent 1100 micro vacuum degasser, a quaternary pump, and a 1946A 
MSD equipped with an electrospray ion source (ESI) operated in positive 
ion mode. ESI parameters were: nebulizing gas N2, at 35 psi; drying gas 
N2, at 350 ◦C and 12 L/min; capillary voltage 3000 V; fragmentor 
voltage 70 V. The MSD was operated with a mass range of m/z 60 − 620 
in scan mode. Samples (0.2 μL) were injected directly into the solvent 
flow (0.3 mL/min) of acetonitrile/H2O = 70:30 (v/v) with the simul-
taneous addition of 0.1 % formic acid with an automated needle wash. 
Agilent LC/MSD Chemstation was used as software to control the 
system. 

4.2. Chemistry 

4.2.1. General procedure for the Claisen-Schmidt condensation of DHT 
with different (hetero)aryl aldehydes (1a− j) 

DHT (871 mg, 3 mmol) and KOH (281 mg, 5 mmol) were dissolved in 
absolute EtOH (15 mL) and the mixture was stirred until a homogeneous 
solution was produced. To this, arylaldehyde (1a− j, 3.60 mmol, 1.20 
equiv.) was added and the mixture was stirred for a given time at room 

temperature (1a− e) or at 0 ◦C (1f− j) achieved by an ice bath. After 
completion of the reaction, the mixture was poured into ice cold water 
and neutralized with a diluted solution of HCl. The resulting precipitate 
was filtered off, washed with water, and dried. The crude product was 
purified by column chromatography (silica gel, CH2Cl2 to EtOAc/CH2Cl2 
= 5:95 using gradient elution). 

4.2.1.1. 17β-Hydroxy-2-benzylidene-5α-androstan-3-one (2a). Accord-
ing to Section 4.2.1., benzaldehyde (1a, 370 μL) was used for the reac-
tion. The reaction time was 3 h and 2a was obtained as a white solid. 
This reaction was repeated several times to obtain a sufficient amount of 
starting material. Yield: 1.05 g (92 %); Mp 185− 187 ◦C; 1H NMR (CDCl3, 
500 MHz): δ 0.73 (s, 3H, 18-H3), 0.80 (s, 3H, 19-H3), 0.85–1.02 (over-
lapping m, 3 H), 1.11 (m, 1 H), 1.22–1.50 (overlapping m, 7 H), 
1.58–1.63 (overlapping m, 2 H), 1.71–1.85 (overlapping m, 3 H), 2.07 
(m, 1 H), 2.19 (d, 1H, J =15.6 Hz, one of 1-H2), 2.24 (dd, 1H, J =18.6 
Hz, J =13.2 Hz, one of 4-H2); 2.46 (dd, 1H, J =18.6 Hz, J = 5.2 Hz, the 
other of 4-H2), 3.12 (d, 1H, J =15.6 Hz, the other of 1-H2), 3.65 (t, 1H, J 
=8.6 Hz, 17-H), 7.33 (m, 1 H), 7.36–7.42 (overlapping m, 4 H), 7.56 (s, 
1H, 2a-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 12.0 (C-19), 21.2 
(CH2), 23.5 (CH2), 28.7 (CH2), 30.7 (CH2), 31.2 (CH2), 35.6 (CH), 36.2 
(C-10), 36.8 (CH2), 42.0 (CH2), 42.6 (CH), 43.0 (2C, CH2 and C-13), 51.1 
(CH), 53.9 (CH), 82.0 (C-17), 128.5 (2C, C-2′ and C-6′), 128.7 (C-4′), 
130.4 (2C, C-3′ and C-5′), 135.4 and 135.8 (C-1′ and C-2) 137.4 (C-2a), 
201.6 (C-3); ESI-MS 379 [M+H]+; Anal. Calcd. for C26H34O2 C 82.49; H 
9.05. Found C 82.57; H 9.12. 

4.2.1.2. 17β-Hydroxy-2-(4-methyl)benzylidene-5α-androstan-3-one 
(2b). According to Section 4.2.1., p-tolualdehyde (1b, 420 μL) was used 
for the reaction. The reaction time was 4 h, and 2b was obtained as a 
white solid. Yield: 1.03 g (87 %); Mp 202− 205 ◦C; 1H NMR (CDCl3, 500 
MHz): δ 0.73 (s, 3H, 18-H3), 0.79 (s, 3H, 19-H3), 0.85–1.02 (overlapping 
m, 3 H), 1.12 (m, 1 H), 1.21–1.50 (overlapping m, 7 H), 1.58–1.64 
(overlapping m, 2 H), 1.70–1.85 (overlapping m, 3 H), 2.07 (m, 1 H), 
2.19 (dd, 1H, J =15.7 Hz, J = 2.5 one of 1-H2), 2.22 (dd, 1H, J =18.6 Hz, 
J =13.0 Hz, one of 4-H2), 2.37 (s, 3H, 4′ − CH3), 2.45 (dd, 1H, J =18.6 
Hz, J = 5.3 Hz, the other of 4-H2), 3.11 (d, 1H, J =15.7 Hz, the other of 1- 
H2), 3.66 (t, 1H, J =8.6 Hz, 17-H), 7.21 (d, 2H, J =8.1 Hz, 3′-H and 5′-H), 
7.30 (d, 2H, J =8.1 Hz, 2′-H and 6′-H), 7.55 (s, 1H, 2a-H); 13C NMR 
(CDCl3, 125 MHz): δ 11.2 (C-18), 12.0 (C-19), 21.2 (CH2), 21.5 
(4′ − CH3), 23.6 (CH2), 28.7 (CH2), 30.7 (CH2), 31.2 (CH2), 35.6 (CH), 
36.2 (C-10), 36.8 (CH2), 42.1 (CH2), 42.6 (CH), 42.9 (CH2), 43.0 (C-13), 
51.1 (CH), 53.9 (CH), 82.0 (C-17), 129.3 (2C, C-2′ and C-6′), 130.6 (2C, 
C-3′ and C-5′), 133.0 (C-1′), 134.6 (C-4′), 137.6 (C-2a), 139.0 (C-2) 
201.6 (C-3); ESI-MS 393 [M+H]+; Anal. Calcd. for C27H36O2 C 82.61; H 
9.24. Found C 82.47; H 9.08. 

Fig. 9. Western blotting analysis of AR- 
regulated proteins in treated 22Rv1-ARE14 
and C4-2 cell lines. In 22Rv1-ARE14, expres-
sion of both full length AR (FL) and V7-splice 
variant is shown, whereas in C4-2 only pre-
dominant full length AR is shown. The cells 
were deprived of androgens (cultivated in CSS 
medium) for 24 h and then treated with 1 nM 
R1881 alone or in combination with different 
concentrations of 2f or galeterone for 24 h. 
Alpha-tubulin was control of equal protein 
loading. Representative result from two repli-
cates is shown.   
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4.2.1.3. 17β-Hydroxy-2-(3-methyl)benzylidene-5α-androstan-3-one 
(2c). According to Section 4.2.1., m-tolualdehyde (1c, 420 μL) was used 
for the reaction. The reaction time was 4 h, and 2c was obtained as a 
white solid. Yield: 1.05 g (89 %); Mp 145− 147 ◦C; 1H NMR (CDCl3, 500 
MHz): δ 0.73 (s, 3H, 18-H3), 0.80 (s, 3H, 19-H3), 0.86–1.02 (overlapping 
m, 3 H), 1.12 (m, 1 H), 1.22–1.50 (overlapping m, 7 H), 1.58–1.65 
(overlapping m, 2 H), 1.71–1.85 (overlapping m, 3 H), 2.07 (m, 1 H), 
2.18 (d, 1H, J =15.7 Hz, one of 1-H2), 2.24 (dd, 1H, J =18.6 Hz, J =13.2 
Hz, one of 4-H2), 2.37 (s, 3H, 3′− CH3), 2.45 (dd, 1H, J =18.6 Hz, J = 5.3 
Hz, the other of 4-H2), 3.12 (d, 1H, J =15.7 Hz, the other of 1-H2), 3.65 
(t, 1H, J =8.6 Hz, 17-H), 7.14 (d, 1H, J =7.6 Hz, 4′-H), 7.20 (m, 2H, 2′-H 
and 6′-H), 7.29 (t-like m, 1H, 5′-H), 7.53 (s, 1H, 2a-H); 13C NMR (CDCl3, 
125 MHz): δ 11.2 (C-18), 12.0 (C-19), 21.2 (CH2), 21.6 (3′− CH3), 23.6 
(CH2), 28.7 (CH2), 30.7 (CH2), 31.2 (CH2), 35.6 (CH), 36.2 (C-10), 36.8 
(CH2), 42.0 (CH2), 42.7 (CH), 42.9 (CH2), 43.0 (C-13), 51.1 (CH), 53.9 
(CH), 82.0 (C-17), 127.3, 128.4, 129.5 and 131.4 (C-2′, C-4′, C-5′ and C- 
6′), 135.3 (C-1′), 135.8 (C-2), 137.7 (C-2a), 138.2 (C-3′), 201.6 (C-3); 
ESI-MS 393 [M+H]+; Anal. Calcd. for C27H36O2 C 82.61; H 9.24. Found 
C 82.70; H 9.28. 

4.2.1.4. 17β-Hydroxy-2-(4-methoxy)benzylidene-5α-androstan-3-one 
(2d). According to Section 4.2.1, p-anisaldehyde (1d, 440 μL) was used 
for the reaction. The reaction time was 4 h, and 2d was obtained as a 
white solid. Yield: 1.09 g (89 %); Mp 186− 188 ◦C; 1H NMR (CDCl3, 500 
MHz): δ 0.74 (s, 3H, 18-H3), 0.80 (s, 3H, 19-H3), 0.86–1.02 (overlapping 
m, 3 H), 1.13 (m, 1 H), 1.20–1.50 (overlapping m, 7 H), 1.58–1.67 
(overlapping m, 2 H), 1.71–1.87 (overlapping m, 3 H), 2.07 (m, 1 H), 
2.22 (m, 2H, one of 1-H2 and one of 4-H2), 2.45 (dd, 1H, J =18.8 Hz, J =
5.3 Hz, the other of 4-H2), 3.08 (d, 1H, J =15.7 Hz, the other of 1-H2), 
3.66 (t, 1H, J =8.6 Hz, 17-H), 3.84 (s, 3H, 4′ − OCH3), 6.93 (d, 2H, J =8.8 
Hz, 3′-H and 5′-H), 7.38 (d, 2H, J =8.8 Hz, 2′-H and 6′-H), 7.55 (s, 1H, 
2a-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 12.1 (C-19), 21.2 
(CH2), 23.6 (CH2), 28.7 (CH2), 30.7 (CH2), 31.2 (CH2), 35.6 (CH), 36.1 
(C-10), 36.9 (CH2), 42.2 (CH2), 42.4 (CH), 42.8 (CH2), 43.0 (C-13), 51.1 
(CH), 54.0 (CH), 55.5 (4′− OCH3), 82.0 (C-17), 114.1 (2C, C-3′ and C-5′), 
128.4 (C-1′), 132.4 (2C, C-2′ and C-6′), 133.3 (C-2), 137.6 (C-2a), 160.1 
(C-4′) 201.4 (C-3); ESI-MS 409 [M+H]+; Anal. Calcd. for C27H36O3 C 
79.37; H 8.88. Found C 79.25; H 9.01. 

4.2.1.5. 17β-Hydroxy-2-(4-fluoro)benzylidene-5α-androstan-3-one (2e). 
According to Section 4.2.1., 4-fluorobenzaldehyde (1e, 390 μL) was used 
for the reaction. The reaction time was 3 h, and 2e was obtained as a 
white solid. Yield: 1.08 g (91 %); Mp 107− 111 ◦C; 1H NMR (CDCl3, 500 
MHz): δ 0.74 (s, 3H, 18-H3), 0.81 (s, 3H, 19-H3), 0.85–1.02 (overlapping 
m, 3 H), 1.12 (m, 1 H), 1.22–1.51 (overlapping m, 7 H), 1.57–1.65 
(overlapping m, 2 H), 1.72–1.86 (overlapping m, 3 H), 2.07 (m, 1 H), 
2.17 (d, 1H, J =15.7 Hz, one of 1-H2), 2.24 (dd, 1H, J =18.6 Hz, J =13.2 
Hz, one of 4-H2), 2.45 (dd, 1H, J =18.6 Hz, J = 5.3 Hz, the other of 4- 
H2), 3.05 (d, 1H, J =15.7 Hz, the other of 1-H2), 3.66 (t, 1H, J =8.6 Hz, 
17-H), 7.09 (m, 2H, J =8.1 Hz, 3′-H and 5′-H), 7.36 (m, 2H, 2′-H and 6′- 
H), 7.51 (s, 1H, 2a-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 12.1 
(C-19), 21.2 (CH2), 23.6 (CH2), 28.7 (CH2), 30.8 (CH2), 31.3 (CH2), 35.7 
(CH), 36.3 (C-10), 36.9 (CH2), 42.0 (CH2), 42.7 (CH), 42.9 (CH2), 43.1 
(C-13), 51.2 (CH), 54.0 (CH), 82.0 (C-17), 115.7 (d, 2C, J =21.5 Hz, C-3′

and C-5′), 132.0 (C-1′), 132.3 (d, 2C, J =8.3 Hz, C-2′ and C-6′), 135.3 (C- 
2), 136.2 (C-2a), 161.8 (d, J =250.0 Hz, C-4′), 201.3 (C-3); ESI-MS 397 
[M+H]+; Anal. Calcd. for C26H33FO2 C 78.75; H 8.39. Found C 78.84; H 
8.29. 

4.2.1.6. 17β-Hydroxy-2-(4-chloro)benzylidene-5α-androstan-3-one (2f). 
According to Section 4.2.1., 4-chlorobenzaldehyde (1f, 506 mg) was 
used for the reaction. The reaction time was 3 h, and 2f was obtained as a 
white solid. Yield: 1.12 g (90 %); Mp 195− 197 ◦C; 1H NMR (CDCl3, 500 
MHz): δ 0.73 (s, 3H, 18-H3), 0.80 (s, 3H, 19-H3), 0.85–1.01 (overlapping 
m, 3 H), 1.11 (m, 1 H), 1.22–1.50 (overlapping m, 7 H), 1.56–1.65 

(overlapping m, 2 H), 1.72–1.86 (overlapping m, 3 H), 2.06 (m, 1 H), 
2.22 (d, 1H, J =15.7 Hz, one of 1-H2), 2.22 (dd, 1H, J =18.7 Hz, J =13.3 
Hz, one of 4-H2), 2.45 (dd, 1H, J =18.7 Hz, J = 5.3 Hz, the other of 4- 
H2), 3.03 (d, 1H, J =15.7 Hz, the other of 1-H2), 3.65 (t, 1H, J =8.6 Hz, 
17-H), 7.30 (d, 2H, J =8.6 Hz, 3′-H and 5′-H), 7.37 (d, 2H, J =8.6 Hz, 2′- 
H and 6′-H), 7.48 (s, 1H, 2a-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C- 
18), 12.0 (C-19), 21.2 (CH2), 23.5 (CH2), 28.7 (CH2), 30.7 (CH2), 31.2 
(CH2), 35.6 (CH), 36.3 (C-10), 36.8 (CH2), 42.0 (CH2), 42.6 (CH), 42.9 
(CH2), 43.0 (C-13), 51.1 (CH), 53.9 (CH), 82.0 (C-17), 128.8 (2C, C-3′

and C-5′), 131.6 (2C, C-2′ and C-6′), 134.2 (C-4′), 134.6 (C-1′), 136.0 (C- 
2), 136.0 (C-2a), 201.4 (C-3); ESI-MS 413 [M+H]+; Anal. Calcd. for 
C26H33ClO2 C 75.61; H 8.05. Found C 75.49; H 7.92. 

4.2.1.7. 17β-Hydroxy-2-(2-furylidene)-5α-androstan-3-one (2i). Ac-
cording to Section 4.2.1., furfural (1i, 300 μL) was used for the reaction. 
The reaction time was 3 h, and 2i was obtained as a pale yellow solid. 
Yield: 926 mg (84 %); Mp 197− 199 ◦C; 1H NMR (CDCl3, 500 MHz): δ 
0.77 (s, 3H, 18-H3), 0.86 (s, 3H, 19-H3), 0.88–1.04 (overlapping m, 3 H), 
1.16 (m, 1 H), 1.22–1.33 (overlapping m, 2 H), 1.37–1.50 (overlapping 
m, 4 H), 1.62 (m, 1 H), 1.72–1.80 (overlapping m, 3 H), 1.90 (m, 1 H), 
2.08 (m, 1 H), 2.18 (d, 1H, J =17.5 Hz, one of 1-H2), 2.22 (dd, 1H, J 
=19.0 Hz, J =13.2 Hz, one of 4-H2), 2.41 (dd, 1H, J =19.0 Hz, J = 5.4 
Hz, the other of 4-H2), 3.25 (d, 1H, J =17.5 Hz, the other of 1-H2), 3.67 
(t, 1H, J =8.6 Hz, 17-H), 6.51 (dd, 1H, J =3.4 Hz, J =1.8 Hz, 4′-H), 6.62 
(d, 1H, J =3.4 Hz, 3′-H), 7.40 (d, 1H, J =1.8 Hz, 5′-H), 7.57 (s, 1H, 2a- 
H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 12.4 (C-19), 21.3 (CH2), 
23.6 (CH2), 28.7 (CH2), 30.8 (CH2), 31.3 (CH2), 35.6 (C-10), 35.7 (CH), 
37.0 (CH2), 42.1 (CH), 42.2 (CH2), 42.5 (CH2), 43.1 (C-13), 51.2 (CH), 
54.1 (CH), 82.1 (C-17), 112.4 (C-3′), 116.3 (C-4′), 124.3 (C-2a), 131.9 
(C-2), 144.8 (C-5′), 152.6 (C-2′), 200.3 (C-3); ESI-MS 369 [M+H]+; 
Anal. Calcd. for C24H32O3 C 78.22; H 8.75. Found C 78.11; H 8.82. 

4.2.1.8. 17β-Hydroxy-2-(2-thiophenylidene)-5α-androstan-3-one (2j). 
According to Section 4.2.1., thiophene-2-carbaldehyde (1j, 340 μL) was 
used for the reaction. The reaction time was 3 h, and 2j was obtained as a 
pale yellow solid. Yield: 962 mg (83 %); Mp 216− 219 ◦C; 1H NMR 
(CDCl3, 500 MHz): δ 0.77 (s, 3H, 18-H3), 0.86 (s, 3H, 19-H3), 0.90–1.04 
(overlapping m, 3 H), 1.18 (m, 1 H), 1.23–1.33 (overlapping m, 2 H), 
1.37–1.53 (overlapping m, 4 H), 1.63 (m, 1 H), 1.72–1.82 (overlapping 
m, 3 H), 1.91 (m, 1 H), 2.08 (m, 1 H), 2.18 (d, 1H, J =16.5 Hz, one of 1- 
H2), 2.24 (dd, 1H, J =19.1 Hz, J =13.1 Hz, one of 4-H2), 2.43 (dd, 1H, J 
=19.1 Hz, J = 5.4 Hz, the other of 4-H2), 3.11 (d, 1H, J =16.5 Hz, the 
other of 1-H2), 3.68 (t, 1H, J =8.6 Hz, 17-H), 7.14 (dd, 1H, J = 5.1 Hz, J 
=3.7 Hz, 4′-H), 7.35 (d, 1H, J =3.7 Hz, 3′-H), 7.54 (d, 1H, J = 5.1 Hz, 5′- 
H), 7.84 (s, 1H, 2a-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 12.5 
(C-19), 21.3 (CH2), 23.6 (CH2), 28.7 (CH2), 30.7 (CH2), 31.2 (CH2), 35.6 
(CH), 35.9 (C-10), 36.9 (CH2), 41.8 (CH), 42.4 (CH2), 42.6 (CH2), 43.1 
(C-13), 51.1 (CH), 54.0 (CH), 82.0 (C-17), 127.8 (C-4′), 130.3 (C-2a), 
130.7 (C-3′), 131.5 (C-2′), 133.6 (C-5′), 139.3 (C-2), 200.3 (C-3); ESI-MS 
385 [M+H]+; Anal. Calcd. for C24H32O2S C 74.96; H 8.39. Found C 
74.84; H 8.27. 

4.2.2. General procedure for the synthesis of A-ring-fused pyrazolo[1,5-a] 
pyrimidine (6a, 7a) and triazolo[1,5-a]pyrimidine derivatives (8a− f, 
8i− k) of DHT 

1 mmol arylidene (2a− f), heteroarylidene (2i, 2 j) or methylidene 
derivative (2k) [21], binucleophil reagent (3-amino-5-methylpyrazole - 
3AMP, 3-aminopyrazole - 3AP or 3-aminotriazole - 3AT, 2 equiv.) and 
t-BuOK (224 mg, 2 equiv.) were dissolved in DMF (10 mL) and the 
mixture was stirred at 140 ◦C for 45 min. After complete conversion of 
the starting material, the mixture was stirred for another 24 h at room 
temperature, while spontaneous oxidation of the heteroring occurred in 
most of the cases. During work-up, the mixture was poured into water, 
neutralized with diluted HCl and extracted with CH2Cl2 (3 × 10 mL). 
The combined organic layer was washed with water (2 × 20 mL) and 
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brine (20 mL), dried over anhydrous Na2SO4 and the solvent was 
evaporated in vacuo. The crude product was purified by column chro-
matography except in the reaction of 2f with 3AT, where oxidation of 
the heteroring with DDQ was needed. Thus, in this latter case, the res-
idue was dissolved in 1,4-dioxane (10 mL) and DDQ (499 mg, 1.1 equiv.) 
was added. The mixture was irradiated in a closed vessel at 120 ◦C for 5 
min, then poured into ice-cold water. NH4Cl was added and the resulting 
precipitate was filtered off and dried. The crude product was purified by 
column chromatography. 

4.2.2.1. 17β-Hydroxy-2′-methyl-7′-phenylpyrazolo[1,5-a]pyrimidino 
[5′,6′-3,2]-5α-androstane (6a). Substrate: 2a (379 mg); Reagent: 3AMP 
(194 mg). For purification of the crude product, EtOAc/CH2Cl2 = 20:80 
eluent was used. Yield: 237 mg (52 %, off white solid); Mp 259− 261 ◦C; 
1H NMR (CDCl3, 500 MHz): δ 0.71 (s, 3H, 18-H3), 0.74 (s, 3H, 19-H3), 
0.86–1.04 (overlapping m, 4 H), 1.23–1.45 (overlapping m, 6 H), 
1.58–1.76 (overlapping m, 5 H), 2.05 (m, 1 H), 2.18 (d, 1H, J =16.0 Hz, 
1α -H), 2.41 (s, 3H, 2′ − CH3), 2.56 (d, 1H, J =16.0 Hz, 1β-H), 2.72 (dd, 
1H, J =18.9 Hz, J =12.6 Hz, 4β-H), 3.03 (dd, 1H, J =18.9 Hz, J = 5.6 Hz, 
4α-H), 3.61 (t, 1H, J =8.6 Hz, 17α-H), 6.40 (d, 1H, J =2.4 Hz, 3′-H), 7.44 
(bs, 2H, 2′′-H and 6′′-H), 7.53–7.59 (m, 3H, 3′′-H, 4′′-H and 5′′-H); 13C 
NMR (CDCl3, 125 MHz): δ 11.1 (C-18), 11.7 (C-19), 14.9 (2′− CH3), 20.8 
(C-11), 23.4 (C-15), 28.5 (C-6), 30.5 (C-16), 31.1 (C-7), 35.3 (C-10), 
35.6 (C-8), 36.6 (C-4), 37.1 (C-12), 40.0 (C-1), 41.6 (C-5), 42.8 (C-13), 
50.9 (C-14), 53.5 (C-9), 81.8 (C-17), 94.1 (C-3′), 114.1 (C-2), 128.9 (2C) 
and 129.3 (2C): C-2′′, C-6′′, C-3′′ and C-5′′, 129.9 (C-4′′), 130.5 (C-4′′), 
144.4 (C), 148.3 (C), 154.6 (C), 158.4 (C-3); ESI-MS 456 [M+H]+; Anal. 
Calcd. for C30H37N3O C 79.08; H 8.19. Found C 79.01; H 8.07. 

4.2.2.2. In the PDF, section 4.2.2.2. and 4.2.2.5. are next to each other, 
but the text seems completely different (this is just an example). Could the 
line spacing and editing be unified? 17β-Hydroxy-7′-phenylpyrazolo[1,5-a] 
pyrimidino[5′,6′-3,2]-5α-androstane (7a). Substrate: 2a (379 mg); Re-
agent: 3AP (166 mg). For purification of the crude product, EtOAc/ 
CH2Cl2 = 20:80 eluent was used. Yield: 270 mg (61 %, yellow solid); Mp 
140− 142 ◦C; 1H NMR (CDCl3, 500 MHz): δ 0.72 (s, 3H, 18-H3), 0.78 (s, 
3H, 19-H3), 0.80 (m, 1H, 9α-H), 0.92− 0.99 (overlapping m, 2H, 7α-H 
and 14α-H), 1.02 (m, 1H, 12α-H), 1.23–1.47 (overlapping m, 6H, 15β-H, 
11-H2, 6β-H, 8β-H and 16β-H), 1.58–1.79 (overlapping m, 5H, 5α-H, 6α- 
H, 7β-H, 12β-H and 15α-H), 2.06 (m, 1H, 16α-H), 2.23 (d, 1H, J =16.2 
Hz, 1α -H), 2.65 (d, 1H, J =16.2 Hz, 1β-H), 2.76 (dd, 1H, J =19.2 Hz, J 
=12.7 Hz, 4β-H), 3.09 (dd, 1H, J =19.2 Hz, J = 5.6 Hz, 4α-H), 3.62 (t, 
1H, J =8.6 Hz, 17α-H), 6.63 (d, 1H, J =2.4 Hz, 3′-H), 7.45 (bd, 2H, 2′′-H 
and 6′′-H), 7.54–7.61 (m, 3H, 3′′-H, 4′′-H and 5′′-H), 7.99 (d, 1H, J =2.4 
Hz, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 11.8 (C-19), 20.9 
(C-11), 23.6 (C-15), 28.6 (C-6), 30.8 (C-16), 31.2 (C-7), 35.5 (C-10), 
35.8 (C-8), 36.8 (2C: C-4 and C-12), 40.1 (C-1), 41.8 (C-5), 43.0 (C-13), 
51.2 (C-14), 53.8 (C-9), 82.0 (C-17), 94.8 (C-3′), 115.2 (C-2), 129.2 (2C) 
and 129.3 (2C): C-2′′, C-6′′, C-3′′ and C-5′′), 130.3 (C-1′′), 130.4 (C-4′′), 
144.9 (C-2′), 145.8 and 146.9 (C-3a’ and C-7′), 159.0 (C-3); ESI-MS 442 
[M+H]+; Anal. Calcd. for C29H35N3O C 78.87; H 7.99. Found C 79.01; H 
8.07. 

4.2.2.3. 17β-Hydroxy-7′-phenyl[1,2,4]triazolo[1,5-a]pyrimidino 
[5′,6′:3,2]-5α-androstane (8a). Substrate: 2a (379 mg); Reagent: 3AT 
(168 mg). For purification of the crude product, EtOAc/CH2Cl2 = 50:50 
eluent was used. Yield: 317 mg (72 %, white solid); Mp 257− 260 ◦C; 1H 
NMR (CDCl3, 500 MHz): δ 0.71 (s, 3H, 18-H3), 0.75 (s, 3H, 19-H3), 0.82 
(m, 1H, 9α-H), 0.90–1.06 (overlapping m, 3H, 7α-H, 12α-H and 14α-H), 
1.22–1.46 (overlapping m, 6H, 6β-H, 8β-H, 11-H2, 15β-H and 16β-H), 
1.57–1.77 (overlapping m, 5H, 5α-H, 6α-H, 7β-H, 12β-H and 15α-H), 
2.05 (m, 1H, 16α-H), 2.32 (d, 1H, J =16.2 Hz, 1α-H), 2.71 (d, 1H, J 
=16.2 Hz, 1β-H), 2.81 (dd, 1H, J =19.4 Hz, J =12.8 Hz, 4β-H), 3.13 (dd, 
1H, J =19.4 Hz, J = 5.3 Hz, 4α-H), 3.62 (t, 1H, J =8.5 Hz, 17α-H), 7.48 
(m, 2H, 2′′-H and 6′′-H), 7.60 (m, 3H, 3′′-H, 4′′-H and 5′′-H), 8.33 (s, 1H, 

2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.1 (C-18), 11.8 (C-19), 20.9 (C- 
11), 23.5 (C-15), 28.3 (C-6), 30.6 (C-16), 31.1 (C-7), 35.3 (C-10), 35.6 
(C-8), 36.6 (C-12), 37.6 (C-4), 40.0 (C-1), 41.5 (C-5), 42.9 (C-13), 50.9 
(C-14), 53.5 (C-9), 81.9 (C-17), 118.1 (C-2), 129.1 (C-1′′), 129.2 (4C, C- 
2′′, C-3′′, C-5′′ and C-6′′), 130.9 (C-4′′), 146.0 (C-7′), 153.7 (C-3a’), 155.1 
(C-2′), 165.9 (C-3); ESI-MS 443 [M+H]+; Anal. Calcd. for C28H34N4O C 
75.98; H 7.74. Found C 76.12; H 7.66. 

4.2.2.4. 17β-Hydroxy-7′-(4′′-tolyl)-[1,2,4]triazolo[1,5-a]pyrimidino 
[5′,6′:3,2]-5α-androstane (8b). Substrate: 2b (393 mg); Reagent: 3AT 
(168 mg). For purification of the crude product, EtOAc/CH2Cl2 = 40:60 
eluent was used. Yield: 349 mg (76 %, white solid); Mp 135− 138 ◦C; 1H 
NMR (CDCl3, 500 MHz): δ 0.72 (s, 3H, 18-H3), 0.76 (s, 3H, 19-H3), 0.83 
(m, 1 H), 0.92–1.08 (overlapping m, 3 H), 1.26–1.47 (overlapping m, 6 
H), 1.59–1.79 (overlapping m, 5 H), 2.07 (m, 1 H), 2.35 (d, 1H, J =16.3 
Hz, 1α-H), 249 (s, 3H, 4′′− CH3), 2.78 (d, 1H, J =16.3 Hz, 1β-H), 2.83 
(dd, 1H, J =19.6 Hz, J =13.0 Hz, 4β-H), 3.15 (dd, 1H, J =19.6 Hz, J =
5.3 Hz, 4α-H), 3.63 (t, 1H, J =8.6 Hz, 17α-H), 7.41 (m, 4H, 2′′-H, 3′′-H, 
5′′-H and 6′′-H), 8.39 (s, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 
(C-18), 11.8 (C-19), 21.0 (C-11), 21.8 (4′′− CH3), 23.5 (C-15), 28.4 (C-6), 
30.7 (C-16), 31.1 (C-7), 35.4 (C-10), 35.7 (C-8), 36.7 (C-12), 37.8 (C-4), 
40.2 (C-1), 41.5 (C-5), 42.9 (C-13), 51.0 (C-14), 53.6 (C-9), 82.0 (C-17), 
118.8 (C-2), 125.7 (C-1′′), 129.2 (2C, C-2′′ and C-6′′), 129.9 (2C, C-3′′

and C-5′′), 141.5 (C-4′′), 146.6 (C-7′), 166.9 (C-3); the signals for C-2′

and C-3a’ were not observed; ESI-MS 457 [M+H]+; Anal. Calcd. for 
C29H36N4O C 76.28; H 7.95. Found C 76.35; H 8.07. 

4.2.2.5. 17β-Hydroxy-7′-(3′′-tolyl)-[1,2,4]triazolo[1,5-a]pyrimidino 
[5′,6′:3,2]-5α-androstane (8c). Substrate: 2c (393 mg); Reagent: 3AT 
(168 mg). For purification of the crude product, EtOAc/CH2Cl2 = 40:60 
eluent was used. Yield: 351 mg (77 %, white solid); Mp 160− 163 ◦C; 1H 
NMR (CDCl3, 500 MHz): δ 0.72 (s, 3H, 18-H3), 0.77 (s, 3H, 19-H3), 
0.81–1.07 (overlapping m, 4 H), 9α-H), 1.24–1.47 (overlapping m, 6 H), 
1.59–1.89 (overlapping m, 5 H), 2.06 (m, 1 H), 2.30 (d, 1H, J =16.3 Hz, 
1α-H), 247 (s, 3H, 3′′− CH3), 2.71 (d, 1H, J =16.3 Hz, 1β-H), 2.81 (dd, 
1H, J =19.5 Hz, J =12.7 Hz, 4β-H), 3.14 (dd, 1H, J =19.5 Hz, J = 5.6 Hz, 
4α-H), 3.63 (t, 1H, J =8.6 Hz, 17α-H), 7.25 (m, 2 H), 7.40 (d-like m, 1 H): 
2′′-H, 4′′-H and 6′′-H, 7.49 (t-like m, 1H, 5′′-H), 8.34 (s, 1H, 2′-H); 13C 
NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 11.8 (C-19), 20.9 (C-11), 21.7 
(3′′− CH3), 23.5 (C-15), 28.4 (C-6), 30.7 (C-16), 31.1 (C-7), 35.3 (C-10), 
35.7 (C-8), 36.7 (C-12), 37.7 (C-4), 40.1 (C-1), 41.6 (C-5), 42.9 (C-13), 
51.0 (C-14), 53.6 (C-9), 82.0 (C-17), 118.1 (C-2), 126.2 (C-6′′), 129.1 (C- 
1′′), 129.2, 129.5 and 131.7 (C-2′′, C-4′′ and C-5′′), 139.1 (C-4′′), 146.4 
(C-7′), 153.8 (C-3a’), 155.2 (C-2′), 165.8 (C-3); ESI-MS 457 [M+H]+; 
Anal. Calcd. for C29H36N4O C 76.28; H 7.95. Found C 76.15; H 7.88. 

4.2.2.6. 17β-Hydroxy-7′-(4′′-methoxyphenyl)-[1,2,4]triazolo[1,5-a]pyr-
imidino[5′,6′:3,2]-5α-androstane (8d). Substrate: 2d (409 mg); Reagent: 
3AT (168 mg). For purification of the crude product, EtOAc/CH2Cl2 =

40:60 eluent was used. Yield: 337 mg (71 %, off white solid); Mp 
158− 161 ◦C; 1H NMR (CDCl3, 500 MHz): δ 0.73 (s, 3H, 18-H3), 0.75 (s, 
3H, 19-H3), 0.82 (m, 1 H), 0.92–1.09 (overlapping m, 3 H), 1.26–1.47 
(overlapping m, 6 H), 1.59–1.80 (overlapping m, 5 H), 2.07 (m, 1 H), 
2.35 (d, 1H, J =16.3 Hz, 1α-H), 2.77 (d, 1H, J =16.3 Hz, 1β-H), 2.82 (dd, 
1H, J =19.6 Hz, J =13.0 Hz, 4β-H), 3.15 (dd, 1H, J =19.6 Hz, J = 5.3 Hz, 
4α-H), 3.64 (t, 1H, J =8.6 Hz, 17α-H), 3.91 (s, 3H, 4′′- OMe), 7.11 (d, 2H, 
J =8.8 Hz, 3′′-H and 5′′-H), 7.47 (d, 2H, J =8.8 Hz, 2′′-H and 6′′-H), 8.36 
(s, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 11.8 (C-19), 
21.0 (C-11), 23.6 (C-15), 28.4 (C-6), 30.8 (C-16), 31.2 (C-7), 35.4 (C- 
10), 35.8 (C-8), 36.8 (C-12), 37.8 (C-4), 40.4 (C-1), 41.7 (C-5), 43.0 (C- 
13), 51.1 (C-14), 53.7 (C-9), 55.6 (4′′- OMe), 82.0 (C-17), 114.6 (2C, C- 
3′′ and C-5′′), 118.4 (C-2), 120.9 (C-1′′), 131.2 (2C, C-2′′ and C-6′′), 146.2 
(C-7′), 153.3 (C-3a’), 154.4 (C-2′), 161.5 (C-4′′), 166.3 (C-3); ESI-MS 473 
[M+H]+; Anal. Calcd. for C29H36N4O2 C 73.70; H 7.68. Found C 73.82; 
H 7.57. 

M.A. Kiss et al.                                                                                                                                                                                                                                  



Journal of Steroid Biochemistry and Molecular Biology 211 (2021) 105904

12

4.2.2.7. 17β-Hydroxy-7′-(4′′-fluorophenyl)-[1,2,4]triazolo[1,5-a]pyr-
imidino[5′,6′:3,2]-5α-androstane (8e). Substrate: 2e (397 mg); Reagent: 
3AT (168 mg). For purification of the crude product, EtOAc/CH2Cl2 =

50:50 eluent was used. Yield: 335 mg (73 %, off white solid); Mp 
135− 138 ◦C; 1H NMR (CDCl3, 500 MHz): δ 0.73 (s, 3H, 18-H3), 0.76 (s, 
3H, 19-H3), 0.80–1.08 (overlapping m, 4 H), 1.25–1.48 (overlapping m, 
6 H), 1.59–1.81 (overlapping m, 5 H), 2.07 (m, 1 H), 2.32 (d, 1H, J 
=16.2 Hz, 1α-H), 2.70 (d, 1H, J =16.2 Hz, 1β-H), 2.81 (dd, 1H, J =19.5 
Hz, J =12.7 Hz, 4β-H), 3.15 (dd, 1H, J =19.5 Hz, J = 5.6 Hz, 4α-H), 3.63 
(t, 1H, J =8.6 Hz, 17α-H), 7.31 (m, 2H, 3′′-H and 5′′-H), 7.51 (m, 2H, 2′′- 
H and 6′′-H), 8.34 (s, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C- 
18), 11.8 (C-19), 21.0 (C-11), 23.5 (C-15), 28.4 (C-6), 30.7 (C-16), 31.1 
(C-7), 35.4 (C-10), 35.7 (C-8), 36.7 (C-12), 37.7 (C-4), 40.2 (C-1), 41.6 
(C-5), 42.9 (C-13), 51.0 (C-14), 53.6 (C-9), 82.0 (C-17), 116.6 (d, 2C, J 
=22.1 Hz, C-3′′ and C-5′′), 118.1 (C-2), 125.1 (d, J =3.5 Hz, C-1′′), 131.7 
(d, 2C, J =8.6 Hz, C-2′′ and C-6′′), 145.0 (C-7′), 154.0 (C-3a’), 155.4 (C- 
2′), 164.0 (d, J =252.1 Hz, C-4′′), 165.8 (C-3); ESI-MS 461 [M+H]+; 
Anal. Calcd. for C28H33FN4O C 73.02; H 7.22. Found C 72.95; H 7.13. 

4.2.2.8. 17β-Hydroxy-7′-(4′′-chlorophenyl)-[1,2,4]triazolo[1,5-a]pyr-
imidino[5′,6′:3,2]-5α-androstane (8f). Substrate: 2f (413 mg); Reagent: 
3AT (168 mg). For purification of the crude product after oxidation with 
DDQ, EtOAc/CH2Cl2 = 50:50 eluent was used. Yield: 311 mg (65 %, 
white solid); Mp 157− 160 ◦C; 1H NMR (CDCl3, 500 MHz): δ 0.73 (s, 3H, 
18-H3), 0.76 (s, 3H, 19-H3), 0.84 (m, 1 H), 0.92–1.09 (overlapping m, 3 
H), 1.24–1.48 (overlapping m, 6 H), 1.60–1.81 (overlapping m, 5 H), 
2.07 (m, 1 H), 2.32 (d, 1H, J =16.2 Hz, 1α-H), 2.71 (d, 1H, J =16.2 Hz, 
1β-H), 2.82 (dd, 1H, J =19.7 Hz, J =12.8 Hz, 4β-H), 3.15 (dd, 1H, J 
=19.7 Hz, J = 5.3 Hz, 4α-H), 3.64 (t, 1H, J =8.6 Hz, 17α-H), 7.45 (d, 2H, 
J =8.2 Hz, 3′′-H and 5′′-H), 7.60 (d, 2H, J =8.2 Hz, 2′′-H and 6′′-H), 8.33 
(s, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 11.9 (C-19), 
21.1 (C-11), 23.6 (C-15), 28.5 (C-6), 30.8 (C-16), 31.2 (C-7), 35.5 (C- 
10), 35.8 (C-8), 36.8 (C-12), 37.7 (C-4), 40.2 (C-1), 41.7 (C-5), 43.0 (C- 
13), 51.1 (C-14), 53.7 (C-9), 82.0 (C-17), 118.0 (C-2), 127.6 (C-1′′), 
129.6 (2C, C-2′′ and C-6′′), 130.9 (2C, C-3′′ and C-5′′), 137.2 (C-4′′), 
144.8 (C-7′), 154.1 (C-3a’), 155.6 (C-2′), 165.7 (C-3); ESI-MS 477 
[M+H]+; Anal. Calcd. for C28H33ClN4O C 70.50; H 6.97. Found C 70.69; 
H 7.07. 

4.2.2.9. 17β-Hydroxy-7′-(furan-2′′-yl)-[1,2,4]triazolo[1,5-a]pyrimidino 
[5′,6′:3,2]-5α-androstane (8i). Substrate: 2i (369 mg); Reagent: 3AT 
(168 mg). For purification of the crude product, EtOAc/CH2Cl2 = 40:60 
eluent was used. ; 1H NMR (CDCl3, 500 MHz): δ 0.78 (s, 3H, 18-H3), 0.79 
(s, 3H, 19-H3, 0.94–1.06 (overlapping m, 3 H), 1.16–1.53 (overlapping 
m, 6 H), 1.62–1.81 (overlapping m, 5 H), 1.90 (m, 1 H), 2.10 (m, 1 H), 
2.75 (d, 1H, J =17.1 Hz, 1α -H), 2.84 (dd, 1H, J =19.4 Hz, J =12.7 Hz, 
4β-H), 3.11 (dd, 1H, J =19.4 Hz, J = 5.5 Hz, 4α-H), 3.36 (d, 1H, J =17.1 
Hz, 1β -H), 3.69 (t, 1H, J =8.6 Hz, 17α-H), 6.78 (dd, 1H, J =3.6 Hz, J 
=1.7 Hz, 4′′-H), 7.83 (d, 1H, J =1.7 Hz, 3′′-H), 8.10 (d, 1H, J =3.6 Hz, 5′′- 
H), 8.48 (s, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 12.0 
(C-19), 21.2 (C-11), 23.6 (C-15), 28.3 (C-6), 30.8 (C-16), 31.2 (C-7), 
35.0 (C-10), 35.7 (C-8), 36.9 (C-12), 37.9 (C-4), 40.7 (C-1), 40.9 (C-5), 
43.0 (C-13), 51.1 (C-14), 54.0 (C-9), 82.0 (C-17), 112.6 (C-3′′), 117.1 (C- 
2), 121.8 (C-4′′), 135.4 (C-2′′), 143.9 (C-7′), 146.0 (C-5′′), 153.4 (C-3a’), 
154.5 (C-2′), 165.7 (C-3); ESI-MS 433 [M+H]+; Anal. Calcd. for 
C26H32N4O2 C 72.19; H 7.46. Found C 72.27; H 7.33. 

4.2.2.10. 17β-Hydroxy-7′-(thiophen-2′′-yl)-[1,2,4]triazolo[1,5-a]pyr-
imidino[5′,6′:3,2]-5α-androstane (8j). Substrate: 2j (385 mg); Reagent: 
3AT (168 mg). For purification of the crude product, EtOAc/CH2Cl2 =

40:60 eluent was used. Yield: 280 mg (62 %, yellow solid); Mp 164− 167 
◦C; 1H NMR (CDCl3, 500 MHz): δ 0.75 (s, 3H, 18-H3), 0.76 (s, 3H, 19-H3), 
0.89–1.04 (overlapping m, 3 H), 1.13 (m, 1 H), 1.25–1.49 (overlapping 
m, 5 H), 1.54–1.87 (overlapping m, 6 H), 2.08 (m, 1 H), 2.53 (d, 1H, J 
=16.2 Hz, 1α-H), 2.83 (dd, 1H, J =19.6 Hz, J =12.7 Hz, 4β-H), 3.08 (d, 

1H, J =16.2 Hz, 1β -H), 3.16 (dd, 1H, J =19.6 Hz, J = 5.7 Hz, 4α-H), 3.66 
(t, 1H, J =8.6 Hz, 17α-H), 7.32 (dd, 1H, J = 5.0 Hz, J =3.8 Hz, 4′′-H), 
7.80 (m, 2H, 3′′-H and 5′′-H), 8.46 (s, 1H, 2′-H); 13C NMR (CDCl3, 125 
MHz): δ 11.2 (C-18), 11.9 (C-19), 21.2 (C-11), 23.5 (C-15), 28.3 (C-6), 
30.7 (C-16), 31.1 (C-7), 35.6 (C-10), 35.7 (C-8), 36.8 (C-12), 37.8 (C-4), 
41.3 (C-5), 41.4 (C-1), 43.0 (C-13), 51.0 (C-14), 53.8 (C-9), 82.0 (C-17), 
118.8 (C-2), 127.4 (C-3′′), 128.1 (C-2′′), 131.4 (C-4′′), 133.9 (C-5′′), 
140.4 (C-7′), 153.0 (C-3a’), 153.9 (C-2′), 166.2 (C-3); ESI-MS 449 
[M+H]+; Anal. Calcd. for C26H32N4OS C 69.61; H 7.19. Found C 69.75; 
H 7.06. 

4.2.2.11. 17β-Hydroxy-7′-methyl-[1,2,4]triazolo[1,5-a]pyrimidino 
[5′,6′:3,2]-5α-androstane (8k). Substrate: 2k [21] (316 mg); Reagent: 
3AT (168 mg). For purification of the crude product, EtOAc/CH2Cl2 =

50:50 eluent was used. Yield: 261 mg (69 %, white solid); Mp > 200 ◦C 
(decomp.); 1H NMR (CDCl3, 500 MHz): δ 0.79 (s, 3H, 18-H3), 0.82 (s, 3H, 
19-H3), 0.86–1.05 (overlapping m, 3 H), 1.16 (m, 1 H), 1.27–1.57 
(overlapping m, 5 H), 1.61–1.81 (overlapping m, 5 H), 1.91 (m, 1 H), 
2.09 (m, 1 H), 2.37 (d, 1H, J =16.0 Hz, 1α-H), 2.77 (dd, 1H, J =19.3 Hz, 
J =13.0 Hz, 4β-H), 2.78 (s, 3H, 7′ − CH3), 2.89 (d, 1H, J =16.0 Hz, 1β-H), 
3.02 (dd, 1H, J =19.3 Hz, J = 5.1 Hz, 4α-H), 3.68 (t, 1H, J =8.6 Hz, 
17α-H), 8.42 (s, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 
12.2 (C-19), 13.8 (7′− CH3), 21.1 (C-11), 23.5 (C-15), 28.3 (C-6), 30.7 
(C-16), 31.1 (C-7), 35.1 (C-10), 35.7 (C-8), 36.8 (C-12), 37.4 (C-4), 39.3 
(C-1), 41.3 (C-5), 43.0 (C-13), 51.1 (C-14), 54.0 (C-9), 82.0 (C-17), 
118.0 (C-2), 145.4 (C-7′), 152.9 (C-3a’), 154.4 (C-2′) 164.7 (C-3); 
ESI-MS 381 [M+H]+; Anal. Calcd. for C23H32N4O C 72.60; H 8.48. 
Found C 72.55; H 8.32. 

4.2.3. General procedure for the synthesis of heterocyclic 17-keto steroids 
by Jones oxidation 

The crude product (6a, 7a, 8a–f or 8i-k) of the heterocyclization 
(4.2.2.) was dissolved in acetone (10 mL) and Jones reagent (0.2 mL) 
was added dropwise into the solution, which was then stirred at room 
temperature for 30 min, after which it was poured into ice-cold water. 
NH4Cl was added and the resulting precipitate was filtered off and dried. 
The crude product was purified by column chromatography. 

2-Methyl-7′-phenylpyrazolo[1′,5′-a]pyrimidino[5′,6′:3,2]-5α-androstan- 
17-one(9a). Yield: 241 mg (53 %, off white solid); Mp > 250 ◦C 
(decomp.); 1H NMR (CDCl3, 500 MHz): δ 0.76 (s, 3H, 19-H3), 0.83 (s, 3H, 
18-H3), 0.87 (m, 1 H), 1.06 (m, 1 H), 1.20 (m, 1 H), 1.31–1.41 (over-
lapping m, 4 H), 1.49–1.57 (overlapping m, 2 H), 1.69–1.77 (m, over-
lapping m, 3 H), 1.88 (m, 1 H), 1.96 (m, 1 H), 2.07 (m, 1H, 16α-H), 2.21 
(d, 1H, J =16.0 Hz, 1α -H), 2.41 (s, 3H, 2′− CH3), 2.44 (dd, 1H, J =19.0 
Hz, J =8.6 Hz, 16β-H), 2.56 (d, 1H, J =16.0 Hz, 1β-H), 2.75 (dd, 1H, J 
=19.0 Hz, J =12.5 Hz, 4β-H), 3.09 (dd, 1H, J =16.0 Hz, J = 5.3 Hz, 4α- 
H), 6.43 (s, 1H, 3′-H), 7.45 (bs, 2H, 2′′-H and 6′′-H), 7.54–7.60 (m, 3H, 
3′′-H, 4′′-H and 5′′-H); 13C NMR (CDCl3, 125 MHz): δ 11.7 (C-19), 13.8 
(C-18), 15.0 (2′− CH3), 20.5 (C-11), 21.9 (C-15), 28.3 (C-6), 29.8 (CH2), 
30.4 (CH2), 31.5 (CH2), 35.2 (C-8), 35.5 (C-10), 35.9 (C-4), 39.9 (C-1), 
41.5 (C-5), 47.7 (C-13), 51.4 (C-14), 53.5 (C-9), 94.1 (C-3′), 113.9 (C-2), 
114.2 (C-3a’), 129.1 (2C) and 129.3 (2C): C-2′′, C-6′′, C-3′′ and C-5′′, 
130.1 (C-1′′), 130.4 (C-4′′), 158.0 (C-3), 221.1 (C-17), the signal for C-7′

carbonyl-C was not observed owing to the long relaxation time of this 
carbon nucleus; ESI-MS 440 [M+H]+; Anal. Calcd. for C29H33N3O C 
79.23; H 7.57. Found C 79.11; H 7.47. 

4.2.3.2. 7′-Phenylpyrazolo[1′,5′-a]pyrimidino[5′,6′:3,2]-5α-androstan- 
17-one(10a). Yield: 237 mg (54 %, yellow solid); Mp > 250 ◦C 
(decomp.); 1H NMR (CDCl3, 500 MHz): δ 0.79 (s, 3H, 19-H3), 0.84 (s, 3H, 
18-H3), 0.86 (m, 1 H), 1.06 (m, 1 H), 1.20 (m, 1 H), 1.31–1.42 (over-
lapping m, 4 H), 1.50–1.57 (overlapping m, 2 H), 1.72–1.78 (m, over-
lapping m, 3 H), 1.89 (m, 1 H), 1.97 (m, 1 H), 2.07 (m, 1H, 16α-H), 2.25 
(d, 1H, J =16.1 Hz, 1α -H), 2.44 (dd, 1H, J =19.2 Hz, J =8.6 Hz, 16β-H), 
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2.65 (d, 1H, J =16.1 Hz, 1β-H), 2.78 (dd, 1H, J =19.2 Hz, J =12.7 Hz, 
4β-H), 3.11 (dd, 1H, J =19.2 Hz, J = 5.6 Hz, 4α-H), 6.62 (bs, 1H, 3′-H), 
7.45 (bd, 2H, 2′′-H and 6′′-H), 7.54–7.61 (m, 3H, 3′′-H, 4′′-H and 5′′-H), 
7.99 (d, 1H, J =2.2 Hz, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.8 (C-19), 
13.8 (C-18), 20.6 (C-11), 21.9 (C-15), 28.4 (C-6), 30.5 (CH2), 31.6 
(CH2), 35.3 (C-8), 35.6 (C-10), 35.9 (C-4), 36.8 (CH2), 40.0 (C-1), 41.8 
(C-5), 47.7 (C-13), 51.6 (C-14), 53.7 (C-9), 94.9 (C-3′), 114.9 (C-2), 
129.2 (2C) and 129.3 (2C): C-2′′, C-6′′, C-3′′ and C-5′′, 130.3 (C-1′′), 
130.4 (C-4′′), 144.9 (C-2′), 145.8 and 147.0 (C-3a’ and C-7′), 158.7 (C- 
3), 220.6 (C-17); ESI-MS 440 [M+H]+; Anal. Calcd. for C29H33N3O C 
79.23; H 7.57. Found C 79.11; H 7.47. 

4.2.3.3. 7′-Phenyl-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-andro-
stan-17-one (11a). Yield: 258 mg (59 %, white solid); Mp > 300 ◦C 
(decomp.); 1H NMR (CDCl3, 500 MHz): δ 0.78 (s, 3H, 19-H3), 0.84 (s, 3H, 
18-H3), 0.90 (m, 1 H), 1.08 (m, 1 H), 1.19–1.44 (overlapping m, 5 H), 
1.49–1.60 (overlapping m, 2 H), 1.78 (overlapping m, 3 H), 1.90 (m, 1 
H), 1.98 (m, 1 H), 2.08 (m, 1H, 16α-H), 2.37 (d, 1H, J =16.3 Hz, 1α-H), 
2.46 (dd, 1H, J =19.2 Hz, J =8.8 Hz, 16β-H), 2.74 (d, 1H, J =16.3 Hz, 
1β-H), 2.85 (dd, 1H, J =19.6 Hz, J =12.6 Hz, 4β-H), 3.20 (dd, 1H, J 
=19.6 Hz, J = 5.4 Hz, 4α-H), 7.50 (m, 2H, 2′′-H ́es 6′′-H), 7.63 (m, 3H, 3′′- 
H, 4′′-H and 5′′-H), 8.42 (s, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.8 
(C-19), 13.8 (C-18), 20.6 (CH2), 21.9 (CH2), 28.2 (C-6), 30.4 (CH2), 31.5 
(CH2), 35.2 (C-8), 35.4 (C-10), 35.9 (CH2), 37.7 (C-4), 40.0 (C-1), 41.4 
(C-5), 47.6 (C-13), 51.4 (C-14), 53.5 (C-9), 119.2 (C-2), 128.4 (C-1′′), 
129.3 (4C, C-2′′, C-3′′, C-5′′ and C-6′′), 131.3 (C-4′′), 146.7 (C-7′), 151.8 
(C-3a’), 152.9 (C-2′), 167.5 (C-3), 220.7 (C-17); ESI-MS 441 [M+H]+; 
Anal. Calcd. for C28H32N4O C 76.33; H 7.32. Found C 76.19; H 7.45. 

4.2.3.4. 7′-(4′′-Tolyl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α- 
androstan-17-one (11b). Yield: 284 mg (62 %, white solid); Mp 
283− 286 ◦C; 1H NMR (CDCl3, 500 MHz): δ 0.78 (s, 3H, 19-H3), 0.85 (s, 
3H, 18-H3), 0.90 (m, 1 H), 1.09 (m, 1 H), 1.21–1.60 (overlapping m, 7 
H), 1.74–1.80 (overlapping m, 3 H), 1.92 (m, 1 H), 1.98 (m, 1 H), 2.09 
(m, 1H, 16α-H), 2.38 (d, 1H, J =16.2 Hz, 1α-H), 2.46 (dd, 1H, J =19.2 
Hz, J =8.5 Hz, 16β-H), 2.49 (s, 3H, 4′′− CH3), 2.78 (d, 1H, J =16.2 Hz, 
1β-H), 2.85 (dd, 1H, J =19.6 Hz, J =12.7 Hz, 4β-H), 3.20 (dd, 1H, J 
=19.6 Hz, J = 5.4 Hz, 4α-H), 7.39–7.44 (overlapping m, 4H, 2′′-H, 3′′-H, 
5′′-H and 6′′-H), 8.43 (bs, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.8 
(C-19), 13.8 (C-18), 20.7 (CH2), 21.8 (4′′− CH3), 21.9 (CH2), 28.2 (C-6), 
30.4 (CH2), 31.5 (CH2), 35.2 (C-8), 35.4 (C-10), 35.9 (CH2), 37.7 (C-4), 
40.1 (C-1), 41.4 (C-5), 47.6 (C-13), 51.4 (C-14), 53.5 (C-9), 119.1 (C-2), 
125.3 (C-1′′), 129.2 (2C, C-2′′ and C-6′′), 130.0 (2C, C-3′′ and C-5′′), 
141.8 (C-4′′), 146.9 (C-7′), 151.8 (C-3a’), 152.8 (C-2′), 167.3 (C-3), 
220.8 (C-17); ESI-MS 455 [M+H]+; Anal. Calcd. for C29H34N4O C 76.62; 
H 7.54. Found C 76.76; H 7.41. 

4.2.3.5. 7′-(3′′-Tolyl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α- 
androstan-17-one (11c). Yield: 301 mg (66 %, white solid); Mp 
263− 265 ◦C; 1H NMR (CDCl3, 500 MHz): δ 0.79 (s, 3H, 19-H3), 0.85 (s, 
3H, 18-H3), 0.89 (m, 1 H), 1.07 (m, 1 H), 1.20–1.60 (overlapping m, 7 
H), 1.73–1.81 (overlapping m, 3 H), 1.89–2.00 (overlapping m, 2 H), 
2.08 (m, 1H, 16α-H), 2.32 (d, 1H, J =16.2 Hz, 1α-H), 2.45 (dd, 1H, J 
=19.2 Hz, J =8.6 Hz, 16β-H), 2.47 (s, 3H, 3′′− CH3), 2.72 (d, 1H, J =16.2 
Hz, 1β-H), 2.83 (dd, 1H, J =19.5 Hz, J =12.7 Hz, 4β-H), 3.17 (dd, 1H, J 
=19.5 Hz, J = 5.5 Hz, 4α-H), 7.26 (m, 2 H), 7.41 (d-like m, 1 H): 2′′-H, 
4′′-H and 6′′-H, 7.50 (t-like m, 1H, 5′′-H), 8.35 (s, 1H, 2′-H); 13C NMR 
(CDCl3, 125 MHz): δ 11.8 (C-19), 13.8 (C-18), 20.6 (CH2), 21.7 
(3′′− CH3), 21.9 (CH2), 28.3 (C-6), 30.4 (CH2), 31.5 (CH2), 35.2 (C-8), 
35.4 (C-10), 35.9 (CH2), 37.6 (C-4), 40.0 (C-1), 41.5 (C-5), 47.7 (C-13), 
51.4 (C-14), 53.5 (C-9), 117.9 (C-2), 126.1 (C-6′′), 129.0 (C-1′′), 129.2, 
129.5 and 131.8 (C-2′′, C-4′′ and C-5′′), 139.2 (C-4′′), 146.5 (C-7′), 153.7 
(C-3a’), 155.2 (C-2′), 165.6 (C-3), 220.9 (C-17); ESI-MS 455 [M+H]+; 
Anal. Calcd. for C29H34N4O C 76.62; H 7.54. Found C 76.55; H 7.60. 

4.2.3.6. 7′-(4′′-Methoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidino 
[5′,6′:3,2]-5α-androstan-17-one (11d). Yield: 280 mg (59 %, white 
solid); Mp 273− 275 ◦C; 1H NMR (CDCl3, 500 MHz): δ 0.76 (s, 3H, 19- 
H3), 0.85 (s, 3H, 18-H3), 0.91 (m, 1 H), 1.08 (m, 1 H), 1.22–1.42 
(overlapping m, 5 H), 1.47–1.60 (overlapping m, 2 H), 1.73–1.80 
(overlapping m, 3 H), 1.91 (m, 1 H), 1.98 (m, 1 H), 2.09 (m, 1H, 16α-H), 
2.40 (d, 1H, J =16.2 Hz, 1α-H), 2.46 (dd, 1H, J =19.2 Hz, J =8.8 Hz, 
16β-H), 2.79 (d, 1H, J =16.2 Hz, 1β-H), 2.83 (dd, 1H, J =19.6 Hz, J 
=12.6 Hz, 4β-H), 3.19 (dd, 1H, J =19.6 Hz, J = 5.3 Hz, 4α-H), 3.92 (s, 
3H, 4′′-OMe), 7.13 (d, 2H, J =8.7 Hz, 3′′-H and 5′′-H), 7.49 (d, 2H, J =8.7 
Hz, 2′′-H and 6′′-H), 8.42 (bs, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 
11.8 (C-19), 13.8 (C-18), 20.7 (CH2), 21.9 (CH2), 28.1 (C-6), 30.4 (CH2), 
31.5 (CH2), 35.2 (C-8), 35.4 (C-10), 35.9 (CH2), 37.7 (C-4), 40.z2 (C-1), 
41.4 (C-5), 47.7 (C-13), 51.4 (C-14), 53.5 (C-9), 55.6 (4′′-OMe), 114.6 
(2C, C-3′′ and C-5′′), 118.7 (C-2), 120.2 (C-1′′), 131.2 (2C, C-2′′ and C- 
6′′), 146.5 (C-7′), 152.2 (C-3a’), 153.3 (C-2′), 161.6 (C-4′′), 166.9 (C-3), 
221.0 (C-17); ESI-MS 471 [M+H]+; Anal. Calcd. for C29H34N4O2 C 
74.01; H 7.28. Found C 74.15; H 7.17. 

4.2.3.7. 7′-(4′′-Fluorophenyl)-[1,2,4]triazolo[1,5-a]pyrimidino 
[5′,6′:3,2]-5α-androstan-17-one (11e). Yield: 261 mg (57 %, white 
solid); Mp > 250 ◦C (decomp.); 1H NMR (CDCl3, 500 MHz): δ 0.78 (s, 
3H, 19-H3), 0.85 (s, 3H, 18-H3), 0.90 (m, 1 H), 1.08 (m, 1 H), 1.21–1.47 
(overlapping m, 5 H), 1.51–1.61 (overlapping m, 2 H), 1.73–1.93 
(overlapping m, 4 H), 1.98 (m, 1 H), 2.08 (m, 1H, 16α-H), 2.35 (d, 1H, J 
=16.2 Hz, 1α-H), 2.46 (dd, 1H, J =19.2 Hz, J =8.7 Hz, 16β-H), 2.70 (d, 
1H, J =16.2 Hz, 1β-H), 2.83 (dd, 1H, J =19.2 Hz, J =12.9 Hz, 4β-H), 
3.17 (dd, 1H, J =19.2 Hz, J = 5.5 Hz, 4α-H), 7.31 (m, 2H, 3′′-H and 5′′- 
H), 7.51 (m, 2H, 2′′-H and 6′′-H), 8.34 (s, 1H, 2′-H); 13C NMR (CDCl3, 
125 MHz): δ 11.8 (C-19), 13.8 (C-18), 20.7 (CH2), 21.9 (CH2), 28.2 (C- 
6), 30.4 (CH2), 31.5 (CH2), 35.2 (C-8), 35.5 (C-10), 35.9 (CH2), 37.6 (C- 
4), 40.1 (C-1), 41.5 (C-5), 47.7 (C-13), 51.4 (C-14), 53.6 (C-9), 116.6 (d, 
2C, J =22.1 Hz, C-3′′ and C-5′′), 117.8 (C-2), 125.0 (d, J =3.6 Hz, C-1′′), 
131.7 (d, 2C, J =8.7 Hz, C-2′′ and C-6′′), 145.1 (C-7′), 154.0 (C-3a’), 
155.5 (C-2′), 164.0 (d, J =252.0 Hz, C-4′′), 165.5 (C-3) 220.8 (C-17); 
ESI-MS 459 [M+H]+; Anal. Calcd. for C28H31FN4O C 73.34; H 6.81. 
Found C 73.28; H 6.74. 

4.2.3.8. 7′-(4′′-Chlorophenyl)-[1,2,4]triazolo[1,5-a]pyrimidino 
[5′,6′:3,2]-5α-androstan-17-one (11f). Yield: 293 mg (62 %, white 
solid); Mp > 300 ◦C (decomp.); 1H NMR (CDCl3, 500 MHz): δ 0.78 (s, 
3H, 19-H3), 0.85 (s, 3H, 18-H3), 0.89 (m, 1 H), 1.08 (m, 1 H), 1.21–1.61 
(overlapping m, 7 H), 1.74–1.82 (overlapping m, 3 H), 1.91 (m, 1 H), 
1.98 (m, 1 H), 2.09 (m, 1H, 16α-H), 2.37 (d, 1H, J =16.2 Hz, 1α-H), 2.46 
(dd, 1H, J =19.2 Hz, J =8.8 Hz, 16β-H), 2.72 (d, 1H, J =16.2 Hz, 1β-H), 
2.85 (dd, 1H, J =19.6 Hz, J =12.6 Hz, 4β-H), 3.20 (dd, 1H, J =19.6 Hz, J 
= 5.3 Hz, 4α-H), 7.47 (d, 2H, J =8.2 Hz, 3′′-H and 5′′-H), 7.61 (d, 2H, J =
2′′-H and 6′′-H), 8.40 (bs, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.9 
(C-19), 13.8 (C-18), 20.7 (CH2), 21.9 (CH2), 28.2 (CH2), 30.4 (CH2), 
31.5 (CH2), 35.2 (C-8), 35.5 (C-10), 35.9 (CH2), 37.7 (C-4), 40.1 (C-1), 
41.4 (C-5), 47.6 (C-13), 51.4 (C-14), 53.5 (C-9), 118.8 (C-2), 126.9 (C- 
1′′), 129.7 (2C, C-2′′ and C-6′′), 130.9 (2C, C-3′′ and C-5′′), 137.5 (C-4′′), 
145.2 (C-7′), 152.6 (C-3a’), 153.8 (C-2′), 166.8 (C-3), 220.7 (C-17); ESI- 
MS 475 [M+H]+; Anal. Calcd. for C28H31ClN4O C 70.80; H 6.58. Found 
C 70.71; H 6.45. 

4.2.3.9. 7′-(Furan-2′′-yl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α- 
androstan-17-one (11i). Yield: 238 mg (55 %, light brown solid); Mp >
200 ◦C (decomp.); 1H NMR (CDCl3, 500 MHz): δ 0.81 (s, 3H, 19-H3), 
0.90 (s, 3H, 18-H3), 1.03 (m, 1 H), 1.12 (m, 1 H), 1.32–1.65 (overlapping 
m, 7 H), 1.74–1.83 (overlapping m, 3 H), 1.92 (m, 1 H), 2.01 (m, 1 H), 
2.12 (m, 1H, 16α-H), 2.48 (dd, 1H, J =19.4 Hz, J =8.7 Hz, 16β-H), 2.78 
(d, 1H, J =17.1 Hz, 1α-H), 2.87 (dd, 1H, J =19.4 Hz, J =12.6 Hz, 4β-H), 
3.13 (dd, 1H, J =19.4 Hz, J = 5.3 Hz, 4α-H), 3.38 (d, 1H, J =17.1 Hz, 1β- 
H), 6.79 (dd, 1H, J =3.6 Hz, J =1.7 Hz, 4′′-H), 7.86 (d, 1H, J =1.7 Hz, 3′′- 
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H), 8.14 (d, 1H, J =3.6 Hz, 5′′-H), 8.53 (s, 1H, 2′-H); 13C NMR (CDCl3, 
125 MHz): δ 12.0 (C-19), 13.9 (C-18), 20.9 (CH2), 22.0 (CH2), 28.1 
(CH2), 30.4 (CH2), 31.7 (CH2), 35.1 (C-10), 35.2 (C-8), 36.0 (CH2), 37.8 
(C-4), 40.6 (C-1), 40.7 (C-5), 47.7 (C-13), 51.5 (C-14), 54.0 (C-9), 112.8 
(C-3′′), 117.2 (C-2), 122.3 (C-4′′), 135.6 (C-2′′), 143.7 (C-7′), 146.3 (C- 
5′′), 152.7 (C-3a’), 153.7 (C-2′), 166.1 (C-3), 221.0 (C-17); ESI-MS 431 
[M+H]+; Anal. Calcd. for C26H30N4O2 C 72.53; H 7.02. Found C 72.41; 
H 6.94. 

4.2.3.10. 7′-(Thiophen-2′′-yl)-[1,2,4]triazolo[1,5-a]pyrimidino 
[5′,6′:3,2]-5α-androstan-17-one (11j). Yield: 264 mg (57 %, yellow 
solid); Mp > 300 ◦C (decomp.); 1H NMR (CDCl3, 500 MHz): δ 0.77 (s, 
3H, 19-H3), 0.87 (s, 3H, 18-H3), 0.98 (m, 1 H), 1.10 (m, 1 H), 1.29–1.66 
(overlapping m, 7 H), 1.74–1.86 (overlapping m, 3 H), 1.93 (m, 1 H), 
2.00 (m, 1 H), 2.11 (m, 1H, 16α-H), 2.47 (dd, 1H, J =19.1 Hz, J =8.9 Hz, 
16β-H), 2.56 (d, 1H, J =16.1 Hz, 1α-H), 2.85 (dd, 1H, J =19.6 Hz, J 
=12.6 Hz, 4β-H), 3.09 (d, 1H, J =16.1 Hz, 1β-H), 3.18 (dd, 1H, J =19.6 
Hz, J = 5.5 Hz, 4α-H), 7.33 (t, 1H, J =4.4 Hz, 4′′-H), 7.80 (m, 2H, 3′′-H 
and 5′′-H), 8.47 (s, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.8 (C-19), 
13.8 (C-18), 20.9 (CH2), 21.9 (CH2), 28.1 (CH2), 30.4 (CH2), 31.6 (CH2), 
35.2 (C-8), 35.6 (C-10), 35.9 (CH2), 37.7 (C-4), 41.2 (C-5), 41.3 (C-1), 
47.7 (C-13), 51.4 (C-14), 53.7 (C-9), 118.6 (C-2), 127.5 (C-3′′), 127.8 (C- 
2′′), 131.6 (C-4′′), 134.1 (C-5′′), 140.6 (C-7′), 152.7 (C-3a’), 153.7 (C-2′), 
166.2 (C-3) 221.0 (C-17); ESI-MS 447 [M+H]+; Anal. Calcd. for 
C26H30N4OS C 69.92; H 6.77. Found C 70.05; H 6.65. 

7′-Methyl-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstan-17- 
one (11k). Yield: 197 mg (52 %, white solid); Mp > 250 ◦C (decomp.); 
1H NMR (CDCl3, 500 MHz): δ 0.84 (s, 3H, 19-H3), 0.91 (s, 3H, 18-H3), 
0.98 (m, 1 H), 1.09 (m, 1 H), 1.30–1.44 (overlapping m, 3 H), 1.51–1.65 
(overlapping m, 3 H), 1.69–1.76 (overlapping m, 2 H), 1.82 (m, 1 H), 
1.92 (m, 2 H), 2.00 (m, 1 H), 2.10 (m, 1H, 16α-H), 2.39 (d, 1H, J =16.0 

Hz, 1α-H), 2.48 (dd, 1H, J =19.3 Hz, J =8.7 Hz, the 16β-H), 2.79 (s, 3H, 
7′ − CH3 and m, 1H, 4β-H), 2.90 (d, 1H, J =16.2 Hz, 1β-H), 3.04 (dd, 1H, 
J =19.4 Hz, J = 5.1 Hz, 4α-H), 8.44 (s, 1H, 2′-H); 13C NMR (CDCl3, 125 
MHz): δ 12.1 (C-19), 13.8 (7′ − CH3), 13.9 (C-18), 20.8 (CH2), 21.9 
(CH2), 28.1 (C-6), 30.4 (CH2), 31.6 (CH2), 35.2 (C-8), 35.9 (2C, C-10 and 
CH2), 37.3 (C-4), 39.2 (C-1), 41.2 (C-5), 47.7 (C-13), 51.5 (C-14), 51.9 
(C-9), 118.1 (C-2), 145.6 (C-7′), 152.4 (C-3a’), 153.9 (C-2′), 164.9 (C-3), 
220.8 (C-17); ESI-MS 379 [M+H]+; Anal. Calcd. for C23H30N4O C 72.98; 
H 7.99. Found C 73.12; H 7.89. 

4.3. X-ray data collection, structure solution and refinement for 
compound 2a and 8j 

Single crystals suitable for single crystal X-ray diffraction measure-
ments have been obtained by evaporation from methanol, resulting in 
crystal 2a and from CH2Cl2/diethyl-ether leading to crystal 8 j. The 
crystals were mounted on loops and X-ray diffraction data were 
collected at 153(2) K on a Rigaku RAXIS-RAPID II diffractometer using 
Mo-Kα radiation. Numerical absorption correction [39] was carried out 
using the program CrystalClear [40] SHELX [41] program package 
under WinGX [42] software were used for structure solution and 
refinement. The structures were solved by direct methods. The models 
were refined by full-matrix least squares on F2. Refinement of 
non-hydrogen atoms was carried out with anisotropic temperature fac-
tors (except for disordered carbon atoms C23A and C23B in crystal 8 j 
where isotropic temperature factor was used). Hydrogen atoms were 
placed into geometric positions. They were included in structure factor 
calculations but they were not refined. The isotropic displacement pa-
rameters of all the hydrogen atoms were approximated from the U(eq) 
value of the atom they were bonded to. In crystal 8 j, two molecules and 
one dichloromethane have been found in the asymmetric unit. In 
molecule 2 the thiophene rings was found in two disordered positions 

Table 4 
Crystal data and structure refinement for compounds 2a and 8j.   

2a 8j 

Empirical formula C26H34O2 C53H66Cl2N8O2S2 

Molecular formula C26H34O2 2 (C26H32N4OS) CH2Cl2 

Formula weight 378.53 982.15 
Temperature (K) 153(2) 153(2) 
Radiation and wavelength λ (Å) Mo-Kα, 0.71073 Mo-Kα, 0.71075 
Crystal system monoclinic monoclinic 
Space group P 21 P 21 

Unit cell dimensions   
a (Å) 7.0071(5) 12.4299(8) 
b (Å) 12.0136(9) 11.2453(7) 
c (Å) 12.7119(10) 17.5904(11) 
β (◦) 95.767(7) 92.572(7) 
Volume Å3 1064.68(14) 2456.3(3) 
Z 2/1 2/1 
Density (calculated) (Mg/m3) 1.181 1.328 
Absorption coefficient, μ (mm− 1) 0.072 0.268 
F(000) 412 1044 
Crystal colour colourless colourless 
Crystal description block chunk 
Crystal size (mm) 0.50 × 0.50 × 0.50 0.35 × 0.30 × 0.30 
Absorption correction numerical numerical 
Max. and min. transmission 0.981, 0.987 0.989, 0.994 
θ− range for data collection (◦) 3.192 ≤ θ ≤ 30.480 3.281 ≤ θ ≤ 25.347◦

Reflections collected 26,315 31,944 
Completeness to 2θ 0.999 0.997 
Independent reflections (R(int)) 6433 (0.0250) 8944 (0.0587) 
Reflections I>2σ(I) 5960 7107 
Refinement method full-matrix least-squares on F2 full-matrix least-squares on F2 

Data / restraints / parameters 6433 /1 /260 8944 /1 /605 
Goodness-of-fit on F2 1.081 1.018 
Final R indices [I>2σ(I)], R1, wR2 0.0407, 0.0945 0.0474, 0.0849 
R indices (all data), R1, wR2 0.0449, 0.0962 0.0676, 0.0905 
Max. and mean shift/esd 0.000; 0.000 0.001; 0.000 
Largest diff. peak and hole (e. Å− 3) 0.417; -0.145 0.423; -0.380  
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with an occupancy of 76 % for C23A and S21A and 24 % for C23B and 
S21B atoms. Constrains have been used for the refinement of the posi-
tion and ADP of disordered atoms. As the configuration of the chiral 
atoms of DHT was known and the reactions did not lead to novel 
asymmetric center, the absolute configuration was not investigated. The 
summary of data collection and refinement parameters are collected in 
Table 4. Selected bond lengths and angles of compounds calculated by 
PLATON software [43] are collected in Tables S1 and S2. The graphical 
representation and the edition of CIF files were done by Mercury [44] 
and EnCIFer [45] softwares. The crystallographic data files for the two 
compounds have been deposited with the Cambridge Crystallographic 
Database as CCDC 2062396-2062397. 

4.4. Cell lines 

The 22Rv1-ARE14 reporter cell line [29] and C4-2 were kindly 
provided by prof. Zdeněk Dvořák and by Dr. Marián Hajdúch, respec-
tively (both from Palacký University Olomouc, Czech Republic). 
22Rv1-ARE14 and C4-2 cell lines were grown in RPMI-1640 medium. 
All media were supplemented with 10 % normal or charcoal-stripped 
fetal bovine serum (steroid-depleted serum), 4 mM glutamine, 100 
IU/mL penicillin, 100 mg/mL streptomycin and 1 mM sodium pyruvate. 
Cells were cultivated in a humidified incubator at 5% CO2 atmosphere 
and 37 ◦C. 

4.5. AR-transcriptional luciferase assay 

22Rv1-ARE14 cells were seeded into the Nunc™ MicroWell™ 96- 
well optical-bottom plate (Thermo Fisher Scientific) (40 000 cells/ 
well). The next day, the cultivation medium was discarded and cells 
were washed with PBS. Cells were then incubated in the absence or 
presence of tested compounds dissolved in RPMI-1640 medium sup-
plemented with charcoal-stripped serum and 1 nM R1881. After 24 h 
incubation, cells were washed with PBS and lysed for 10 min in a lysis 
buffer (10 mM Tris pH = 7.4, 2 mM DCTA, 1% nonidet P40, 2 mM DTT) 
at 37 ◦C. After lysis, reaction buffer (20 mM tricine pH = 7.8, 1.07 mM 
MgSO4 ⋅ 7H20, 5 mM ATP, 9.4 mM luciferin) was added to the wells and 
the luminescence of the samples was measured using a Tecan M200Pro 
microplate reader (Biotek). Assays were performed in triplicate. 

4.6. Cell viability assay 

For the viability assays, 22Rv1-ARE14 (10000 cells per well) and 
C4− 2 (5000 cells per well)were seeded into the 96-well tissue culture 
plates and were cultivated overnight. Solutions of analysed compounds 
were then added in different concentrations in triplicate for 72 h. After 
treatment, the resazurin solution (Sigma Aldrich) was added to a final 
concentration of 10 μg per ml for 4 h, and then the fluorescence of 
resorufin was measured at 544 nm/590 nm (excitation/emission) using 
a Fluoroskan Ascent microplate reader (Labsystems). Finally, GI50 value 
was calculated from the dose response curves that resulted from the 
assays using GraphPad Prism 5. 

4.7. Colony formation assay 

PCa cells 22Rv1-ARE14 (2000 cells per well) and C4-2 (5000 cells 
per well) were seeded into 6-well plates and cultivated overnight. The 
following day, the medium was removed and replaced with fresh me-
dium containing different concentrations of the compound. Media 
containing compounds were replaced once within 10 days. After that, 
the medium was discarded and colonies were fixed with 70 % ethanol 
for 15 min, washed with PBS and stained with crystal violet (1 % solu-
tion in 96 % ethanol) for 1 h. Finally, wells were washed with PBS until 
colonies were visible and its photograph was captured. 

4.8. Thermal shift assay 

CETSA experiment was inspired by published protocol [30,31]. C4-2 
cells were deprived of androgens (by cultivation in charcoal stripped 
serum for 24 h), then were harvested, washed twice with PBS and 
treated with R1881 or several concentrations of 2f for 1 h at 37 ◦C in PBS 
with 5 mM glucose. Following the incubation the treated cells were 
aliquoted into PCR strips and heated at different temperatures for 3 min 
in CFX96 Touch Real-time PCR detection system (BioRad). Finally, all 
samples were supplemented with protease inhibitors and lysed by 
freeze-thaw cycles using liquid nitrogen. Samples were clarified by 
centrifugation at 14000 g for 20 min and supernatants were collected 
and denaturated and separated by SDS-PAGE and immunoblotted. 

4.9. Immunoblotting 

Briefly, the cells were harvested and lysed using standard protocol in 
RIPA buffer supplemented with protease and phosphatase inhibitors. 
Cells were also disrupted by ultrasound sonication (10 s with 30 % 
amplitude). Cellular fractionation was performed using the Qproteome 
Cell Compartment Kit (Qiagen). Protein concentration was balanced 
within samples and then proteins were separated by SDS-PAGE and 
electrobloted onto nitrocellulose membranes. Membranes were blocked 
in 4% BSA and incubated with primary antibodies overnight. The next 
day, membranes were washed and incubated with secondary antibodies 
conjugated with peroxidase. Then, peroxidase activity was detected by 
SuperSignal West Pico reagents (Thermo Scientific) using a CCD camera 
LAS-4000 (Fujifilm). Specific antibodies were purchased from Merck 
(anti-α-tubulin, clone DM1A; anti phospho-histone H3 (Ser10); anti- 
β-actin, clone C4), or Cell Signaling Technology (anti-AR, clone D6F11; 
anti-PSA/KLK3, clone D6B1; anti-Nkx3.1, clone D2Y1A; anti-PARP, 
clone 46D11; anti-rabbit secondary antibody). All antibodies were 
diluted in 4% BSA and 0.1 % Tween 20 in TBS. 

4.10. Molecular docking 

Molecular docking is useful theoretical method for prediction and 
interpretation of new designed derivatives based on dihydrotestosterone 
ligand. Androgen receptor PDBID:2PIV [36] was selected as crystal 
structure as an input to molecular docking. The docking studies were 
performed using AutoDock Vina 1.05 [37]. Amino acids up to 6 Å from 
the active site were set as flexible. These settings enabled amino acid 
movement, increased the permitted volume of active site, and allowed 
the placement of DHT derivatives into the otherwise smaller 
highly-packed cavity for native ligands (e.g. DHT). All 3D structures of 
DHT derivatives were obtained with Marvin 15.1.5, a software used for 
the drawing, displaying and characterization of chemical structure, 
substructures and reactions. Polar hydrogens were added to all ligands 
and proteins with the AutoDock Tools (ADT) [38] program prior to 
docking with Autodock Vina program. 
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[11] R. Jorda, S.M.M. Lopes, E. Řezníčková, H. Ajani, A.V. Pereira, C.S.B.M.V.D. Gomes, 
T. Pinho, E. Melo, Tetrahydropyrazolo[1,5-a]pyridine-fused steroids and their in 
vitro biological evaluation in prostate cancer, Eur. J. Med. Chem. 178 (2019) 
168–176, https://doi.org/10.1016/j.ejmech.2019.05.064. 

[12] V.C. Njar, A.M. Brodie, Discovery and development of Galeterone (TOK-001 or VN/ 
124-1) for the treatment of all stages of prostate cancer, J. Med. Chem. 58 (2015) 
2077–2087, https://doi.org/10.1021/jm501239f. 

[13] M. Jarman, S.E. Barrie, J.M. Llera, The 16.,17-double bond is needed for 
irreversible inhibition of human cytochrome p45017α by abiraterone (17-(3- 
pyridyl)androsta-5,16-dien-3β-ol) and related steroidal inhibitors, J. Med. Chem. 
41 (1998) 5375–5381, https://doi.org/10.1021/jm981017j. 

[14] A.K. Kwegyir-Afful, S. Ramalingam, P. Purushottamachar, V.P. Ramamurthy, V. 
C. Njar, Galeterone and VNPT55 induce proteasomal degradation of AR/AR-V7, 
induce significant apoptosis via cytochrome c release and suppress growth of 
castration resistant prostate cancer xenografts in vivo, Oncotarget. 6 (2015) 
27440–27460, https://doi.org/10.18632/oncotarget.4578. 

[15] B. Montgomery, M.A. Eisenberger, M.B. Rettig, F. Chu, R. Pili, J.J. Stephenson, N. 
J. Vogelzang, A.J. Koletsky, L.T. Nordquist, W.J. Edenfield, K. Mamlouk, K. 
J. Ferrante, M.E. Taplin, Androgen receptor modulation optimized for response 
(ARMOR) Phase I and II studies: galeterone for the treatment of castration-resistant 
prostate cancer, Clin. Cancer Res. 22 (2016) 1356–1363, https://doi.org/10.1158/ 
1078-0432.CCR-15-1432. 

[16] M.E. Taplin, E.S. Antonarakis, K.J. Ferrante, K. Horgan, B. Blumenstein, F. Saad, 
J. Luo, J.S. de Bono, Androgen receptor modulation optimized for response-splice 
variant: a Phase 3, randomized trial of galeterone versus enzalutamide in androgen 
receptor splice variant-7-expressing metastatic castration-resistant prostate cancer, 
Eur. Urol. 76 (2019) 843–851, https://doi.org/10.1016/j.eururo.2019.08.034. 

[17] E.A. Mostaghel, B.T. Marck, S.R. Plymate, R.L. Vessella, S. Balk, A.M. Matsumoto, 
P.S. Nelson, R.B. Montgomery, Resistance to CYP17A1 inhibition with abiraterone 
in castration-resistant prostate cancer: induction of steroidogenesis and androgen 
receptor splice variants, Clin. Cancer Res. 17 (2011) 5913–5925, https://doi.org/ 
10.1158/1078-0432.CCR-11-0728. 
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Figure S1. Unit cell containing two molecules in the crystal of 2a 

 

 

Figure S2. Packing arrangements in crystal 2a viewed from 

the crystallographic directions 'a', 'b' and 'c' 
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(a) 

 

(b) 

 

Figure S3. Crystal packing in crystal 2a showing (a) O-H…O and C-H…O interactions and 

(b) C-H…connections of neighbouring molecules in different view points 
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Figure S4. Unit cell containing two molecules in the crystal of 8j 

 

 

    

Figure S5. Packing arrangements in crystal 8j viewed 

from the crystallographic directions 'a', 'b' and 'c' 
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Figure S6. Packing arrangements in crystal 8j showing the main interactions 

O/C-H…N and C-H…Cl interactions between neighbouring molecules 
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Table S1. Bond length obtained for the compound 2a in crystal I and two molecules of 8j in 

crystal II 

I  II    

  Molecule 1  Molecule 2  

Bond Distance (Å) Bond Distance (Å) Bond Distance (Å) 

O1     -  C3 1.2279(17)     

O2     -  C17 1.4208(19) O1     -  C17 1.420(5) O2     -  C37 1.423(5) 

C1     -  C2 1.514(2) C1     -  C2 1.522(5) C21    -  C22 1.503(5) 

C2     -  C3 1.499(2) C2     -  C3 1.432(5) C22    -  C23 1.429(5) 

C3     -  C4 1.502(2) C3     -  C4 1.492(5) C23    -  C24 1.492(6) 

C4     -  C5 1.526(2) C4     -  C5 1.518(5) C24    -  C25 1.534(5) 

C5     -  C6 1.530(2) C5     -  C6 1.519(5) C25    -  C26 1.522(6) 

C6     -  C7 1.525(2) C6     -  C7 1.519(5) C26    -  C27 1.526(5) 

C7     -  C8 1.531(2) C7     -  C8 1.528(6) C27    -  C28 1.527(5) 

C8     -  C9 1.547(2) C8     -  C9 1.556(5) C28    -  C29 1.548(5) 

C9     -  C10 1.557(2) C9     -  C10 1.545(5) C29    -  C30 1.550(5) 

C1     -  C10 1.540(2) C1     -  C10 1.533(5) C21    -  C30 1.541(5) 

C9     -  C11 1.546(2) C9     -  C11 1.534(6) C29    -  C31 1.541(6) 

C11    -  C12 1.539(2) C11    -  C12 1.529(5) C31    -  C32 1.538(5) 

C12    -  C13 1.528(2) C12    -  C13 1.518(5) C32    -  C33 1.529(5) 

C13    -  C14 1.540(2) C13    -  C14 1.536(6) C33    -  C34 1.531(6) 

C14    -  C15 1.536(2) C14    -  C15 1.538(5) C34    -  C35 1.543(5) 

C15    -  C16 1.553(2) C15    -  C16 1.548(5) C35    -  C36 1.539(5) 

C16    -  C17 1.546(3) C16    -  C17 1.534(5) C36    -  C37 1.536(5) 

C13    -  C17 1.541(2) C13    -  C17 1.536(6) C33    -  C37 1.525(6) 

C10    -  C19 1.532(2) C10    -  C19 1.542(5) C30    -  C39 1.528(6) 

C13    -  C18 1.534(2) C13    -  C18 1.537(6) C33    -  C38 1.526(6) 

C5     -  C10 1.546(2) C5     -  C10 1.539(5) C25    -  C30 1.554(5) 

C8     -  C14 1.523(2) C8     -  C14 1.523(5) C28    -  C34 1.513(5) 

C2     -  C26 1.352(2) S1"    -  C2" 1.732(4) S21A  -  C22" 1.663(5) 

C1'    -  C2' 1.407(2) S1"    -  C5" 1.687(5) S21A  -  C25" 1.649(6) 

C2'    -  C3' 1.387(2) N1'    -  C2' 1.320(5) N21'   -  C22' 1.318(5) 

C3'    -  C4' 1.385(3) N4'    -  C4' 1.336(5) N24'   -  C24' 1.346(5) 

C4'    -  C5' 1.392(2) C2     -  C7' 1.385(5) C22    -  C27' 1.369(5) 

C5'    -  C6' 1.389(2) C3"    -  C4" 1.412(6) C23A  -  C24" 1.453(6) 

C1'    -  C6' 1.403(2) N1     -  C4' 1.371(5) N21    -  C24' 1.381(5) 

C1'   -  C26 1.465(2) N3'    -  C4' 1.328(5) N23'   -  C24' 1.330(5) 

  N1     -  C7' 1.381(4) N21    -  C27' 1.370(5) 

  N4'    -  C3 1.333(5) N24'   -  C23 1.330(5) 

  C2"    -  C7' 1.450(5) C22"   -  C27' 1.475(5) 

  C4"    -  C5" 1.343(7) C24"   -  C25" 1.301(8) 

  N1     -  N1' 1.368(5) N21    -  N21' 1.364(5) 

  N3'    -  C2' 1.346(6) N23'   -  C22' 1.342(5) 

  C2"    -  C3" 1.367(5) C22"   - C23A 1.483(5) 

 

  



S38 
 

Table S2. Bond angles obtained for molecules in crystal 2a and 8j  

Crystal 2a  Crystal 8j    

  Molecule 1  Molecule 2  

Angle  Deg (°) Angle Deg (°) Angle Deg (°) 

C2   -  C1     -  C10 115.66(12) C2" -  S1"    -  C5" 92.4(2) C22"- S21A   -  C25" 93.8(3) 

C6'  -  C1'    -  C26 125.78(13) C4' -  N1     -  C7' 123.5(3) N21' -  N21    -  C27' 127.5(3) 

C3   -  C2     -  C26 115.55(13) C3  -  N4'    -  C4' 116.9(3) C22' -  N23'   -  C24' 101.4(3) 

O1   -  C3     -  C4 119.24(14) C1  -  C2     -  C7' 121.2(3) C21  -  C22    -  C23 121.4(3) 

C3   -  C4     -  C5 115.36(13) S1" -  C2"    -  C3" 109.5(3) N21' -  C22'   -  N23' 118.9(4) 

C4   -  C5     -  C10 111.25(11) N4' -  C3     -  C2 123.6(3) C22  -  C23    -  C24 119.7(3) 

C5   -  C6     -  C7 111.57(14) C2" -  C3"    -  C4" 113.2(4) N21  -  C24'   -  N23' 109.6(3) 

C7   -  C8     -  C9 110.34(12) N1  -  C4'    -  N4' 121.9(3) C24  -  C25    -  C30 111.8(3) 

C8   -  C9     -  C10 112.03(12) C4  -  C5     -  C6 111.0(3) N21  -  C27'   -  C22 117.1(3) 

C1   -  C10    -  C5 108.21(11) S1" -  C5"    -  C4" 112.2(4) C27  -  C28    -  C29 109.4(3) 

C5   -  C10    -  C9 107.93(11) N1  -  C7'    -  C2 115.3(3) C28  -  C29    -  C30 111.9(3) 

C9   -  C11    -  C12 113.09(12) C7  -  C8     -  C9 110.3(3) C21  -  C30    -  C25 106.4(3) 

C12  -  C13    -  C17 115.27(13) C8  -  C9     -  C10 112.1(3) C25  -  C30    -  C29 107.3(3) 

C14  -  C13    -  C18 113.29(13) C1  -  C10    -  C5 108.4(3) C29  -  C31    -  C32 113.7(3) 

C8   -  C14    -  C15 119.52(14) C5  -  C10    -  C9 108.0(3) C32  -  C33    -  C37 115.2(3) 

C15  -  C16    -  C17 106.02(13) C9  -  C11    -  C12 113.4(3) C34  -  C33    -  C38 112.9(3) 

C13  -  C17    -  C16 104.38(13) C12 -  C13    -  C17 115.9(3) C28  -  C34    -  C35 119.7(3) 

C2'  -  C1'    -  C6' 117.80(14) C14 -  C13    -  C18 113.4(3) C35  -  C36    -  C37 105.8(3) 

C1   -  C2     -  C3 119.37(12) C8  -  C14    -  C15 119.3(3) C33  -  C37    -  C36 103.3(3) 

C1'  -  C2'    -  C3' 121.39(15) C15 -  C16    -  C17 106.0(3) C24' -  N21    -  C27' 122.6(3) 

C2   -  C3     -  C4 118.93(12) C13 -  C17    -  C16 104.1(3) C23  -  N24'   -  C24' 116.4(3) 

C3'  -  C4'    -  C5' 119.52(15) N1' -  N1     -  C4' 109.9(3) C21  -  C22    -  C27' 120.9(3) 

C6   -  C5     -  C10 113.03(12) N1  -  N1'    -  C2' 100.9(3) S21A- C22"   -  23A 112.1(3) 

C1'  -  C6'    -  C5' 120.50(14) C2  -  C1     -  C10 116.9(3) N24' -  C23  - C22 124.5(3) 

C7   -  C8     -  C14 110.96(12) C3  -  C2     -  C7' 118.8(3) C22" - C23A - C24" 104.3(3) 

C8   -  C9     -  C11 111.85(12) S1" -  C2"    -  C7' 122.2(3) N21  -  C24'   -  N24' 121.5(3) 

C1   -  C10    -  C9 109.38(12) N4' -  C3     -  C4 115.7(3) C23A -  C24"  -C25" 116.6(5) 

C5   -  C10    -  C19 111.13(12) C3  -  C4     -  C5 114.4(3) C26  -  C25    -  C30 112.3(3) 

C11 -  C12    -  C13 111.56(14) N3' -  C4'    -  N4' 128.6(4) C25  -  C26    -  C27 112.0(3) 

C12  -  C13    -  C18 111.11(12) C4  -  C5     -  C10 111.5(3) N21  -  C27'   -  C22" 117.8(3) 

C17  -  C13    -  C18 109.46(12) C5  -  C6     -  C7 111.9(3) C27  -  C28    -  C34 111.6(3) 

C13  -  C14    -  C15 103.70(11) N1  -  C7'    -  C2" 117.9(3) C28  -  C29    -  C31 112.9(3) 

O2   -  C17    -  C13 115.52(12) C7  -  C8     -  C14 111.4(4) C21  -  C30    -  C29 109.6(3) 

C1'  -  C26    -  C2 132.08(14) C8  -  C9     -  C11 112.2(3) C25  -  C30    -  C39 112.1(3) 

C2'  -  C1'    -  C26 116.40(14) C1  -  C10    -  C9 108.6(3) C31  -  C32    -  C33 111.0(3) 

C1   -  C2     -  C26 125.08(13) C5  -  C10    -  C19 111.6(3) C32  -  C33    -  C38 110.6(3) 

O1  -  C3     -  C2 121.82(13) C11 -  C12    -  C13 111.3(3) C37  -  C33    -  C38 109.9(3) 

C2'  -  C3'    -  C4' 120.01(15) C12 -  C13    -  C18 110.7(3) C33  -  C34    -  C35 103.5(3) 

C4   -  C5     -  C6 109.66(13) C17 -  C13    -  C18 109.5(3) O2   -  C37    -  C33 116.2(4) 

C4'  -  C5'    -  C6' 120.73(16) C13 -  C14    -  C15 104.5(3) N21' -  N21    -  C24' 109.9(3) 

C6   -  C7     -  C8 112.47(12) O1  -  C17    -  C13 116.0(4) N21  -  N21'   -  C22' 100.2(3) 

C9   -  C8     -  C14 109.02(12) N1' -  N1     -  C7' 126.7(3) C22  -  C21    -  C30 114.6(3) 

C10 -  C9     -  C11 113.82(12) C2' -  N3'    -  C4' 102.3(3) C23  -  C22    -  C27' 117.7(3) 

C1   -  C10    -  C19 108.63(12) C1   -  C2     -  C3 120.0(3) S21A -  C22" - C27' 120.6(3) 

C9   -  C10    -  C19 111.50(12) N1' -  C2'    -  N3' 117.5(4) C23A -  C22"  - C27' 127.3(4) 

C12  -  C13    -  C14 107.88(12) C3" -  C2"    -  C7' 128.2(3) N24' -  C23    -  C24 115.6(3) 

C14  -  C13    -  C17 99.41(11) C2  -  C3     -  C4 120.7(3) C23  -  C24    -  C25 115.1(4) 

C8   -  C14    -  C13 114.17(12) N1  -  C4'    -  N3' 109.5(3) N23'  -  C24'   -  N24' 128.9(4) 

C14  -  C15    -  C16 103.55(14) C3" -  C4"    -  C5" 112.7(4) C24  -  C25    -  C26 110.3(3) 
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O2   -  C17    -  C16 114.56(13) C6   -  C5     -  C10 112.5(3) S21A - C25"   -  24" 113.2(5) 

  C6  -  C7     -  C8 112.2(3) C26  -  C27    -  C28 112.4(3) 

  C2  -  C7'    -  C2" 126.8(3) C22  -  C27'   -  C22" 125.1(3) 

  C9  -  C8     -  C14 108.6(3) C29  -  C28    -  C34 109.0(3) 

  C10 -  C9     -  C11 115.0(3) C30  -  C29    -  C31 113.7(3) 

  C1  -  C10    -  C19 107.8(3) C21  -  C30    -  C39 108.8(3) 

  C9  -  C10    -  C19 112.4(3) C29  -  C30    -  C39 112.5(3) 

  C12 -  C13    -  C14 108.0(3) C32  -  C33    -  C34 108.1(3) 

  C14 -  C13    -  C17 98.9(3) C34  -  C33    -  C37 99.7(3) 

  C8  -  C14    -  C13 114.3(4) C28  -  C34    -  C33 114.9(3) 

  C14 -  C15    -  C16 103.6(3) C34  -  C35    -  C36 104.3(3) 

  O1  -  C17    -  C16 109.8(3) O2   -  C37    -  C36 111.0(3) 

 

 

Table S3. Hydrogen-bond geometry of crystal 2a and 8j 

D-H…A D-H (Å) H…A(Å) D…A(Å) D-H…A ( o) symmetry codes 

   Crystal 2a   

O2-H2O…O1 0.81(2) 2.00(2) 2.8005(18) 166(2) x,y,1+z 

C4’-H4’…O1 0.95 2.46 3.367(2) 160 1-x,-1/2+y,-z 

C3’-H3’…O2 0.95 2.669 3.533(2) 152  

C16-H16A…O1 0.99 2.604 3.424(2) 140 x,y,1+z 

   Crystal 8j   

O1-H1O…N4’ 0.96 1.98 2.911(5) 162 1+x,y,z 

O2-H2O…N24’ 0.99 2.01 2.923(4) 154 1+x,y,z 

C4-H4”…Cl1 0.93 2.78 3.420(5) 127  

C5”-H5”…O2 0.93 2.27 3.104(6) 149 1-x,-1/2+y,1-z 

C40-H40A…N3’ 0.97 2.60 3.297(5) 129 1+x,y,z 

C40-H40B…N23’ 0.97 2.39 3.202(5) 140 1+x,y,z 

C19-H19B…N21’ 0.96 2.85 3.687(5) 146.8  

C2’-H2’…Cl1 0.93 2.86 3.538(5) 130.6  
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Transcriptional activity (22Rv1-ARE14 gene reporter assay, 24 h) 
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Viability of 22Rv1-ARE14 (72 h) 
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A B S T R A C T   

High expression of the androgen receptor (AR) and the disruption of its regulation are strongly responsible for 
the development of prostate cancer (PCa). Therapeutically relevant non-steroidal or steroidal antiandrogens are 
able to block the AR effect by eliminating AR-mediated signalling. Herein we report the synthesis of novel 
steroidal pyrazoles derived from the natural sex hormone 5α-dihydrotestosterone (DHT). 2-Ethylidene or 2- 
(hetero)arylidene derivatives of DHT obtained by regioselective Claisen-Schmidt condensation with acetalde-
hyde or (hetero)aromatic aldehydes in alkaline ethanol were reacted with monosubstituted hydrazines to give A- 
ring-fused 1,5-disubstituted pyrazoles as main or exclusive products, depending on the reaction conditions 
applied. Spontaneous or 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ)-induced oxidation of the primarily 
formed pyrazolines resulted in the desired products in moderate to good yields, while 17-oxidation also occurred 
by using the Jones reagent as a strong oxidant. Transcriptional activity of the AR in a reporter cell line was 
examined for all novel compounds, and several previously synthesized similar DHT-based pyrazoles with 
differently substituted heteroring were also included to obtain information about the structure-activity rela-
tionship. Two specific regioisomeric groups of derivatives significantly diminished the transcriptional activity of 
the AR in reporter cell line in 10 μM concentration, and displayed reasonable antiproliferative activity in AR- 
positive PCa cell lines. Lead compound (3d) was found to be a potent AR antagonist (IC50 = 1.18 μM), it 
generally suppressed AR signalling in time and dose dependent manner, moreover, it also led to a sharp decrease 
in wt-AR protein level probably caused by proteasomal degradation. We confirmed the antiproliferative activity 
of 3d in AR-positive PCa cell lines (with GI50 in low micromolar ranges), and its cellular, biochemical and in 
silico binding in AR ligand-binding domain. Moreover, compound 3d was shown to be potent even ex vivo in 
patient-derived tissues, which highlights the therapeutic potential of A-ring-fused pyrazoles.   

1. Introduction 

The androgen receptor (AR) is a ligand-activated transcription factor 
that belongs to the superfamily of steroid and thyroid hormone receptors 
and plays a crucial role in the normal development of male reproductive 
tissues. Androgen binding induces conformational changes of the AR 

that influences its interactions with other proteins and DNA, as well as 
its subcellular localization and transcriptional activity. The AR is further 
regulated by numerous post-translational modifications that affect its 
physiological role, especially its transcriptional program [1,2]. 

High expression and/or relaxation of AR regulation is strongly 
implicated in prostate cancer (PCa). PCa is the second most frequent 

* Corresponding author. 
** Corresponding author. 
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cancer in men according to the National Cancer Institute (USA). Primary 
therapy (androgen deprivation therapy) is based on reduction of the 
circulating androgens in plasma (by orchiectomy or with luteinizing 
hormone-releasing hormone agonists), but usually the disease pro-
gresses to castration-resistant prostate cancer (CRPC) stage, which is 
defined by alteration in signalling of AR (high expression, splicing var-
iants) and resistance to standard therapeutics. Therefore, AR has been 
suggested as an important therapeutic target for PCa, and several anti- 
AR strategies have been introduced for decades including inhibition of 
the transcription of the AR gene, inhibition or destabilization of tran-
script or protein or splicing variants, AR degradation, blocking of AR 
synthesis, interference with intracellular trafficking of AR, and inhibi-
tion of downstream signalling related to AR-V7 activation (Fig. 1) [3,4]. 

Several steroidal or non-steroidal agents (e.g. abiraterone, enzalu-
tamide, apalutamide, darolutamide) with diverse modes of action 
(CYP17 hydroxylase/17,20 lyase (CYP17) inhibitors, AR antagonists) 
have been approved for CRPC, and data have demonstrated an overall 
survival benefit also in the castration-sensitive stage. On the other hand, 
several AR-related mechanisms of resistance have been described, and 
novel strategies to overcome them are an important unmet need. Since 
recent studies have revealed that several mutations in the AR convert the 
action of enzalutamide and apalutamide from antagonist to agonist [5, 
6], it appears suitable to target AR also indirectly, e.g. by 
AR-destabilizing agents. Decrease in AR protein stability is accompanied 
by increased degradation, which is connected with its short half-life 
(highlighted in the presence of no androgens) and by the presence of 
PEST sequence responsible for rapid degradation in proteasome. Several 
compounds with AR degradation activity have been introduced, 
including hybrid molecules such as PROTACs (proteolysis-targeting 
chimeras based on the proteasome-mediated degradation of protein of 
interest) [7–10] or SNIPERs (specific and nongenetic inhibitor of 
apoptosis protein-dependent protein erasers) [11]. Interestingly, bio-
pharmaceutical company Arvinas developed several AR degraders, and 
currently ARV-110 (bavdegalutamide) is the first degrader in Phase 2 
clinical trial for the treatment of patients with metastatic CRPC [12,13]. 

Sterane-based D-ring-modified pyrazoles [14,15], structurally 
related to abiraterone, are known to be potentially effective anti-
androgen agents for the treatment of PCa by antagonizing AR, acting as 
CYP17 enzyme inhibitors and/or having direct cytotoxicity. However, 
steroids containing a pyrazole moiety in the A-ring were less investi-
gated. We previously described some A-ring-fused arylpyrazoles of DHT 
and demonstrated their anticancer activity against multiple cancer cell 
lines including PCa cells [16,17]. Cyclocondensation reactions of 
2-hydroxymethylene-DHT led to a mixture of separable pyrazole 
regioisomers (series 1 and 2) in varying ratio depending on the applied 
medium and on the electronic character of the substituent of the 

phenylhydrazine applied (Fig. 2) [16]. Similar derivatives containing a 
1,5-disubstituted pyrazole moiety (series 3 and 4) were also obtained 
[17]. 

In the current work, additional 1,5-disubstituted pyrazoles struc-
turally similar to 3 and 4 have been prepared, and a total of 55 com-
pounds including the previously and newly synthesized ones were 
screened for their ability to affect the transcriptional activity of AR in a 
reporter cell line. The structure of all novel compounds was determined 
by 1D and 2D NMR spectroscopy as well as electrospray ionization mass 
spectrometry (ESI-MS). All compounds were analysed for their agonist 
and antagonist activity towards the AR, for their ability to decrease AR 
protein level and to block the formation of LAPC-4 colonies. Based on 
the obtained results from screening, SAR for compounds was described, 
and lead compound 3d was further studied in detail. Lead compound 
exerted reasonable antiproliferative activity towards AR-positive PCa 
cell lines and inhibited the colony formation. It was demonstrated that 
3d dose-dependently diminishes AR transcriptional activity and mRNA 
expression of PSA (key downstream target). Moreover, lead compound 
markedly decreased the AR protein level and totally turned off down-
stream signalling upon longer treatment. Molecular docking proved the 
possibility of binding 3d into the wt-AR ligand binding domain, but also 
into frequent Thr877Ala mutant with extensive interactions. 

Fig. 1. Examples of AR modulators in clinical trials (upper panel) and compounds with the ability to degrade AR (bottom panel).  

Fig. 2. A-ring-fused pyrazoles of DHT previously synthetized by us [16,17].  
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2. Results and discussion 

2.1. Synthesis and characterization of the target compounds 

In order to synthesize compounds structurally similar to those from 
series 3, arylidene derivatives (5a–j) of DHT were first synthesized by 
Claisen-Schmidt condensation as α,β-enone precursors suitable for het-
erocyclization (Supporting Information, Scheme S1). The majority of the 
compounds were obtained by the method described previously [18], 
however, two additional molecules (5f and 5i) were also prepared on the 
basis of preliminary flexible docking into AR and solubility consider-
ations. As a next step, the cyclization of the prepared enones (5) with 
methylhydrazine as binucleophilic reagent was planned to be carried 
out. Preliminary experiment was performed with 5a in EtOH using MW 
irradiation. After an irradiation time of 3 min, complete conversion was 
observed by thin-layer chromatography (TLC), and four new spots were 
detected on the silica plate. The products were separated by column 
chromatography, and their structures were determined by NMR spec-
troscopy. Two of the four compounds proved to be pyrazole 
regioisomers 8a and 9a formed by heterocyclization and subsequent 
autooxidation under the reaction conditions, while the other two 
products were the diastereomeric pairs of the pyrazoline precursor 6a of 
the major heteroaromatic product 8a (Scheme 1). The order of elution in 
descending polarity was as follows: 9a (1,3-pyrazole) > 8a (1,5-pyr-
azole) > 6a (inseparable mixture of two isomers). These results thus 
showed that a considerable amount of the pyrazolines formed primarily 
by the ring-closure underwent oxidation under the reaction conditions. 
The partially saturated precursor 7a of the 1,3-disubstituted pyrazole 9a 
could not be detected. 

Since the reaction described above led to the formation of four 
difficult-to-separate products, an additional oxidation step was intro-
duced before purification to complete the spontaneous oxidation 
observed partially, and thus reduce the number of products to two. 2,3- 
Dichloro-5,6-dicyanobenzoquinone (DDQ), which has been successfully 
used previously for the oxidation of the heteroring without affecting the 
C17–OH bond [18], was suitable for this purpose. The reaction was first 
carried out in 1,4-dioxane with conventional heating, which required a 
relatively large amount of hot solvent to dissolve the starting materials. 
Although the oxidation was completed within 2 h, the work-up pro-
cedure and extraction of the products proved to be difficult. However, 
when the reaction was carried out in a MW reactor, the higher reaction 
temperature (120 ◦C) in a closed vessel allowed the starting materials to 
dissolve in significantly less solvent (5 mL), and a much shorter time (5 
min) was required for the DDQ-induced oxidation. The use of a smaller 
amount of solvent facilitated the work-up, as a filterable precipitate was 
observed when the reaction mixture was poured onto water. As 

expected, the oxidation resulted in a mixture of the two possible pyr-
azole regioisomers (8a and 9a) in a ratio of about 2:1, which were easily 
separable by column chromatography. However, the heterocyclization 
of 5a with methylhydrazine sulfate under conventional heating in EtOH 
for 24 h led to the exclusive formation of the 1,5-pyrazole (8a) without 
the traces of its pyrazoline precursor (6a) or the other heteroaromatic 
regioisomer (9a) (Scheme 1). Since the formation of 9a by initial 1, 
4-addition of methylhydrazine to 5a is under kinetic control, short re-
action time under MW heating can lead to the 1,3-disubstituted product 
in a minor extent by rapid dehydrogenation of the cyclized pyrazoline 
precursor 7a. Contrarily, longer reaction time at reflux temperature 
favoured the exclusive formation of the thermodynamically more stable 
1,5-regioisomer (8a) by nucleophilic attack of the reagent on the 
carbonyl-C followed by cyclization and spontaneous oxidation [19]. 

The structure of the regioisomeric pyrazoles 8a and 9a was 
confirmed by 1D NMR (1H and 13C NMR, Supporting Information) and 
2D NMR measurements (HSQC, HMBC, NOESY). A significant difference 
between the two spectra can be observed in the range of 2.00–3.00 ppm 
and above 7.00 ppm in the aromatic region, where the peaks of the 
protons located at or near to the reaction centre appear. The charac-
teristic signals of the hydrogens at C-1 and C-4 are found at a chemical 
shift above 2.00 ppm due to the proximity of the heteroaromatic ring. 
For 8a and 9a, the reversed order of the signals indicates a structural 
difference between the compounds. In order to identify the 1,3- and the 
1,5- pyrazoles, their 2D-NMR spectra were also recorded, and after 
determining the characteristic correlations, we also examined the 
NOESY spectra of the products, which provided information on the 
protons with the same spatial arrangement (Figs. S1 and S2). 

As mentioned above, the heterocyclization led to the regioselective 
formation of the 1,5-regioisomer (8a) in good yield under conventional 
heating without the need for an additional oxidation step (Scheme 1, 
Table 1, entry 1). As a continuation, further arylidene derivatives (5b–h) 
were subjected to ring-closure, and the corresponding 1,5-regioisomers 
(8b–h) were obtained in moderate to good yields (Table 1, entries 2–8). 
For compounds bearing a halogen substituent on the benzene ring, the 
oxidation was completed using DDQ, while spontaneous oxidation 
occurred in other cases. Treating the crude products with the Jones re-
agent in acetone, besides the pyrazoline ring, the 17β-hydroxyl group 
was also oxidized leading to the corresponding 17-ones (10b–h) 
(Table 1, entries 1–8). Furthermore, the 1,5-dimethyl-substitued pyr-
azole (8l) and its 17-one derivative (10l) were also prepared from the 
previously synthesized ethylidene derivative 5j [17]. Based on prom-
ising preliminary flexible docking studies for diaryl-substituted pyr-
azoles, oxidative heterocyclization of 5a, 5e and 5i was carried out with 
phenylhydrazine hydrochloride under MW condition (Table 1, entries 
9–11), leading to compounds 8i–k in high yields. Their D-ring-oxidized 

Scheme 1. Synthesis of ring A-fused disubstituted pyrazole regioisomers of DHT. Reagents and conditions: (i)methylhydrazine (2.0 equiv.), EtOH, MW, 100 ◦C, 3 min; 
(ii) methylhydrazine sulfate (2.0 equiv.), EtOH, reflux, 24 h; (iii) DDQ, dioxane, 120 ◦C, 5 min (8a: 57%, 9a: 28%) or spontaneous oxidation (8a:80 %). 

M. Peřina et al.                                                                                                                                                                                                                                  



European Journal of Medicinal Chemistry 249 (2023) 115086

4

analogues 10i–k were also prepared for pharmacological comparison. 

2.2. Targeting AR and AR-related processes 

We recently described the synthesis of DHT derivatives modified in 
the A-ring with (hetero)arylidene, pyrazolo[1,5-a]pyrimidine and tri-
azolo[1,5-a]pyrimidine moieties and their targeting of the AR in PCa cell 
lines [18]. 

Currently we introduced novel DHT derivatives, namely A-ring-fused 
1,5-disubstituted pyrazoles (8) and their C17-oxidized derivatives (10). 
These series were complemented (for better understanding of structure- 
activity relationship) with previously published A-ring-fused mono-
substituted pyrazoles (1 and 2) and 1,5-disubstituted pyrazole de-
rivatives of DHT (3 and 4) that demonstrated anticancer activity against 
multiple cancer cell lines including PCa cells, but were not pharmaco-
logically investigated in relation to AR [16,17]. All compounds were 
investigated for their ability to affect i) the transcriptional activity of the 
AR using an AR-dependent reporter cell line [20], ii) the formation of 
cell colonies, and iii) the expression of AR and its well-known AR-re-
gulated genes (Nkx3.1 and PSA) via immunoblotting. All data are pre-
sented in Table 2–4, Table S1, Fig. 3 and Figs. S3, S4, S5. 

The ability of compounds to diminish the R1881-stimulated tran-
scriptional activity of AR (antagonist mode) or to transactivate AR itself 
(agonist mode) was examined using an AR-dependent reporter cell line 
[20]. Compounds from series 1 and 2 displayed only moderate effect on 
R1881-stimulated AR-transcriptional activity (Table 2). Most of the 
compounds were not able to reach inhibition values ≤ 50% of control 
cells stimulated with 1 nM R1881 in 10 μM concentration. Only com-
pounds 1d and 1e (2′-p-fluorophenyl and 2′-p-chlorophenyl-substituted 
pyrazole derivatives, respectively) showed inhibition values around 
39%. Unfortunately, most compounds (except of regioisomers 1f and 2f) 
undesirably activated the AR in agonist mode (Table S1). 

Regioisomers of 3 and 8 that bear C-17 hydroxy group and combine 
methyl and aryl substitution at N1 or C5 position of pyrazole (3a–3h, 

8a–8h) showed to act as strong antagonists. In total, 12 from 16 com-
pounds were able to decrease the AR-transcriptional activity below 50% 
of R1881-stimulated control (Tables 3 and 4). Compounds from series 3 
were generally more potent antagonists than their regioisomers from 
series 8. Importantly, none of the compounds displayed agonist activ-
ities except of 8b. The most potent steroids which were able to decrease 
the AR-transcriptional activity below 50% already in 2 μM concentra-
tion were 3a bearing 5-methyl-1-phenyl pyrazole moiety, 3d with 1-flu-
orophenyl-5-methyl pyrazole moiety and 3g with 1-cyaonophenyl-5- 
methyl pyrazole group (Table S1). 

Antagonist activities were observed also for series 4 and 10 bearing 
C-17 keto group (counterparts of 3 and 8, combining methyl and aryl 
substitution at N1 or C5 position of the pyrazole ring, respectively). All 
compounds (4a–4h, 10a–10h) acted predominantly as AR antagonists 
but were less potent than compounds from series 3 and 8. Only 5 
compounds were capable to decrease the AR-transcriptional activity 
below 50% of R1881-stimulated control (Tables 3 and 4). 

Previous results showed that the combination of a small substituent 
(Me group) with a bulky one (Ph or modified para-substituted Ph moi-
ety) in the 1,5 positions of the pyrazole ring is fundamental to reach 
strong antagonist activity. This scenario was obvious from the results 
with derivatives 8l, 10l (1,5-dimethyl-substituted) and 8i, 10i (1,5- 
diaryl-substituted) that displayed only agonist activities without any 
inhibition effect to R1881-stimulated AR transactivation. 

Further, we evaluated the protein expression of AR and its tran-
scriptional targets, PSA and Nkx3.1 (Fig. 3, S3) in LAPC-4 cell treated 
with 10 μM concentration of compounds for 24 h. Results from immu-
noblot analyses showed that the most significant downregulation of AR- 
downstream signalling was induced by active compounds from series 3 
and 4 (1-aryl-5-methyl substituted pyrazoles) as well as 8 and 10 (5- 
aryl-1-methyl-substituted pyrazoles). Oppositely, no decrease in ana-
lysed proteins was observed upon treatment with compounds from se-
ries 2, 8i–8l and 10i–10l that clearly corresponded to the results from 
AR-transactivation assay. In addition, only three compounds from the 

Table 1 
Synthesis of DHT-derived A-ring-fused 1′,5′-pyrazole derivatives. 
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Table 2 
Investigated activities for N-monosubstituted pyrazole derivatives of DHT and selected standards. 

Fig. 3. The LAPC-4 cells were treated with the studied steroids (10 μM, 24 h) in FBS containing medium and lysates were then blotted for detection of appropriate 
proteins. Representative results are shown; the expression of PSA and α-tubulin (loading control) are included in the Supporting Information, Fig. S3. 
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monosubstituted pyrazoles, namely, 1a, 1b, and 1e displayed moderate 
downregulation of the investigated proteins. 

More importantly, some compounds from series 3, 4 and 10 signif-
icantly reduced AR protein level (Fig. 3). This process was shown to be 
important for the prevention of AR re-activation by alternative signal-
ling pathways and by androgens, and provide therapeutic option for 
CRPC [8,9]. Decrease in AR protein stability, connected with increased 
degradation was previously published for enzalutamide, bicalutamide, 
apalutamide and darolutamide [21], but abiraterone and galeterone 
contributed to enhanced AR protein degradation mainly in cells 
expressing mutated AR-T878A [22,23]. 

2.3. Antiproliferative properties of steroid derivatives in different PCa cell 
lines 

Antiproliferative properties of the novel derivatives were screened 
on the panel of three PCa cell lines, namely LAPC-4 (expressing wild 
type AR), 22Rv1 (expressing AR-H875Y and splicing variant V-7) and 
DU145 (no AR expression). Data confirmed the targeting of AR because 
DU145 has stayed as the most resistant cell line (Table 5). In general, 
effects corresponded with previous assays showing that compounds 
from series 3, 4, 8, and 10 belong to the most active ones, while com-
pounds from series 1 and 2 did not exert any effect on viability of PCa 
cells, consistently with the weak agonist activity of these derivatives. 
The most potent derivatives in 22Rv1 cells were compounds 3a, 3d, 
8d–g (<30% viable cells in 20 μM concentration), while LAPC4 cells 

were the most sensitive to compounds 3d, 4e and 10a–h (<40% viable 
cells in 20 μM concentration). Cellular activities of compounds 8i–l, 
10i–l displaying no AR-antagonist properties were probably related to 
another mechanism of action. 

In the consequence of relatively low antiproliferative potential of 
novel compounds, we evaluated their effect on the formation of colonies 
from LAPC-4 cells during the 10 days period. 

As shown in Table 2–4, Figs. S4 and S5, all compounds from series 3, 
4, 8 and 10 were potent to block the formation of cell colonies in 5 μM 
concentration. Consistently with previous results, compounds from se-
ries 2 and 8i–l, 10i–l displayed only weak effect comparable to enza-
lutamide. On the other hand, many compounds from series 1 effectively 
inhibited colonies growth, but our above-mentioned results indicated 
the targeting of non-AR related processes in cells. 

2.4. Further profiling of candidate compounds 

As a next step, we selected 10 hits (compounds 3a, 3d, 3g, 3f, 4c, 4e, 
4g, 8g, 8h, and 10f) from previous assays (potent AR antagonists, AR 
degraders and inhibitors of formation of LAPC-4 colonies) for further 
profiling to compare their effect side by side. We excluded all com-
pounds with poor solubility (e.g. 3e) and those showing agonist or 
dualist mode of action in reporter assay. 

Results from LNCaP cells (AR-Thr877Ala model) treated with 1 nM 
R1881 along with our hits (Fig. 4A) showed that compounds 3a, 3d, 3f 
belong to the most potent derivatives, as clearly documented mainly by 

Table 3 
Investigated activities for 1-aryl-5-methyl pyrazole derivatives of DHT. 
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suppression of R1881-stimulated phosphorylation of AR at serine 81, an 
important marker of AR status in cells [24,25]. Interestingly, the 
expression of AR was only slightly decreased. The inhibitory effect of the 
compounds on AR-regulated signalling was further supported by the 
observation of the Nkx3.1 downregulation (most significantly in the 
presence of 3a, 3d, 4c and 8g) contrary to PSA expression. 

The same experiment was performed also in LNCaP – Abl cells that 
were established after long-term cultivation in androgen-depleted me-
dium, which resulted in AR hypersensitivity [5]. As shown in Fig. 4B, 
most of the compounds are able to block AR activation as documented 
by monitoring its phosphorylation at S81 and PSA expression. The most 
profound changes were observed in the cells treated with compounds 3d 
and 4g. Furthermore, sharp decreases in both Nkx3.1 and PSA protein 
levels were observed upon treatment of LAPC-4 cells, and 3a, 3d, 8g, 8h 
and 10f belonged to the most potent compounds (Fig. 4C). Also, based 
on the significant decreases in phosphorylation at S81, LAPC-4 cells 
(AR-wt model) were found to be the most sensitive cell line within our 
PCa panel. 

2.5. Targeting the AR with compound 3d in vitro 

We selected compound 3d for further biological evaluation, mainly 
due its pronounced effects (PSA and Nkx3.1 decline, diminishing of S81 
phosphorylation) in tested PCa cell lines. Preliminary data were ob-
tained from several PCa cell lines treated with 10 μM concentration in 
two different conditions, without stimulation by R1881 in FBS con-
taining media or with stimulation by R1881 in CSS containing media. 
We therefore decided to evaluate the changes in AR and downstream 
targets precisely in different concentrations and time of treatment in 
LAPC-4 cells. In the experiment where stimulation of AR signalling is 
evoked by synthetic androgen R1881, we observed dose-dependent 
suppression of AR signalling up to 10 μM concentration of 3d that was 
comparable to galeterone’s effect in LAPC-4 (Fig. 5A), as well as in 
22Rv1 and LNCaP (Fig. S6). Long-term treatment of LAPC-4 showed that 
the AR expression significantly decreased in tested concentrations after 
48 and 72 h (Fig. 5B), as observed for PROTAC-based AR antagonist 
ARV110 (bavdegalutamide) also. Moreover, the expression of PSA and 
Nkx3.1 was completely switched off upon 72-h treatment with 3d. 
Importantly, the long-term treatment with 3d caused only proliferation 
inhibition (still >80% cells alive after 24 h and 48 h treatment; decrease 

Table 4 
Investigated activities for 1,5-disubstituted pyrazole derivatives of DHT. 
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in Myc expression) without massive induction of apoptosis as docu-
mented by monitoring of PARP-1 and procaspases protein expression 
including their fragmentation (Fig. S7). We therefore confirmed that the 
decrease in AR protein level is not directly evoked by cell death. 

In rescue experiment, we verified the ability of 3d to bind to AR 
cavity. LAPC-4 and LNCaP cells were pre-treated with 3d for 1 h to 
saturate the AR LBD domain, and then bavdegalutamide (an effective AR 
degrader) was added for 4 h. As showed in Fig. 5C, the degradation of AR 
in the presence of bavdegalutamide was blocked by different doses of 3d 
which confirmed targeting the AR. 

The binding of the candidate compound 3d into AR-LBD was eval-
uated using flexible molecular docking into the LBD of AR (PDB:2PIV) 
crystallised with natural agonist DHT. Key interaction residues in both 
extremities of the LBD cavity such us Gln711, Arg752, Thr877, and 
Asn705 were set as flexible. The flexible docking of compound 3d 
revealed extensive binding in AR-LBD with similar positions of inter-
acting residues as in published antagonist model [26]. First two poses of 
3d were characterised by high binding energy (ΔGVina = − 11.8 kcal/-
mol and − 11.6 kcal/mol, respectively), and similar orientation with 
nearly identical interactions in the 1’-(4′′-fluo-
rophenyl)-5′-methylpyrazolo part of 3d, where Arg752 and Gly583 
create a halogen bond with fluorine on the phenyl ring, which is prob-
ably stabilized by hydrophobic interactions with side chains of Gln711, 
Met749, Val684 and Ala748 (Fig. 6A and B). The methyl group (on the 
pyrazole ring of 3d) forms a hydrophobic interaction with Leu707, while 
the fused pyrazole ring interacts with Phe764 and might also form a 
hydrogen bond with Met745. 

The key difference was observed in the interaction of the 17β-OH on 
the D-ring of 3d. In the first pose the hydroxyl group forms a conserved 
hydrogen bond with Thr877 (known from the binding of DHT) (Fig. 6A), 

while in the second pose the steroid core is positioned in a slightly 
different angle towards Asn705, where it forms a hydrogen bond with 
the 17β-OH group. Further stabilization of the steroidal ring of 3d is 
mediated by hydrophobic interactions with neighbouring leucines 701 
and 704. Most importantly, the second pose shows a binding pose in-
dependent of Thr877 which is mutated in LNCaP cell line by point 
mutation T877A. Overall, lead compound should bind to the same re-
gion with an orientation similar to the known antagonist cyproterone 
(PDB:2OZ7) [26,27] (Fig. 6C and D). The interaction of our lead com-
pound independent of Thr877 should explain its potency even in PCa 
bearing mutated AR-LBD. 

Next, the binding of 3d in human recombinant AR-LBD was exam-
ined by the micro-scale thermophoresis using the Protein Labeling Kit 
RED-NHS (Nanotemper). The binding of the 3d (tested in 25 μM–0.25 
μM range) induced significant changes in the protein mobility marked 
by the change of the fluoresence signal (Fig. S8) and confirmed thus 
binding of 3d into the AR-LBD. 

Further, we evaluated the antiproliferative effect of 3d in different 
cell lines in dose dependent manner using colony formation assay and 
resazurine-based viability assay. We confirmed the increased sensitivity 
to AR-positive PCa cell lines with GI50 values in low micromole ranges 
and to wt-AR expressing LAPC-4 cells, being the most sensitive (GI50 =

7.9 ± 1.6 μM) (see Fig. S9). Moreover, cell cycle analysis after 48 h of 
treatment showed a reduced number of cells in S-phase of the cell cycle, 
which confirmed to us the negative impact of 3d on proliferation of AR- 
positive LAPC-4 and 22Rv1 cells, while having no effect on AR-negative 
DU145 cells (Fig. S10). 

Finally, we examined the effect of different doses of 3d on R1881- 
stimulated transcriptional activity in reporter cell line, and it was 
found that IC50 value of 3d (1.18 μM) shows higher potency compared to 

Table 5 
Viability of PCa cells upon treatment with 20 μM compounds for 72 ha. 
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galeterone (7.59 μM) and enzalutamide (3.32 μM) assayed as controls 
(Fig. 7A). We further evaluated the functional consequences of the 
diminishing of the AR transactivation, and performed qPCR analysis of 
mRNA expression of AR and PSA, respectively. As showed in Fig. 7B, 3d 
inhibited PSA mRNA expression in 22Rv1 cells more potently than 
enzalutamide and galeterone. We also observed comparable results in 
LAPC-4 cells under similar experimental conditions, where the expres-
sion level of AR transcript decreased moderately, as well (Fig. S11). 

2.6. Targeting the AR with compound 3d ex vivo 

Selected compounds 3d and 10f were preliminary tested in a short- 
term ex vivo culture of patient-derived samples. An experienced 
pathologist provided non-diagnostic tissues (approximately 0.5 cubic 
centimeter) from five patients undergoing robotic prostatectomy. The 
tissues were cut with vibratome, and slices were treated for three days 
with our candidates (10 μM) along with enzalutamide and bavdegalu-
tamide (1 μM). Immunohistochemistry results of proliferation marker 
Ki67 and AR are provided in Fig. 8 and Fig. S12. Samples from one 
patient were excluded due to missing cancer cells in some tissue slices. 
Compound 3d caused a mild decrease of the level of Ki67 (marker of 
proliferation) and heterogenous effect on the AR level, which was 
slightly decreased in 3 from 4 patients. Tissue slices obtained from pa-
tient 1 display the most homogenous morphology and downregulation 
of AR is clearly visible after treatment with compound 3d, enzalutamide 
and bavdegalutamide (see Fig. S12). Tissue slices from other patients 
displayed heterogeneous tissue morphology which hampers direct 
comparison of the treatments. However, enzalutamide also demon-
strated a limited effect only, while bavdegalutamide was shown to be the 
most potent. Our candidates will be further tested on other patient- 
derived tissues, as well as organoids which may clarify their therapeu-
tic potential. 

3. Conclusion 

In summary, our existing compound library of DHT-derived A-ring- 
fused pyrazoles has been extended to novel derivatives synthesized from 
α,β-enones with monosubstituted hydrazines. The heterocyclization and 
subsequent oxidation led to the regioselective formation of the ther-
modynamically favoured 1,5-disubstituted heterocyclic compounds 
under conventional heating. A total of 55 differently functionalized 
derivatives were subjected to the evaluation of their impact on the AR 
signalling in several PCa models. Lead compound 3d displayed signifi-
cant potency to disrupt AR signalling in both castration-sensitive and 
resistant PCa cell lines, with selective antiproliferative potency towards 
AR-positive cell lines. Treatment with 10 μM of compound 3d induced 
massive reduction in AR protein level, slight decrease in AR transcript 
and total blockage in AR downstream targets (PSA, Nkx3.1), which was 
associated with the decrease in S-phase cells and proliferation blockage. 
Moreover, ex vivo activity was shown on PCa patient’s biopsies with 
overall encouraging potential as a PCa anticancer agent. 

Fig. 4. (A) LNCaP, (B) LNCaP-Abl or (C) LAPC-4 cells were cultivated in CSS 
containing medium, and then stimulated with 1 nM R1881 in the presence of 
studied steroids (10 μM) for 24 h. Lysates were then blotted for detection of 
appropriate proteins. Stars indicate bands corresponding with phosphorylated 
AR at S81. β-actin served as protein loading control. 

Fig. 5. Effect of 3d on expression of AR and down-
stream targets PSA and Nkx3.1 in LAPC-4 cells. (A) 
Cells were cultivated in charcoal-stripped serum me-
dium for 24 h, and then stimulated with 1 nM R1881 
alone or with different doses of 3d for additional 24 
h. (B) Cells were cultivated in standard media and 
treated with 3d for indicated time. (C) LAPC-4 and 
LNCaP cells were pre-treated with 3d for 1 h, and 
then bavdegalutamide was added for the next 4 h. 
β-actin level served as protein loading control. Enz, 
enzalutamide; Gal, galeterone; Bav, 
bavdegalutamide.   
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4. Experimental 

4.1. General 

Chemicals, reagents and solvents were purchased from commercial 
suppliers (Sigma-Aldrich, TCI and Alfa Aesar) and used without further 
purification. Melting points (Mp) were determined on an SRS Optimelt 
digital apparatus and are uncorrected. For MW-assisted syntheses, a 
CEM Discover SP laboratory MW reactor was used with a max. power of 
200 W (running a dynamic control program). Elementary analysis data 
were obtained with a PerkinElmer CHN analyzer model 2400. The 

transformations were monitored by TLC using 0.25 mm thick Kieselgel- 
G plates (Si 254 F, Merck). The compound spots were detected by 
spraying with 5% phosphomolybdic acid in 50% aqueous phosphoric 
acid. Flash chromatographic purifications were carried out on silica gel 
60, 40–63 μm (Merck). NMR spectra were recorded with a Bruker DRX 
500 instrument at room temperature in CDCl3 and DMSO‑d6 using re-
sidual solvent signal as an internal reference. Chemical shifts are re-
ported in ppm (δ scale) and coupling constants (J) are given in Hz. 
Multiplicities of the 1H signals are indicated as a singlet (s), a broad 
singlet (bs), a doublet (d), a double doublet (dd), a triplet (t), or a 
multiplet (m). 13C NMR spectra are 1H-decoupled and the J-MOD pulse 

Fig. 6. Binding poses of 3d in the ligand binding 
domain of AR (PDB:2PIV) performed by flexible 
docking. The first pose (A) shows interactions 
including Thr877, while the second pose (B) shows 
binding independent of Thr877. Respective align-
ments with cyproterone is shown as well (C, D). Sticks 
represent interacting amino acid residues. Nitrogen 
atoms are shown in blue, oxygen atoms in red, fluo-
rine atom in cyan. Hydrogen bonds are shown with 
blue dash lines, halogen bonds with cyan dash lines 
and hydrophobic interactions are shown with grey 
dash lines.   

Fig. 7. (A) The effect of 3d on the AR-mediated 
transcription in the 22Rv1-ARE14 reporter cell line. 
Cells were stimulated with 1 nM R1881 (R) alone 
(black column) or with different doses of 3d (grey 
columns) for 24 h in charcoal-stripped serum medium 
(CSS), and then, the luciferase activity in the cell 
lysate was measured (B) The effect of compound 3d 
and standard AR antagonists on relative normalized 
mRNA expression of AR-downstream gene KLK3 
(PSA). Cells were cultivated in CSS medium over-
night, then treated with compounds in 10 μM con-
centration in presence of 1 nM R1881 for 24 h. Enz, 
enzalutamide; Gal, galeterone.   

Fig. 8. AR (A) and Ki67 (B) levels from the highest- 
intensity positive cells assessed by immunostaining 
of tissue from 4 patients in the explants after 3 days of 
ex vivo culture in the presence of indicated com-
pounds. Candidate compounds 3d and 10f were 
applied in 10 μM concentrations, while standards 
enzalutamide (Enz) and bavdegalutamide (Bav) in 1 
μM concentrations. All immunohistochemistry images 
were evaluated using histoscore method and 
normalized to DMSO-treated samples (see also 
Fig. S12).   
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sequence was used for multiplicity editing. In this spin-echo type 
experiment, the signal intensity is modulated by the different coupling 
constants J of carbons depending on the number of attached protons. 
Both protonated and unprotonated carbons can be detected (CH3 and CH 
carbons appear as positive signals, while CH2 and C carbons as negative 
signals). The purified derivatives were dissolved in high purity aceto-
nitrile and introduced with an Agilent 1290 Infinity II liquid chroma-
tography pump to an Agilent 6470 tandem mass spectrometer equipped 
an electrospray ionization chamber. Flow rate was 0.5 mL min− 1, and 
contained 0.1% formic acid or 0.1% ammonium hydroxide to help 
facilitate ionization. The instrument operated in MS1 scan mode with 
135 V fragmentor voltage, and the spectra were recorded from 200 to 
600 m/z, which were corrected with the background. 

4.2. Chemistry 

4.2.1. Synthesis of the A-ring-modified α,β-enones 
Compounds 5a–e, 5g and 5h were synthesized as described previ-

ously [18]. 

4.2.1.1. 17β-Hydroxy-2-(4-bromo)benzylidene-5α-androstan-3-one (5f). 
According to the general method described previously [18], 4-bromo-
benzaldehyde (666 mg) was used for the reaction. Reaction time: 3 h. 
White solid. Yield: 1.18 g (86%); Mp 205–207 ◦C; 1H NMR (CDCl3, 500 
MHz): δH 0.73 (s, 3H, 18-H3), 0.80 (s, 3H, 19-H3), 0.85–1.02 (over-
lapping m, 3H), 1.11 (m, 1H), 1.22–1.65 (overlapping m, 9H), 1.78 (m, 
3H), 2.07 (m, 1H), 2.14 (d, 1H, J = 15.7 Hz, one of 1-H2), 2.23 (dd, 1H, J 
= 18.6 Hz, 13.3 Hz, one of 4-H2), 2.45 (dd, 1H, J = 18.6 Hz, J = 5.2 Hz, 
the other of 4-H2), 3.03 (d, 1H, J = 15.7 Hz, the other of 1-H2), 3.65 (t, 
1H, J = 8.6 Hz, 17-H), 7.23 (d, 2H, J = 8.4 Hz, 3′-H and 5′-H), 7.45 (s, 
1H, 2a-H), 7.52 (d, 2H, J = 8.4 Hz, 2′-H and 6′-H); 13C NMR (CDCl3, 125 
MHz): δC 11.2 (C-18), 12.0 (C-19), 21.2 (CH2), 23.5 (CH2), 28.7 (CH2), 
30.7 (CH2), 31.2 (CH2), 35.6 (CH), 36.3 (C-10), 36.8 (CH2), 42.0 (CH2), 
42.7 (CH), 42.9 (CH2), 43.0 (C-13), 51.1 (CH), 53.8 (CH), 82.0 (C-17), 
122.9 (C-4′), 131.8 (2C, C-2′ and C-6′), 131.8 (2C, C-3′ and C-5′), 134.7 
(C-1′), 136.0 (C-2a), 136.1 (C-2), 201.4 (C-3); ESI-MS 457 [M+H]+; 
Anal. Calcd. for C26H33BrO2 C 68.27; H 7.27. Found C 68.29; H 7.28. 

4.2.1.2. 17β-Hydroxy-2-(4-hydroxy)benzylidene-5α-androstan-3-one 
(5i). According to the general method described previously [18], 
4-(methoxymethoxy)benzaldehyde (598 mg) was used for the reaction. 
The reaction mixture was heated under reflux temperature for 16 h. 
MOM-protected-5i was obtained as a yellow crystal. Yield: 682 mg 
(52%). This reaction was repeated to obtain a sufficient amount of 
protected derivative, then 877 mg (2 mmol) was dissolved in hot MeOH 
followed by the addition of 6 M HCl solution (0.2 mL) dropwise. The 
reaction mixture was stirred for 30 min, and then cooled to room tem-
perature. The mixture was poured into water and extracted with EtOAc 
(3 × 10 mL). The combined organic layer was washed with water (2 ×
20 mL) and brine (20 mL), dried over anhydrous Na2SO4 and the solvent 
was evaporated in vacuo. The crude product was purified by column 
chromatography (silica gel, EtOAc/CH2Cl2 = 10:90 to EtOAc/CH2Cl2 =

50:50 using gradient elution). Yield: 554 mg (70%); Mp > 250 ◦C 
(decomp.); 1H NMR (DMSO‑d6, 500 MHz): δH 0.62 (s, 3H, 18-H3), 0.71 
(s, 3H, 19-H3), 0.89 (overlapping m, 3H), 1.02 (m, 1H), 1.11–1.42 
(overlapping m, 7H), 1.50 (m, 1H), 1.58–1.65 (overlapping m, 2H), 1.77 
(m, 1H), 1.84 (m, 1H), 2.11 (dd, 1H, J = 18.7, 13.1 Hz, one of 4-H2), 
2.24 (d, 1H, J = 15.9 Hz, one of 1-H2), 2.30 (dd, 1H, J = 18.7, 5.4 Hz, the 
other of 4-H2), 2.94 (d, 1H, J = 16.0 Hz, the other of 1-H2), 3.45 (t, 1H, J 
= 8.1 Hz, 17-H), 4.42 (bs, 1H, 17-OH), 6.83 (d, 2H, J = 8.6 Hz, 3′-H and 
5′-H), 7.34 (d, 2H, J = 8.6 Hz, 2′-H and 6′-H), 7.35 (s, 1H, 2a-H), 9.92 (s, 
1H, 4′-OH); 13C NMR (DMSO‑d6, 125 MHz): δC 11.1 (C-18), 11.7 (C-19), 
20.5 (CH2), 23.1 (CH2), 28.0 (CH2), 29.9 (CH2), 30.7 (CH2), 35.0 (CH), 
35.3 (C-10), 36.6 (CH2), 41.3 (CH), 41.5 (CH2), 42.1 (CH2), 42.4 (C-13), 
50.4 (CH), 53.0 (CH), 80.0 (C-17), 115.5 (2C, C-3′ and C-5′), 126.0 

(C-1′), 132.1 (C-2), 132.4 (2C, C-2′ and C-6′), 136.5 (C-2a), 158.3 (C-4′) 
199.3 (C-3); ESI-MS 395 [M+H]+; Anal. Calcd. for C26H34O3 C 79.15; H 
8.69. Found C 79.08; H 8.68. 

4.2.2. General procedures for the synthesis of DHT-derived A-ring-fused 
pyrazoles 

Method A: 1 mmol arylidene (5a) and methylhydrazine (105 μL, 2 
equiv.) were dissolved in EtOH (4 mL), and the mixture was irradiated in 
a closed vessel at 100 ◦C for 3 min. After completion of the reaction, the 
mixture was poured into ice water (10 mL), NH4Cl was added and the 
white precipitate formed was filtered in vacuo, washed with water and 
dried. The solid thus obtained containing both 6a and 7a was oxidized: 
the crude product was dissolved in 5 mL 1,4-dioxane, and DDQ (250 mg, 
1.1 equiv.) was added. The reaction mixture was irradiated in a closed 
vessel at 120 ◦C for 5 min. After completion of the reaction, the mixture 
was poured into ice water, NH4Cl was added, and the resulting precip-
itate was filtered and dried. The crude product containing 8a and 9a was 
purified by column chromatography with EtOAc/CH2Cl2 = 10:90. 

Method B: Arylidene (5a–f, 5i), heteroarylidene (5g, 5h) or ethyl-
idene derivative (5j) [17] (1.0 mmol) and methylhydrazine sulfate (288 
mg, 2 equiv.) were dissolved in absolute EtOH (15 mL) and the mixture 
was stirred at 78 ◦C for 24 h, during which in addition to the complete 
conversion of the starting material, the spontaneous oxidation of the 
heteroring also occurred in most of the cases. During work-up, the 
mixture was cooled to room temperature, poured into water and 
extracted with CH2Cl2 (3 × 10 mL). The combined organic layer was 
washed with water (2 × 20 mL) and brine (20 mL), dried over anhydrous 
Na2SO4 and the solvent was evaporated in vacuo. The crude product was 
purified by column chromatography except in the reaction of 5d–5f 
where oxidation of the heteroring with DDQ was needed. Thus, in this 
latter case, the residue was dissolved in 1,4-dioxane (10 mL) and DDQ 
(250 mg, 1.1 equiv.) was added. The mixture was irradiated in a closed 
vessel at 120 ◦C for 5 min, then poured into ice-cold water. NH4Cl was 
added and the resulting precipitate was filtered and dried. The crude 
product was purified by column chromatography. 

4.2.2.1. 17β-Hydroxy-1′-methyl-5′-phenylpyrazolo[3′,4’:3,2]-5α-andros-
tane (8a). According to Section 4.2.2., Method A or B, 379 mg of 5a was 
used. Eluent: EtOAc/CH2Cl2 = 10:90. Off white solid. Yield: 232 mg 
(57%, Method A), or 323 mg (80%, Method B); Mp 157–160 ◦C; 1H NMR 
(CDCl3, 500 MHz): δH 0.74 (s, 3H, 18-H3), 0.76 (s, 3H, 19-H3), 0.81–1.00 
(overlapping m, 3H, 9α-H, 7α-H and 14α-H), 1.05 (m, 1H, 12α-H), 
1.23–1.47 (overlapping m, 5H, 15β-H, 11β-H, 6β-H, 8β-H and 16β-H), 
1.55–1.65 (overlapping m, 4H, 11α-H, 5α-H, 15α-H and 6α-H), 1.73 (m, 
1H, 7β-H), 1.79 (m, 1H, 12β-H), 2.06 (m, 1H, 16α-H), 2.13 (d, 1H, J =
15.3 Hz, 1α-H), 2.33 (dd, 1H, J = 16.4, 12.2 Hz, 4β-H), 2.47 (d, 1H, J =
15.3 Hz, 1β-H), 2.67 (dd, 1H, J = 16.4, 5.1 Hz, 4α-H), 3.63 (t, 1H, J =
8.5 Hz, 17α-H), 3.77 (s, 3H, N–CH3), 7.31 (d-like m, 2H, 3′′-H and 5′′-H), 
7.38 (t-like m, 1H, 4′′-H), 7.46 (t-like m, 2H, 2′′-H and 6′′-H); 13C NMR 
(CDCl3, 125 MHz): δC 11.2 (C-18), 11.8 (C-19), 21.0 (C-11), 23.6 (C-15), 
27.9 (C-4), 29.5 (C-6), 30.8 (C-16), 31.6 (C-7), 35.7 (C-1), 36.1 (C-8), 
36.6 (C-10), 37.0 (C-12), 37.2 (N–CH3), 42.8 (C-5), 43.0 (C-13), 51.2 (C- 
14), 54.3 (C-9), 82.1 (C-17), 114.3 (C-2), 128.1 (C-4′′), 128.8 (2C) and 
129.3 (2C): C-2′′, C-6′′, C-3′′, C-5′′, 131.1 (C-1′′), 140.2 (C-5′) 147.3 (C- 
3); ESI-MS 405 [M+H]+; Anal. Calcd. for C27H36N2O C 80.15; H 8.97. 
Found C 80.21; H 8.98. 

4.2.2.2. 17β-Hydroxy-1′-methyl-3′-phenylpyrazolo[4′,3’:2,3]-5α-andros-
tane (9a). According to Section 4.2.2., Method A, 379 mg of 5a was used. 
Eluent: EtOAc/CH2Cl2 = 10:90. Off white solid. Yield: 114 mg (28%); 
Mp 232–236 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.73 (s, 3H, 18-H3), 0.76 
(s, 3H, 19-H3), 0.86–1.03 (overlapping m, 3H, 9α-H, 7α-H and 14α-H), 
1.13 (m, 1H, 12α-H), 1.28 (m, 1H, 15β-H), 1.35–1.49 (overlapping m, 
4H, 6β-H, 8β-H, 11β-H and 16β-H), 1.60–1.77 (overlapping m, 5H, 15α- 
H, 5α-H, 6α-H, 11α-H, 7β-H), 1.86 (m, 1H, 12β-H), 2.07 (m, 1H, 16α-H), 

M. Peřina et al.                                                                                                                                                                                                                                  



European Journal of Medicinal Chemistry 249 (2023) 115086

12

2.21 (dd, 1H, J = 16.2, 12.4 Hz, 4β-H), 2.32 (d, 1H, J = 15.1 Hz, 1α-H), 
2.53 (dd, 1H, J = 16.2, 4.9 Hz, 4α-H), 2.76 (d, 1H, J = 15.1 Hz, 1β-H), 
3.66 (t, 1H, J = 8.5 Hz, 17α-H), 3.79 (s, 3H, N–CH3), 7.29 (t-like m, 1H, 
4′′-H), 7.40 (t-like m, 2H, 3′′-H and 5′′-H), 7.70 (d, 2H, J = 7.3 Hz, 2′′-H 
and 6′′-H); 13C NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 11.7 (C-19), 21.0 
(C-11), 23.6 (C-15), 26.3 (C-4), 29.2 (C-6), 30.7 (C-16), 31.4 (C-7), 35.7 
(N–CH3), 35.9 (C-8), 36.6 (C-10), 36.8 (C-1), 36.9 (C-12), 41.8 (C-5), 
43.0 (C-13), 51.1 (C-14), 54.1 (C-9), 82.0 (C-17), 113.0 (C-2), 126.8 (2C, 
C-2′′ and C-6′′), 127.1 (C-4′′), 128.6 (2C, C-3′′ and C-5′′), 134.4 (C-1′′), 
138.8 (C-5′) 147.6 (C-3′); ESI-MS 405 [M+H]+; Anal. Calcd. for 
C27H36N2O C 80.15; H 8.97. Found C 80.08; H 8.95. 

4.2.2.3. 17β-Hydroxy-1′-methyl-5’-(4′′-tolyl)-pyrazolo[3′,4’:3,2]-5α- 
androstane (8b). According to Section 4.2.2., Method B, 393 mg of 5b 
was used. Eluent: EtOAc/CH2Cl2 = 5:95. Off white solid. Yield: 340 mg 
(81%); Mp 124–126 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.74 (s, 3H, 18- 
H3), 0.75 (s, 3H, 19-H3), 0.80–0.99 (overlapping m, 3H), 1.06 (m, 1H), 
1.23–1.47 (overlapping m, 5H), 1.54–1.64 (overlapping m, 4H), 1.73 
(m, 1H), 1.78 (m, 1H), 2.06 (m, 1H), 2.11 (d, 1H, J = 15.2 Hz, 1α-H), 
2.31 (dd, 1H, J = 16.5, 12.1 Hz, 4β-H), 2.41 (s, 4′′-CH3), 2.46 (d, 1H, J =
15.2 Hz, 1β-H), 2.66 (dd, 1H, J = 16.5, 5.0 Hz, 4α-H), 3.63 (t, 1H, J =
8.5 Hz, 17α-H), 3.77 (s, 3H, N–CH3), 7.21 (d, 2H, J = 8.0 Hz), 7.26 (d, 
2H, J = 8.0 Hz); 13C NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 11.7 (C-19), 
21.0 (C-11), 21.4 (4′′-CH3), 23.6 (C-15), 27.8 (C-4), 29.4 (C-6), 30.7 (C- 
16), 31.5 (C-7), 35.6 (C-1), 36.0 (C-8), 36.5 (C-10), 36.9 (C-12), 37.1 
(N–CH3), 42.7 (C-5), 43.0 (C-13), 51.2 (C-14), 54.3 (C-9), 82.1 (C-17), 
114.1 (C-2), 127.9 (C-4′′), 129.2 (2C, C-2′′ and C-6′′), 129.5 (2C, C-3′′

and C-5′′), 138.1 (C-1′′), 140.2 (C-5′), 147.2 (C-3); ESI-MS 419 [M+H]+; 
Anal. Calcd. for C28H38N2O C 80.34; H 9.15. Found C 80.11; H 9.16. 

4.2.2.4. 17β-Hydroxy-5’-(4′′-methoxyphenyl)-1′-methylpyrazolo 
[3′,4’:3,2]-5α-androstane (8c). According to Section 4.2.2., Method B, 
409 mg of 5c was used. Eluent: EtOAc/CH2Cl2 = 5:95. White solid. 
Yield: 343 mg (79%); Mp 125–128 ◦C; 1H NMR (CDCl3, 500 MHz): δH 
0.74 (s, 3H, 18-H3), 0.75 (s, 3H, 19-H3), 0.80–0.99 (overlapping m, 3H), 
1.06 (m, 1H), 1.23–1.47 (overlapping m, 5H), 1.55–1.65 (overlapping 
m, 4H), 1.73 (m, 1H), 1.79 (m, 1H), 2.05 (m, 1H), 2.10 (d, 1H, J = 15.2 
Hz, 1α-H), 2.31 (dd, 1H, J = 16.4, 12.1 Hz, 4β-H), 2.45 (d, 1H, J = 15.2 
Hz, 1β-H), 2.65 (dd, 1H, J = 16.4, 5.0 Hz, 4α-H), 3.63 (t, 1H, J = 8.5 Hz, 
17α-H), 3.76 (s, 3H, N–CH3), 3.86 (s, 3H, 4′′-OCH3), 6.99 (d, 2H, J = 8.7 
Hz, 3′′-H and 5′′-H), 7.24 (d, 2H, J = 8.7 Hz, 2′′-H and 6′′-H); 13C NMR 
(CDCl3, 125 MHz): δC 11.2 (C-18), 11.7 (C-19), 21.0 (C-11), 23.6 (C-15), 
27.8 (C-4), 29.5 (C-6), 30.7 (C-16), 31.5 (C-7), 35.6 (C-1), 36.0 (C-8), 
36.5 (C-10), 36.9 (C-12), 37.1 (N–CH3), 42.7 (C-5), 43.0 (C-13), 51.2 (C- 
14), 54.3 (C-9), 55.5 (4′′-OCH3), 82.1 (C-17), 114.0 (C-2), 114.3 (2C, C- 
3′′ and C-5′′), 123.2 (C-1′′), 130.5 (2C, C-2′′ and C-6′′), 140.0 (C-5′), 
147.2 (C-3), 159.5 (C-4′′); ESI-MS 435 [M+H]+; Anal. Calcd. for 
C28H38N2O2 C 77.38; H 8.81. Found C 77.36; H 8.83. 

4.2.2.5. 17β-Hydroxy-5’-(4′′-fluorophenyl)-1′-methylpyrazolo[3′,4’:3,2]- 
5α-androstane (8d). According to Section 4.2.2., Method B, 397 mg of 5d 
was used. Eluent: EtOAc/CH2Cl2 = 10:90. White solid. Yield: 278 mg 
(66%); Mp 185–187 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.74 (s, 3H, 18- 
H3), 0.75 (s, 3H, 19-H3), 0.80–0.99 (overlapping m, 3H), 1.06 (m, 1H), 
1.23–1.47 (overlapping m, 5H), 1.54–1.64 (overlapping m, 4H), 1.72 
(m, 1H), 1.80 (m, 1H), 2.05 (m, 1H), 2.10 (d, 1H, J = 15.2 Hz, 1α-H), 
2.30 (dd, 1H, J = 16.5, 11.9 Hz, 4β-H), 2.41 (d, 1H, J = 15.2 Hz, 1β-H), 
2.65 (dd, 1H, J = 16.5, 5.1 Hz, 4α-H), 3.63 (t, 1H, J = 7.6 Hz, 17α-H), 
3.75 (s, 3H, N–CH3), 7.15 (t-like m, 2H), 7.28 (overlapping m, 2H); 13C 
NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 11.7 (C-19), 21.0 (C-11), 23.6 
(C-15), 27.8 (C-4), 29.4 (C-6), 30.7 (C-16), 31.5 (C-7), 35.5 (C-1), 36.0 
(C-8), 36.5 (C-10), 36.9 (C-12), 37.1 (N–CH3), 42.7 (C-5), 43.0 (C-13), 
51.1 (C-14), 54.2 (C-9), 82.1 (C-17), 114.4 (C-2), 115.9 (d, 2C, J = 21.7 
Hz, C-3′′ and C-5′′), 127.0 (d, J = 3.5 Hz, C-1′′), 131.1 (d, 2C, J = 8.2 Hz, 
C-2′′ and C-6′′), 139.2 (C-5′), 147.3 (C-3), 161.6 (d, J = 248.4 Hz, C-4′′); 

ESI-MS 423 [M+H]+; Anal. Calcd. for C27H35FN2O C 76.74; H 8.35. 
Found C 76.86; H 8.32. 

4.2.2.6. 17β-Hydroxy-5’-(4′′-chlorophenyl)-1′-methylpyrazolo[3′,4’:3,2]- 
5α-androstane (8e). According to Section 4.2.2., Method B, 413 mg of 5e 
was used. Eluent: EtOAc/CH2Cl2 = 10:90. White solid. Yield: 302 mg 
(69%); Mp 123–125 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.74 (s, 3H, 18- 
H3), 0.75 (s, 3H, 19-H3), 0.80–1.00 (overlapping m, 3H), 1.07 (m, 1H), 
1.23–1.47 (overlapping m, 5H), 1.54–1.66 (overlapping m, 4H), 1.74 
(m, 1H), 1.80 (m, 1H), 2.05 (m, 1H), 2.11 (d, 1H, J = 15.2 Hz, 1α-H), 
2.32 (dd, 1H, J = 16.5, 11.9 Hz, 4β-H), 2.43 (d, 1H, J = 15.2 Hz, 1β-H), 
2.66 (dd, 1H, J = 16.5, 5.1 Hz, 4α-H), 3.63 (t, 1H, J = 8.5 Hz, 17α-H), 
3.76 (s, 3H, N–CH3), 7.24 (d, 2H, J = 8.5 Hz, 3′′-H and 5′′-H), 7.44 (d, 
2H, J = 8.5 Hz, 2′′-H and 6′′-H); 13C NMR (CDCl3, 125 MHz): δC 11.2 (C- 
18), 11.8 (C-19), 21.0 (C-11), 23.6 (C-15), 27.8 (C-4), 29.5 (C-6), 30.8 
(C-16), 31.6 (C-7), 35.6 (C-1), 36.1 (C-8), 36.6 (C-10), 37.0 (C-12), 37.2 
(N–CH3), 42.8 (C-5), 43.0 (C-13), 51.2 (C-14), 54.3 (C-9), 82.1 (C-17), 
114.6 (C-2), 129.1 (2C, C-2′′ and C-6′′), 129.5 (C-1′′), 130.6 (2C, C-3′′

and C-5′′), 134.3 (C-4′′), 139.0 (C-5′), 147.5 (C-3); ESI-MS 439 [M+H]+; 
Anal. Calcd. for C27H35ClN2O C 73.87; H 8.04. Found C 73.91; H 8.03. 

4.2.2.7. 17β-Hydroxy-5’-(4′′-bromophenyl)-1′-methylpyrazolo[3′,4’:3,2]- 
5α-androstane (8f). According to Section 4.2.2., Method B, 457 mg of 5f 
was used. Eluent: EtOAc/CH2Cl2 = 10:90. White solid. Yield: 304 mg 
(63%); Mp 143–145 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.74 (s, 3H, 18- 
H3), 0.75 (s, 3H, 19-H3), 0.80–1.00 (overlapping m, 3H), 1.06 (m, 1H), 
1.23–1.47 (overlapping m, 5H), 1.54–1.65 (overlapping m, 4H), 1.73 
(m, 1H), 1.80 (m, 1H), 2.05 (m, 1H), 2.10 (d, 1H, J = 15.2 Hz, 1α-H), 
2.31 (dd, 1H, J = 16.5, 11.9 Hz, 4β-H), 2.43 (d, 1H, J = 15.2 Hz, 1β-H), 
2.66 (dd, 1H, J = 16.5, 5.1 Hz, 4α-H), 3.63 (t, 1H, J = 8.6 Hz, 17α-H), 
3.76 (s, 3H, N–CH3), 7.18 (d, 2H, J = 8.4 Hz), 7.59 (d, 2H, J = 8.4 Hz); 
13C NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 11.8 (C-19), 21.0 (C-11), 
23.6 (C-15), 27.8 (C-4), 29.5 (C-6), 30.8 (C-16), 31.6 (C-7), 35.6 (C-1), 
36.1 (C-8), 36.6 (C-10), 37.0 (C-12), 37.2 (N–CH3), 42.8 (C-5), 43.0 (C- 
13), 51.2 (C-14), 54.3 (C-9), 82.1 (C-17), 114.6 (C-2), 122.5 (C-4′′), 
129.9 (C-1′′), 130.8 (2C, C-2′′ and C-6′′), 132.1 (2C, C-3′′ and C-5′′), 
139.0 (C-5′), 147.5 (C-3); ESI-MS 485 [M+H]+; Anal. Calcd. for 
C27H35BrN2O C 67.07; H 7.30. Found C 66.91; H 7.29. 

4.2.2.8. 17β-Hydroxy-5’-(furan-2′′-yl)-1′-methylpyrazolo[3′,4’:3,2]-5α- 
androstane (8g). According to Section 4.2.2., Method B, 369 mg of 5g 
was used. Eluent: EtOAc/CH2Cl2 = 10:90. Light brown solid. Yield: 207 
mg (52%); Mp 112–116 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.76 (s, 3H, 
18-H3), 0.77 (s, 3H, 19-H3), 0.83–1.01 (overlapping m, 3H), 1.12 (m, 
1H), 1.24–1.49 (overlapping m, 5H), 1.53–1.65 (overlapping m, 4H), 
1.71 (m, 1H), 1.85 (m, 1H), 2.07 (m, 1H), 2.17 (d, 1H, J = 15.6 Hz, 1α- 
H), 2.29 (dd, 1H, J = 16.4, 11.9 Hz, 4β-H), 2.62 (overlapping m, 2H, 1β- 
H and 4α-H), 3.65 (t, 1H, J = 8.6 Hz, 17α-H), 3.99 (s, 3H, N–CH3), 6.44 
(d, 1H, J = 3.4 Hz, 3′′-H), 6.51 (dd, 1H, J = 3.4, 1.8 Hz, 4′′-H), 7.52 (d, 
1H, J = 1.8 Hz, 5′′-H); 13C NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 11.9 
(C-19), 21.0 (C-11), 23.6 (C-15), 27.6 (C-4), 29.4 (C-6), 30.7 (C-16), 
31.5 (C-7), 36.0 (C-8), 36.1 (C-1), 36.4 (C-10), 37.0 (C-12), 38.6 
(N–CH3), 42.5 (C-5), 43.0 (C-13), 51.1 (C-14), 54.3 (C-9), 82.1 (C-17), 
108.5 (C-3′′), 111.3 (C-4′′), 114.8 (C-2), 130.8 (C-5′), 142.3 (C-5′′), 145.5 
(C-3), 147.1 (C-2′′); ESI-MS 395 [M+H]+; Anal. Calcd. for C25H34N2O2 C 
76.10; H 8.69. Found C 76.31; H 8.71. 

4.2.2.9. 17β-Hydroxy-1′-methyl-5’-(tiophen-2′′-yl)-pyrazolo[3′,4’:3,2]- 
5α-androstane (8h). According to Section 4.2.2., Method B, 385 mg of 5h 
was used. Eluent: EtOAc/CH2Cl2 = 10:90. Light yellow solid. Yield: 237 
mg (58%); Mp 124–126 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.75 (s, 3H, 
18-H3), 0.77 (s, 3H, 19-H3), 0.83–1.01 (overlapping m, 3H), 1.09 (m, 
1H), 1.24–1.48 (overlapping m, 5H), 1.55–1.65 (overlapping m, 4H), 
1.74 (m, 1H), 1.83 (m, 1H), 2.06 (m, 1H), 2.15 (d, 1H, J = 15.4 Hz, 1α- 
H), 2.30 (dd, 1H, J = 16.4, 11.9 Hz, 4β-H), 2.58–2.65 (overlapping m, 
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2H, 1β-H and 4α-H), 3.64 (t, 1H, J = 8.5 Hz, 17α-H), 3.88 (s, 3H, 
N–CH3), 7.06 (d, 1H, J = 3.5 Hz, 5′′-H), 7.14 (dd, 2H, J = 5.0, 3.7 Hz, 4′′- 
H), 7.41 (d, 1H, J = 5.1 Hz, 3′′-H); 13C NMR (CDCl3, 125 MHz): δC 11.2 
(C-18), 11.8 (C-19), 21.0 (C-11), 23.6 (C-15), 27.8 (C-4), 29.4 (C-6), 
30.8 (C-16), 31.6 (C-7), 36.0 (C-1), 36.1 (C-8), 36.6 (C-10), 37.0 (C-12), 
37.6 (N–CH3), 42.7 (C-5), 43.0 (C-13), 51.2 (C-14), 54.3 (C-9), 82.1 (C- 
17), 115.6 (C-2), 126.5 (C-5′′), 127.2 (C-3′′), 127.5 (C-4′′), 131.6 (C-2′′), 
133.5 (C-5′), 147.3 (C-3); ESI-MS 411 [M+H]+; Anal. Calcd. for 
C25H34N2OS C 73.13; H 8.35. Found C 73.09; H 8.38. 

4.2.2.10. 17β-Hydroxy-1′,5′-dimethylpyrazolo[3′,4’:3,2]-5α-androstane 
(8l). According to Section 4.2.2., Method B, 316 mg of 5j was used. 
Eluent: EtOAc/CH2Cl2 = 80:20. White solid. Yield: 207 mg (60%); Mp 
240–243 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.74 (s, 3H, 18-H3), 0.76 (s, 
3H, 19-H3), 0.80–1.00 (overlapping m, 3H), 1.10 (m, 1H), 1.23–1.53 
(overlapping m, 5H), 1.56–1.73 (overlapping m, 5H), 1.85 (m, 1H), 1.98 
(d, 1H, J = 14.9 Hz, 1α-H), 2.05 (m, 1H), 2.10 (s, 3H, 5′-CH3), 2.23 (dd, 
1H, J = 16.4, 12.1 Hz, 4β-H) 2.43 (d, 1H, J = 14.9 Hz, 1β-H), 2.54 (dd, 
1H, J = 16.4, 5.2 Hz, 4α-H), 3.64 (t, 1H, J = 8.6 Hz, 17α-H), 3.70 (s, 3H, 
N–CH3); 13C NMR (CDCl3, 125 MHz): δC 9.6 (5′-CH3), 11.2 (C-18), 11.8 
(C-19), 21.0 (C-11), 23.6 (C-15), 27.7 (C-4), 29.4 (C-6), 30.7 (C-16), 
31.5 (C-7), 35.0 (C-1), 35.9 (N–CH3), 36.0 (C-8), 36.4 (C-10), 37.0 (C- 
12), 42.8 (C-5), 43.0 (C-13), 51.1 (C-14), 54.3 (C-9), 82.1 (C-17), 113.1 
(C-2), 135.0 (C-5′) 146.7 (C-3); ESI-MS 343 [M+H]+; Anal. Calcd. for 
C22H34N2O C 77.14; H 10.01. Found C 77.08; H 9.99. 

4.2.3. General procedure for the one-pot synthesis of ring A-condensed 
pyrazoles 

Arylidene derivative (1.0 mmol, 5a, 5e, or 5i) was dissolved in ab-
solute EtOH (5 mL), then I2 (254 mg, 1 equiv.) and (substituted) phe-
nylhydrazine hydrochloride (2 equiv.) were added, and the mixture was 
irradiated in a closed vessel at 100 ◦C for 2 min. After completion of the 
reaction, the mixture was poured into saturated aqueous solution of 
Na2S2O3 (10 mL) and extracted with CH2Cl2 (3 × 10 mL). The combined 
organic layers were dried over anhydrous Na2SO4 and concentrated in 
vacuo. The crude product was purified by column chromatography. 

4.2.3.1. 17β-Hydroxy-1′,5′-diphenylpyrazolo[3′,4’:3,2]-5α-androstane 
(8i). According to Section 4.2.3., 290 mg phenylhydrazine hydrochlo-
ride and 379 mg of 5a was used. Eluent: EtOAc/CH2Cl2 = 5:95. White 
solid. Yield: 394 mg (84%); Mp 224–226 ◦C; 1H NMR (CDCl3, 500 MHz): 
δH 0.75 (s, 3H, 18-H3), 0.81 (s, 3H, 19-H3), 0.85–1.02 (overlapping m, 
3H, 9α-H, 7α-H and 14α-H), 1.09 (m, 1H, 12α-H), 1.28 (m, 1H, 15β-H), 
1.35–1.48 (overlapping m, 4H, 6β-H, 8β-H, 16β-H and 11β-H), 1.64 
(overlapping m, 4H, 11α-H, 5α-H, 15α-H and 6α-H), 1.75 (m, 1H, 7β-H), 
1.82 (m, 1H, 12β-H), 2.07 (m, 1H, 16α-H), 2.25 (d, 1H, J = 15.4 Hz, 1α- 
H), 2.41 (dd, 1H, J = 16.7, 11.9 Hz, 4β-H), 2.59 (d, 1H, J = 15.4 Hz, 1β- 
H), 2.77 (dd, 1H, J = 16.7, 5.1 Hz, 4α-H), 3.65 (t, 1H, J = 8.4 Hz, 17α-H), 
7.24 (overlapping m, 10H, aromatic Hs); 13C NMR (CDCl3, 125 MHz): δC 
11.2 (C-18), 11.9 (C-19), 21.0 (C-11), 23.6 (C-15), 27.9 (C-4), 29.4 (C- 
6), 30.7 (C-16), 31.5 (C-7), 35.8 (C-1), 36.0 (C-8), 36.6 (C-10), 36.9 (C- 
12), 42.6 (C-5), 43.0 (C-13), 51.1 (C-14), 54.3 (C-9), 82.1 (C-17), 116.4 
(C-2), 124.9 (2C), 126.6 (C-4′′′), 127.8 (C-4′′), 128.5 (2C), 128.8 (2C), 
129.4 (2C), 131.1 (C-1′′), 139.1 (C-1′′′), 140.6 (C-5′), 149.4 (C-3); ESI- 
MS 467 [M+H]+; Anal. Calcd. for C32H38N2O C 82.36; H 8.21. Found 
C 82.40; H 8.19. 

4.2.3.2. 17β-Hydroxy-5’-(4′′-chlorophenyl)-1′-phenylpyrazolo[3′,4’:3,2]- 
5α-androstane (8j). According to Section 4.2.4., 290 mg phenyl-
hydrazine hydrochloride and 413 mg of 5e was used. Eluent: EtOAc/ 
CH2Cl2 = 5:95. White solid. Yield: 397 mg (79%); Mp 185–188 ◦C; 1H 
NMR (CDCl3, 500 MHz): δH 0.75 (s, 3H, 18-H3), 0.80 (s, 3H, 19-H3), 
0.85–1.02 (overlapping m, 3H, 9α-H, 7α-H and 14α-H), 1.09 (m, 1H, 
12α-H), 1.28 (m, 1H, 15β-H), 1.35–1.48 (overlapping m, 4H, 6β-H, 8β-H, 
16β-H and 11β-H), 1.59–1.68 (overlapping m, 4H, 11α-H, 5α-H, 15α-H 

and 6α-H), 1.75 (m, 1H, 7β-H), 1.83 (m, 1H, 12β-H), 2.07 (m, 1H, 16α- 
H), 2.22 (d, 1H, J = 15.4 Hz, 1α-H), 2.40 (dd, 1H, J = 16.7, 12.1 Hz, 4β- 
H), 2.54 (d, 1H, J = 15.4 Hz, 1β-H), 2.76 (dd, 1H, J = 16.7, 5.1 Hz, 4α- 
H), 3.65 (m, 1H, 17α-H), 7.08 (d, 2H, J = 8.5 Hz, 3′′-H and 5′′-H), 7.22 
(m, 3H), 7.27–7.30 (m, 4H); 13C NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 
11.9 (C-19), 21.0 (C-11), 23.6 (C-15), 27.8 (C-4), 29.4 (C-6), 30.7 (C- 
16), 31.5 (C-7), 35.8 (C-1), 36.0 (C-8), 36.5 (C-10), 36.9 (C-12), 42.6 (C- 
5), 43.0 (C-13), 51.1 (C-14), 54.2 (C-9), 82.1 (C-17), 116.6 (C-2), 124.9 
(2C, C-2′′′ and C-6′′′), 126.9 (C-4′′′), 128.9 (2C), 129.0 (2C), 129.5 (C-1′′), 
130.6 (2C), 133.9 (C-4′′), 137.9 (C-1′′′), 140.3 (C-5′), 149.6 (C-3); ESI- 
MS 501 [M+H]+; Anal. Calcd. for C32H37ClN2O C 76.70; H 7.44. 
Found C 76.62; H 7.46. 

4.2.3.3. 17β-Hydroxy-5’-(4′′-hydroxyphenyl)-1′-phenylpyrazolo 
[3′,4’:3,2]-5α-androstane (8k). According to Section 4.2.4., 290 mg 
phenylhydrazine hydrochloride and 395 mg of 5i was used. Eluent: 
EtOAc/CH2Cl2 = 20:80. Light brown solid. Yield: 433 mg (90%); Mp 
290–292 ◦C; 1H NMR (DMSO‑d6, 500 MHz): δH 0.64 (s, 3H, 18-H3), 0.71 
(s, 3H, 19-H3), 0.82–1.01 (overlapping m, 4H), 1.18 (m, 1H), 1.28–1.35 
(overlapping m, 4H), 1.50–1.60 (overlapping m, 4H), 1.67 (m, 1H), 1.74 
(m, 1H), 1.84 (m, 1H), 2.19 (d, 1H, J = 15.4 Hz, 1α-H), 2.25 (dd, 1H, J =
16.7, 12.4 Hz, 4β-H), 2.42 (d, 1H, J = 15.4 Hz, 1β-H), 2.61 (dd, 1H, J =
16.7, 5.1 Hz, 4α-H), 3.44 (m, 1H, 17α-H), 4.40 (d, 1H, J = 4.82, 17-OH), 
6.73 (d, 2H, J = 8.6 Hz, 3′′-H and 5′′-H), 6.94 (d, 2H, J = 8.6 Hz, 2′′-H 
and 6′′-H), 7.16 (d, 2H, J = 7.5 Hz, 3′′′-H and 5′′′-H), 7.23 (t-like m, 1H, 
4′′′-H), 7.31 (t-like m, 2H, 2′′′-H and 6′′′-H), 9.65 (s, 1H, 4′-OH); 13C NMR 
(DMSO‑d6, 125 MHz): δC 11.2 (C-18), 11.6 (C-19), 20.4 (C-11), 23.1 (C- 
15), 27.3 (C-4), 28.8 (C-6), 29.8 (C-16), 31.0 (C-7), 35.0 (C-1), 35.4 (C- 
8), 35.8 (C-10), 36.5 (C-12), 41.8 (C-5), 42.4 (C-13), 50.5 (C-14), 53.4 
(C-9), 80.0 (C-17), 115.1 (C-2), 115.4 (2C, C-3′′ and C-5′′), 120.8 (C-1′′), 
124.2 (2C, C-2′′′ and C-6′′′), 126.3 (C-4′′′), 128.6 (2C), 130.2 (2C), 138.6 
(C-1′′′), 140.3 (C-5′), 148.0 (C-3), 157.1 (C-4′′); ESI-MS 483 [M+H]+; 
Anal. Calcd. for C32H38N2O2 C 79.63; H 7.94. Found C 79.81; H 7.96. 

4.2.4. General procedure for the synthesis of heterocyclic 17-keto steroids 
by jones oxidation 

The crude product (8a–l) of the heterocyclization (4.2.3.) was dis-
solved in acetone (10 mL) and Jones reagent (0.2 mL) was added 
dropwise into the solution, which was then stirred at room temperature 
for 30 min, after which it was poured into ice-cold water. NH4Cl was 
added and the resulting precipitate was filtered off and dried. The crude 
product was purified by column chromatography. 

4.2.4.1. 1′-methyl-5′-phenylpyrazolo[3′,4’:3,2]-5α-androstan-17-one 
(10a). Eluent: EtOAc/CH2Cl2 = 10:90. White solid. Yield: 307 mg 
(76%); Mp 200–203 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.77 (s, 3H, 19- 
H3), 0.86 (s, 3H, 18-H3), 0.89 (m, 1H), 1.04 (m, 1H), 1.22–1.45 (over-
lapping m, 5H), 1.50–1.71 (overlapping m, 4H), 1.80 (m, 1H), 1.85 (m, 
1H), 1.97 (m, 1H), 2.08 (m, 1H, 16α-H), 2.15 (d, 1H, J = 15.2 Hz, 1α-H), 
2.33 (dd, 1H, J = 16.5, 12.0 Hz, 4β-H), 2.45 (dd, 1H, J = 19.4, 8.6 Hz, 
16β-H), 2.46 (d, 1H, J = 15.2 Hz, 1β-H), 2.69 (dd, 1H, J = 16.5, 5.2 Hz, 
4α-H), 3.78 (s, 3H, N–CH3), 7.31 (d-like m, 2H, 3′′-H and 5′′-H), 7.39 (t- 
like m, 1H, 4′′-H), 7.46 (t-like m, 2H, 2′′-H and 6′′-H); 13C NMR (CDCl3, 
125 MHz): δC 11.7 (C-19), 13.9 (C-18), 20.6 (C-11), 22.0 (C-15), 27.8 (C- 
4), 29.3 (C-6), 30.8 (C-16), 31.7 (C-7), 35.5 (2C, C-8 and C-1), 36.0 (C- 
12), 36.6 (C-10), 37.2 (N–CH3), 42.7 (C-5), 47.8 (C-13), 51.6 (C-14), 
54.2 (C-9), 114.1 (C-2), 128.2 (C-4′′), 128.8 (2C, C-3′′ and C-5′′), 129.3 
(2C, C-2′′ and C-6′′), 130.9 (C-1′′), 140.2 (C-5′) 147.1 (C-3), 221.4 (C- 
17); ESI-MS 403 [M+H]+; Anal. Calcd. for C27H34N2O C 80.55; H 8.51. 
Found C 80.65; H 8.52. 

4.2.4.2. 1′-methyl-5’-(4′′-tolyl)-pyrazolo[3′,4’:3,2]-5α-androstan-17-one 
(10b). Eluent: EtOAc/CH2Cl2 = 10:90. White solid. Yield: 307 mg 
(74%); Mp 180–183 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.76 (s, 3H, 19- 
H3), 0.86 (s, 3H, 18-H3), 0.88 (m, 1H), 1.03 (m, 1H), 1.21–1.44 
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(overlapping m, 5H), 1.48–1.71 (overlapping m, 4H), 1.80 (m, 1H), 1.85 
(m, 1H), 1.97 (m, 1H), 2.06 (m, 1H, 16α-H), 2.14 (d, 1H, J = 15.4 Hz, 1α- 
H), 2.33 (dd, 1H, J = 16.4, 12.2 Hz, 4β-H), 2.41 (s, 4′′-CH3), 2.43 (m, 1H, 
16β-H), 2.47 (d, 1H, J = 15.4 Hz, 1β-H), 2.68 (dd, 1H, J = 16.4, 5.2 Hz, 
4α-H), 3.77 (s, 3H, N–CH3), 7.20 (d, 2H, J = 8.0 Hz, 2′′-H and 6′′-H), 7.27 
(d, 2H, J = 8.4 Hz, 3′′-H and 5′′-H); 13C NMR (CDCl3, 125 MHz): δC 11.7 
(C-19), 13.9 (C-18), 20.6 (C-11), 21.4 (4′′-CH3), 22.0 (C-15), 27.8 (C-4), 
29.3 (C-6), 30.8 (C-16), 31.7 (C-7), 35.5 (C-8), 35.6 (C-1), 36.0 (C-12), 
36.6 (C-10), 37.2 (N–CH3), 42.7 (C-5), 47.8 (C-13), 51.6 (C-14), 54.2 (C- 
9), 113.9 (C-2), 127.9 (C-4′′), 129.1 (2C, C-2′′ and C-6′′), 129.5 (2C, C-3′′

and C-5′′), 138.1 (C-1′′), 140.2 (C-5′) 147.0 (C-3), 221.5 (C-17); ESI-MS 
417 [M+H]+; Anal. Calcd. for C28H36N2O C 80.73; H 8.71. Found C 
80.75; H 8.70. 

4.2.4.3. 5’-(4′′-methoxyphenyl)-1′-methylpyrazolo[3′,4’:3,2]-5α-andro-
stan-17-one (10c). Eluent: EtOAc/CH2Cl2 = 20:80. White solid. Yield: 
321 mg (74%); Mp 102–105 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.77 (s, 
3H, 19-H3), 0.86 (s, 3H, 18-H3), 0.88 (m, 1H), 1.04 (m, 1H), 1.22–1.44 
(overlapping m, 5H), 1.48–1.70 (overlapping m, 4H), 1.80 (m, 1H), 1.86 
(m, 1H), 1.97 (m, 1H), 2.07 (m, 1H, 16α-H), 2.13 (d, 1H, J = 15.2 Hz, 1α- 
H), 2.33 (dd, 1H, J = 16.5, 12.1 Hz, 4β-H), 2.42–2.48 (overlapping m, 
2H, 16β-H and 1β-H), 2.68 (dd, 1H, J = 16.5, 5.2 Hz, 4α-H), 3.76 (s, 3H, 
N–CH3), 3.86 (s, 3H, 4′′-OCH3), 6.99 (d, 2H, J = 8.7 Hz, 3′′-H and 5′′-H), 
7.23 (d, 2H, J = 8.7 Hz, 2′′-H and 6′′-H); 13C NMR (CDCl3, 125 MHz): δC 
11.7 (C-19), 13.9 (C-18), 20.6 (C-11), 22.0 (C-15), 27.8 (C-4), 29.3 (C- 
6), 30.8 (C-16), 31.7 (C-7), 35.5 (C-8), 35.6 (C-1), 36.0 (C-12), 36.6 (C- 
10), 37.1 (N–CH3), 42.7 (C-5), 47.8 (C-13), 51.6 (C-14), 54.2 (C-9), 55.5 
(4′′-CH3), 113.8 (C-2), 114.3 (2C, C-3′′ and C-5′′), 123.1 (C-1′′), 130.5 
(2C, C-2′′ and C-6′′), 140.0 (C-5′), 147.0 (C-3) 159.6 (C-4′′), 221.5 (C- 
17); ESI-MS 433 [M+H]+; Anal. Calcd. for C28H36N2O2 C 77.74; H 8.39. 
Found C 77.80; H 8.37. 

4.2.4.4. 5’-(4′′-fluorophenyl)-1′-methylpyrazolo[3′,4’:3,2]-5α-androstan- 
17-one (10d). Eluent: EtOAc/CH2Cl2 = 20:80. White solid. Yield: 251 
mg (60%); Mp 185–187 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.77 (s, 3H, 
19-H3), 0.87 (s, 3H, 18-H3), 0.88 (m, 1H), 1.04 (m, 1H), 1.22–1.44 
(overlapping m, 5H), 1.48–1.71 (overlapping m, 4H), 1.80 (m, 1H), 1.86 
(m, 1H), 1.97 (m, 1H), 2.07 (m, 1H, 16α-H), 2.12 (d, 1H, J = 15.4 Hz, 1α- 
H), 2.33 (dd, 1H, J = 16.5, 12.1 Hz, 4β-H), 2.43 (d, 1H, J = 15.4 Hz, 1β- 
H), 2.44 (dd, 1H, J = 19.2, 8.8 Hz, 16β-H), 2.68 (dd, 1H, J = 16.5, 5.2 
Hz, 4α-H), 3.75 (s, 3H, N–CH3), 7.16 (t-like m, 2H, 2′′-H and 6′′-H), 7.27 
(m, 2H, 3′′-H and 5′′-H); 13C NMR (CDCl3, 125 MHz): δC 11.7 (C-19), 
13.8 (C-18), 20.6 (C-11), 22.0 (C-15), 27.8 (C-4), 29.2 (C-6), 30.8 (C- 
16), 31.7 (C-7), 35.5 (C-1), 35.5 (C-8), 36.0 (C-12), 36.6 (C-10), 37.1 
(N–CH3), 42.6 (C-5), 47.8 (C-13), 51.6 (C-14), 54.2 (C-9), 114.2 (C-2), 
115.9 (d, 2C, J = 21.7 Hz, C-3′′ and C-5′′), 126.9 (d, J = 3.3 Hz, C-1′′), 
131.1 (d, 2C, J = 8.2 Hz, C-2′′ and C-6′′), 139.2 (C-5′), 147.2 (C-3), 162.7 
(d, J = 248.5 Hz, C-4′′), 221.4 (C-17); ESI-MS 421 [M+H]+; Anal. Calcd. 
for C27H33FN2O C 77.11; H 7.91. Found C 77.05; H 7.90. 

4.2.4.5. 5’-(4′′-chlorophenyl)-1′-methylpyrazolo[3′,4’:3,2]-5α-androstan- 
17-one (10e). Eluent: EtOAc/CH2Cl2 = 20:80. White solid. Yield: 280 
mg (64%); Mp 211–215 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.76 (s, 3H, 
19-H3), 0.86 (s, 3H, 18-H3), 0.88 (m, 1H), 1.04 (m, 1H), 1.23–1.44 
(overlapping m, 5H), 1.48–1.73 (overlapping m, 4H), 1.79–1.87 (over-
lapping m, 2H), 1.97 (m, 1H), 2.06 (m, 1H, 16α-H), 2.11 (d, 1H, J = 14.7 
Hz, 1α-H), 2.32 (dd, 1H, J = 16.5, 12.4 Hz, 4β-H), 2.42 (d, 1H, J = 14.7 
Hz, 1β-H), 2.45 (m, 1H, 16β-H), 2.68 (dd, 1H, J = 16.5, 5.1 Hz, 4α-H), 
3.75 (s, 3H, N–CH3), 7.23 (d, 2H, J = 8.2 Hz, 3′′-H and 5′′-H), 7.43 (d, 
2H, J = 8.2 Hz, 2′′-H and 6′′-H); 13C NMR (CDCl3, 125 MHz): δC 11.7 (C- 
19), 13.9 (C-18), 20.7 (C-11), 22.0 (C-15), 27.8 (C-4), 29.3 (C-6), 30.8 
(C-16), 31.8 (C-7), 35.6 (C-8), 35.6 (C-1), 36.0 (C-12), 36.7 (C-10), 37.2 
(N–CH3), 42.7 (C-5), 47.8 (C-13), 51.6 (C-14), 54.3 (C-9), 114.4 (C-2), 
129.1 (2C, C-2′′ and C-6′′), 129.3 (C-1′′), 130.5 (2C, C-3′′ and C-5′′), 
134.4 (C-4′′), 139.1 (C-5′) 147.3 (C-3), 221.1 (C-17); ESI-MS 437 

[M+H]+; Anal. Calcd. for C27H33ClN2O C 74.21; H 7.61. Found C 77.31; 
H 7.59. 

4.2.4.6. 5’-(4′′-bromophenyl)-1′-methylpyrazolo[3′,4’:3,2]-5α-androstan- 
17-one (10f). Eluent: EtOAc/CH2Cl2 = 20:80. White solid. Yield: 273 
mg (57%); Mp 126–128 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.76 (s, 3H, 
19-H3), 0.87 (s, 3H, 18-H3), 0.88 (m, 1H), 1.04 (m, 1H), 1.22–1.44 
(overlapping m, 5H), 1.48–1.73 (overlapping m, 4H), 1.81 (m, 1H), 1.86 
(m, 1H), 1.97 (m, 1H), 2.07 (m, 1H, 16α-H), 2.13 (d, 1H, J = 15.2 Hz, 1α- 
H), 2.33 (dd, 1H, J = 16.5, 12.1 Hz, 4β-H), 2.42 (d, 1H, J = 15.2 Hz, 1β- 
H), 2.45 (dd, 1H, J = 16.5, 5.3 Hz, 16β-H), 2.68 (dd, 1H, J = 16.5, 5.3 
Hz, 4α-H), 3.76 (s, 3H, N–CH3), 7.18 (d, 2H, J = 8.4 Hz, 2′′-H and 6′′-H), 
7.60 (d, 2H, J = 8.4 Hz, 3′′-H and 5′′-H); 13C NMR (CDCl3, 125 MHz): δC 
11.7 (C-19), 13.9 (C-18), 20.6 (C-11), 22.0 (C-15), 27.7 (C-4), 29.2 (C- 
6), 30.8 (C-16), 31.7 (C-7), 35.5 (C-8), 35.5 (C-1), 36.0 (C-12), 36.6 (C- 
10), 37.2 (N–CH3), 42.6 (C-5), 47.8 (C-13), 51.6 (C-14), 54.2 (C-9), 
114.3 (C-2), 122.5 (C-4′′), 129.7 (C-1′′), 130.8 (2C, C-2′′ and C-6′′), 132.1 
(2C, C-3′′ and C-5′′), 139.0 (C-5′) 147.3 (C-3), 221.4 (C-17); ESI-MS 483 
[M+H]+; Anal. Calcd. for C27H33BrN2O C 67.35; H 6.91. Found C 67.37; 
H 6.93. 

4.2.4.7. 5’-(furan-2′′-yl)-1′-methylpyrazolo[3′,4’:3,2]-5α-androstan-17- 
one (10g). Eluent: EtOAc/CH2Cl2 = 5:95. Light brown solid. Yield: 180 
mg (46%); Mp > 80 ◦C (decomp.); 1H NMR (CDCl3, 500 MHz): δH 0.78 
(s, 3H, 19-H3), 0.89 (s, 3H, 18-H3), 0.93 (m, 1H), 1.04 (m, 1H), 
1.25–1.70 (overlapping m, 9H), 1.78 (m, 1H), 1.86 (m, 1H), 1.98 (m, 
1H), 2.09 (m, 1H, 16α-H), 2.18 (d, 1H, J = 15.6 Hz, 1α-H), 2.31 (dd, 1H, 
J = 16.4, 12.1 Hz, 4β-H), 2.46 (dd, 1H, J = 19.2, 8.8 Hz, 16β-H), 2.63 
(dd, 1H, J = 16.4, 5.2 Hz, 4α-H), 2.66 (d, 1H, J = 15.6 Hz, 1β-H), 3.99 (s, 
3H, N–CH3), 6.44 (d, 1H, J = 3.3 Hz, 3′′-H), 6.51 (dd, 1H, J = 3.3, 1.8 Hz, 
4′′-H), 7.52 (d, 1H, J = 1.3 Hz, 5′′-H); 13C NMR (CDCl3, 125 MHz): δC 
11.9 (C-19), 13.9 (C-18), 20.7 (C-11), 22.0 (C-15), 27.5 (C-4), 29.2 (C- 
6), 30.8 (C-16), 31.8 (C-7), 35.5 (C-8), 36.0 (C-1), 36.0 (C-12), 36.5 (C- 
10), 38.6 (N–CH3), 42.4 (C-5), 47.8 (C-13), 51.6 (C-14), 54.2 (C-9), 
108.6 (C-3′′), 111.4 (C-4′′), 114.6 (C-2), 130.9 (C-5′), 142.3 (C-5′′), 145.4 
(C-3), 147.0 (C-2′′), 221.4 (C-17); ESI-MS 393 [M+H]+; Anal. Calcd. for 
C25H32N2O2 C 76.49; H 8.22. Found C 76.37; H 8.20. 

4.2.4.8. 1′-methyl-5’-(tiophen-2′′-yl)-pyrazolo[3′,4’:3,2]-5α-androstan- 
17-one (10h). Eluent: EtOAc/CH2Cl2 = 5:95. Light yellow solid. Yield: 
218 mg (53%); Mp 90–92 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.77 (s, 3H, 
19-H3), 0.87 (s, 3H, 18-H3), 0.91 (m, 1H), 1.04 (m, 1H), 1.25–1.73 
(overlapping m, 9H), 1.84 (overlapping m, 2H), 1.97 (m, 1H), 2.08 (m, 
1H, 16α-H), 2.16 (d, 1H, J = 15.4 Hz, 1α-H), 2.31 (dd, 1H, J = 16.4, 12.1 
Hz, 4β-H), 2.45 (dd, 1H, J = 19.2, 8.8 Hz, 16β-H), 2.60 (d, 1H, J = 15.3 
Hz, 1β-H), 2.65 (dd, 1H, J = 16.4, 5.2 Hz, 4α-H), 3.88 (s, 3H, N–CH3), 
7.07 (d, 1H, J = 3.5 Hz, 5′′-H), 7.14 (dd, 1H, J = 5.1, 3.6 Hz, 4′′-H), 7.43 
(d, 1H, J = 5.1 Hz, 3′′-H); 13C NMR (CDCl3, 125 MHz): δC 11.8 (C-19), 
13.9 (C-18), 20.7 (C-11), 22.0 (C-15), 27.7 (C-4), 29.2 (C-6), 30.8 (C- 
16), 31.7 (C-7), 35.5 (C-8), 35.9 (C-1), 36.0 (C-12), 36.6 (C-10), 37.7 
(N–CH3), 42.5 (C-5), 47.8 (C-13), 51.5 (C-14), 54.2 (C-9), 115.3 (C-2), 
126.5 (C-5′′), 127.2 (C-3′′), 127.6 (C-4′′), 131.3 (C-2′′), 133.6 (C-5′), 
147.1 (C-3), 221.4 (C-17); ESI-MS 409 [M+H]+; Anal. Calcd. for 
C25H32N2OS C 73.49; H 7.89. Found C 73.53; H 7.88. 

4.2.4.9. 1′,5′-diphenylpyrazolo[3′,4’:3,2]-5α-androstan-17-one (10i). 
According to Section 4.2.4., 117 mg of 8i was used. Eluent: EtOAc/ 
CH2Cl2 = 2:98. White solid. Yield: 110 mg (95%); Mp 267–270 ◦C; 1H 
NMR (CDCl3, 500 MHz): δH 0.82 (s, 3H, 19-H3), 0.88 (s, 3H, 18-H3), 0.94 
(m, 1H), 1.07 (m, 1H), 1.25–1.34 (overlapping m, 2H), 1.38–1.61 
(overlapping m, 4H), 1.70 (m, 3H), 1.83 (m, 1H), 1.88 (m, 1H), 1.99 (m, 
1H), 2.09 (m, 1H, 16α-H), 2.26 (d, 1H, J = 15.4 Hz, 1α-H), 2.40–2.49 
(overlapping m, 2H, 4β-H, 16β-H), 2.59 (d, 1H, J = 15.4 Hz, 1β-H), 2.80 
(dd, 1H, J = 16.7, 5.1 Hz, 4α-H), 7.15–7.34 (overlapping m, 10H, aro-
matic Hs); 13C NMR (CDCl3, 125 MHz): δC 11.8 (C-19), 13.9 (C-18), 20.7 
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(C-11), 22.0 (C-15), 27.9 (C-4), 29.3 (C-6), 30.8 (C-16), 31.7 (C-7), 35.5 
(C-8), 35.7 (C-1), 36.0 (C-12), 36.6 (C-10), 42.6 (C-5), 47.8 (C-13), 51.6 
(C-14), 54.2 (C-9), 116.2 (C-2), 124.9 (2C), 126.7 (C-4′′′), 127.9 (C-4′′), 
128.6 (2C), 128.8 (2C), 129.4 (2C), 131.0 (C-1′′), 139.2 (C-1′′′), 140.6 
(C-5′), 149.2 (C-3), 221.4 (C-17); ESI-MS 465 [M+H]+; Anal. Calcd. for 
C32H36N2O C 82.72; H 7.81. Found C 82.54; H 7.80. 

4.2.4.10. 5’-(4′′-chlorophenyl)-1′-phenylpyrazolo[3′,4’:3,2]-5α-andro-
stan-17-one (10j). According to Section 4.2.5., 125 mg of 8j was used. 
Eluent: CH2Cl2. White solid. Yield: 114 mg (91%); Mp > 250 ◦C 
(decomp.); 1H NMR (CDCl3, 500 MHz): δH 0.81 (s, 3H, 19-H3), 0.88 (s, 
3H, 18-H3), 0.94 (m, 1H), 1.07 (m, 1H), 1.24–1.34 (overlapping m, 2H), 
1.39–1.59 (overlapping m, 4H), 1.70 (m, 3H), 1.82–1.90 (overlapping 
m, 2H), 1.99 (m, 1H), 2.09 (m, 1H, 16α-H), 2.24 (d, 1H, J = 15.4 Hz, 1α- 
H), 2.39–2.49 (overlapping m, 2H, 4β-H, 16β-H), 2.55 (d, 1H, J = 15.4 
Hz, 1β-H), 2.79 (dd, 1H, J = 16.7, 5.1 Hz, 4α-H), 7.08 (d, 2H, J = 8.5 Hz, 
3′′-H and 5′′-H), 7.25 (m, 7H); 13C NMR (CDCl3, 125 MHz): δC 11.8 (C- 
19), 13.9 (C-18), 20.7 (C-11), 22.0 (C-15), 27.8 (C-4), 29.2 (C-6), 30.8 
(C-16), 31.7 (C-7), 35.5 (C-8), 35.7 (C-1), 36.0 (C-12), 36.6 (C-10), 42.5 
(C-5), 47.8 (C-13), 51.5 (C-14), 54.2 (C-9), 116.4 (C-2), 124.9 (2C, C-2′′′

and C-6′′′), 127.0 (C-4′′′), 128.9 (2C), 129.0 (2C), 129.4 (C-1′′), 130.6 
(2C), 134.0 (C-4′′), 138.0 (C-1′′′), 140.3 (C-5′), 149.4 (C-3), 221.3 (C-17); 
ESI-MS 499 [M+H]+; Anal. Calcd. for C32H35ClN2O C 77.01; H 7.07. 
Found C 77.20; H 7.05. 

4.2.4.11. 5’-(4′′-hydroxyphenyl)-1′-phenylpyrazolo[3′,4’:3,2]-5α-andro-
stan-17-one (10k). According to Section 4.2.5., 121 mg of 8k was used. 
Eluent: EtOAc/CH2Cl2 = 10:90. White solid. Yield: 109 mg (91%); Mp >
250 ◦C (decomp.); 1H NMR (CDCl3, 500 MHz): δH 0.81 (s, 3H, 19-H3), 
0.89 (s, 3H, 18-H3), 0.93 (m, 1H), 1.06 (m, 1H), 1.26–1.35 (overlapping 
m, 2H), 1.39–1.47 (overlapping m, 2H), 1.51–1.61 (overlapping m, 2H), 
1.69 (m, 3H), 1.82–1.89 (overlapping m, 2H), 1.99 (m, 1H), 2.10 (m, 
1H, 16α-H), 2.22 (d, 1H, J = 15.3 Hz, 1α-H), 2.38–2.50 (overlapping m, 
2H, 4β-H, 16β-H), 2.57 (d, 1H, J = 15.3 Hz, 1β-H), 2.77 (dd, 1H, J =
16.7, 5.0 Hz, 4α-Hz), 6.58 (bs, 1H, 4′′-OH), 6.75 (d, 2H, J = 8.6 Hz, 3′′-H 
and 5′′-H), 6.98 (d, 2H, J = 8.6 Hz, 2′′-H and 6′′-H), 7.22 (m, 5H); 13C 
NMR (CDCl3, 125 MHz): δC 11.9 (C-19), 13.9 (C-18), 20.7 (C-11), 22.0 
(C-15), 27.7 (C-4), 29.2 (C-6), 30.8 (C-16), 31.7 (C-7), 35.5 (C-8), 35.7 
(C-1), 36.1 (C-12), 36.6 (C-10), 42.5 (C-5), 47.9 (C-13), 51.6 (C-14), 
54.2 (C-9), 115.6 (C-2), 115.7 (2C, C-3′′ and C-5′′), 122.7 (C-1′′), 125.0 
(2C, C-2′′′ and C-6′′′), 126.7 (C-4′′′), 128.8 (2C), 130.8 (2C), 139.4 (C- 
1′′′), 140.4 (C-5′), 149.2 (C-3), 156.1 (C-4′′), 222.0 (C-17); ESI-MS 481 
[M+H]+; Anal. Calcd. for C32H36N2O2 C 79.96; H 7.55. Found C 79.79; 
H 7.57. 

4.2.4.12. 1′,5′-dimethylpyrazolo[3′,4’:3,2]-5α-androstan-17-one (10l). 
Eluent: EtOAc/CH2Cl2 = 50:50. Light yellow solid. Yield: 184 mg (54%); 
Mp 90–92 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.76 (s, 3H, 19-H3), 0.89 (s, 
3H, 18-H3), 0.90 (m, 1H), 1.03 (m, 1H), 1.25–1.78 (overlapping m, 
10H), 1.84 (overlapping m, 1H), 1.97 (m, 1H), 1.99 (d, 1H, J = 14.8 Hz, 
1α-H), 2.08 (m, 1H, 16α-H), 2.11 (s, 3H, 5′-CH3), 2.25 (dd, 1H, J = 16.4, 
12.1 Hz, 4β-H), 2.43 (d, 1H, J = 14.8 Hz, 1β-H), 2.45 (dd, 1H, J = 19.2, 
8.8 Hz, 16β-H), 2.57 (dd, 1H, J = 16.4, 5.2 Hz, 4α-H), 3.71 (s, 3H, 
N–CH3); 13C NMR (CDCl3, 125 MHz): δC 9.6 (5′-CH3), 11.8 (C-19), 13.9 
(C-18), 20.7 (C-11), 22.0 (C-15), 27.7 (C-4), 29.3 (C-6), 30.8 (C-16), 
31.8 (C-7), 35.0 (C-1), 35.5 (C-8), 35.9 (N–CH3), 36.0 (C-12), 36.5 (C- 
10), 42.8 (C-5), 47.8 (C-13), 51.6 (C-14), 54.3 (C-9), 112.9 (C-2), 135.1 
(C-5′), 146.5 (C-3), 221.5 (C-17); ESI-MS 341 [M+H]+; Anal. Calcd. for 
C22H32N2O C 77.60; H 9.47. Found C 77.55; H 9.48. 

4.3. Cell lines 

The ARE14 reporter cell line [20] (kindly gifted by prof. Zdeněk 
Dvořák from Palacky University Olomouc, Czech Republic) and the 
LNCaP cells (purchased from ECACC) were grown in RPMI-1640 

medium. The 22Rv1, DuCaP, LAPC-4 cell lines (kindly gifted by prof. 
Zoran Culig, Innsbruck Medical University) and DU145 (purchased from 
ECACC) were grown in DMEM medium. All media were supplemented 
with 10% normal or charcoal-stripped fetal bovine serum (steroid-de-
pleted serum), 100 IU/ml penicillin, 100 μg/ml streptomycin, 4 mM 
glutamine and 1 mM sodium pyruvate. Cells were cultivated in a hu-
midified incubator at 37 ◦C and in 5% CO2 atmosphere. 

4.4. AR transcriptional luciferase assay 

ARE14 cells were seeded (40 000 cells/well) into the Nunc™ 
MicroWell™ 96-well optical flat-bottom plate (Thermo Fisher Scientific) 
for luciferase assay. The second day, the cultivation medium (supple-
mented with FBS) was discarded, and cells were washed with PBS. Cells 
were then incubated in presence of analysed compounds dissolved in 
medium supplemented with CSS (agonist mode) or CSS with 1 nM 
R1881 (antagonist mode), including CSS and 1 nM R1881 controls. 
Upon 24 h of incubation, cells were washed with PBS again and lysed for 
10 min in a lysis buffer (10 mM Tris pH = 7.4, 2 mM DCTA, 1% nonidet 
P40, 2 mM DTT) at 37 ◦C. Next, reaction buffer (20 mM tricine pH = 7.8, 
1.07 mM MgSO4 ⋅ 7H20, 5 mM ATP, 9.4 μM luciferin) was added and the 
luminescence of the samples was measured using a Tecan M200 Pro 
microplate reader (Biotek). 

4.5. Cell viability assay 

Cells were seeded into the 96-well tissue culture plates, the other 
day, solutions of compounds were added in different concentrations in 
duplicate for 72 h. Upon treatment, the resazurin solution (Sigma 
Aldrich) was added for 4 h, and then the fluorescence of resorufin was 
measured at 544 nm/590 nm (excitation/emission) using a Fluoroskan 
Ascent microplate reader (Labsystems). Percentual viability was calcu-
lated and in the separate experiment, GI50 value was calculated from the 
dose response curves that resulted from the measurements using 
GraphPad Prism 5. 

4.6. Colony formation assay 

PCa cells 22Rv1 and DU-145 (5000 cells per well), LAPC-4 and PC-3 
(10 000 cells per well) were seeded into 6-well plates. After two days of 
cultivation, the medium was replaced with fresh medium containing 
different concentrations of the compounds. Cells were cultivated for 10 
days at the presence of compounds. After the treatment, the medium was 
discarded and colonies were fixed with 70% ethanol for 15 min, washed 
with PBS and stained with crystal violet (1% solution in 96% ethanol) 
for 1 h. Finally, wells were washed with PBS and colonies’ photograph 
was captured. 

4.7. Immunoblotting 

After all treatments, cells were harvested by centrifugation, washed 
twice with PBS, pelleted and kept frozen at − 80 ◦C. Pellets were thawed, 
resuspended in ice-cold RIPA lysis buffer supplemented with phospha-
tase and protease inhibitors. Ultrasound sonication (10 s with 30% 
amplitude) of cells was performed on ice and soluble proteins in su-
pernatants we obtained by centrifugation at 14.000g for 30 min. Protein 
concentration in supernatants was measured and balanced within sam-
ples. Proteins were denatured by addition of SDS-loading buffer, sepa-
rated by SDS-PAGE and electroblotted onto nitrocellulose membranes. 
Immunodetection of proteins was performed as usual, membranes were 
blocked in BSA solution, incubated overnight with primary antibodies, 
washed and incubated with secondary antibodies conjugated with 
peroxidase. Then, peroxidase activity was detected by SuperSignal West 
Pico reagents (Thermo Scientific) using a CCD camera LAS-4000 (Fuji-
film). Primary antibodies purchased from Merck (anti-α-tubulin, clone 
DM1A; anti-phosphorylated AR (S81)). Primary antibodies purchased 
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from Santa Cruz Biotechnology (anti-β-actin, clone C4). Specific anti-
bodies purchased from Cell Signalling Technology (anti-AR, clone 
D6F11; anti-PSA/KLK3, clone D6B1; anti-Nkx3.1, clone D2Y1A); anti- 
rabbit secondary antibody (porcine anti-rabit immunoglobulin serum); 
anti-mouse secondary antibody (rabbit anti-mouse IgG, clone D3V2A)). 
All antibodies were diluted in 4% BSA and 0.1% Tween 20 in TBS. 

4.8. Analyses of mRNA expression 

Cells were treated and harvested into lysis buffer and total RNA was 
isolated using RNeasy plus mini kit (QIAGEN) based on the manufac-
turer’s instruction. RNA concentration and purity was evaluated using 
DeNovix DS-11 spectrophotometer, while quality of RNA was deter-
mined by gel electrophoresis (high-quality samples displayed intact ri-
bosomal RNA). The RNA (0.5–1 μg) of those samples was used for 
reverse transcription into first-strand cDNA which was carried out by 
SensiFast cDNA Synthesis Kit (Bioline). RNA Spike I template (TATAA) 
was used as a transcriptional inhibition control. Quantitative RT-PCR 
was performed on CFX96 Real-Time PCR Detection System (Biorad) 
with a SensiFAST SYBR No-Rox Kit (Bioline). The suitable primers were 
designed using Primer-BLAST [28] and synthesized by Generi Biotech. 
Primary data were analysed using Bio-rad CFX Maestro 2.2. Relative 
gene expression levels were determined using ΔΔCt method [29]. Ex-
pressions were normalized per ACTB and SDHA genes which were 
selected as the most stable by Bio-rad CFX Maestro 2.2. 

Used primers: 
ACTB (F: GCACCACACCTTCTACAAT; R: GTCTCAAACATGATCTGG 

GT); 
AR-FL (F: TTCGCCCCTGATCTGGTTTT; R: TGCCTCATTCGGACAC 

ACTG); 
KLK3 (F: CCACACCCGCTCTACGATATG; R: GGAGGTCCACACACT 

GAAGTT); 
SDHA (F: TACAAGGTGCGGATTGATGA; R: GTTTTGTCGATCACG 

GGTCT). 

4.9. Molecular docking 

Molecular docking was performed with the crystal structure of AR- 
antagonist model. The 3D structures of all compounds were obtained 
and their energy was minimized by molecular mechanics with Avogadro 
1.90.0, a software used for the drawing and characterization of chemical 
structures. Polar hydrogens were added to ligands and proteins with the 
AutoDock Tools program [30] and docking studies were performed 
using AutoDock Vina 1.05 [31]. Interaction between ligand and amino 
acid residues were modelled in PLIP software [32]. Figures were 
generated in Pymol ver. 2.0.4 (Schrödinger, LLC). 

4.10. Ex vivo tissue culture 

This pilot study was approved by the Ethical Committee of the 
University Hospital Olomouc (Ref. No. 127/14) and all five patients 
signed an informed consent. Prostate tissue from radical prostatectomy 
was examined by a pathologist and a small piece of PCa lesion was 
selected for a short time ex vivo culture according to the recently opti-
mized protocol [33]. Briefly, PCa tissue was cut into 300 μm slices on 
vibratome Leica VT1200S (Leica Biosystems). One slice was fixed in 
10% formaldehyde at time 0 (T0) as a control. Two slices for each 
treatment were put on 70 μm pores strainer (MACS SmartStrainer, 
Miltenyi Biotec) in a tissue culture plate with 1.5 ml of 10% DMEM 
medium supplemented with 10% fetal bovine serum, 4 mM glutamine, 
100 IU/ml penicillin, 100 μg/ml streptomycin, and 1 mM sodium py-
ruvate, 5 μg/ml insulin, 0.5 μg/ml hydrocortisone, 0.05 μg/ml EGF and 
enriched with tested compounds or DMSO as vehicle. Ex vivo cultures 
were incubated in standard conditions (37 ◦C, 5% CO2) on a 3D 
Mini-Shaker (BioSan) that provided continuous mixing for 72 h. The 
slices were then fixed in 10% formalin and FFPE blocks were prepared. 

Standard hematoxylin-eosin staining and immunohistochemistry for AR 
(antibody clone AR441, Dako, dilution 1:25), and Ki-67 (antibody clone 
MIB1, Dako, dilution 1:200) were performed. Protein expression was 
assessed semiquantitatively by a pathologist using the histoscore 
method where the percentage of positive cells (0–100%) was multiplied 
by staining intensity (0–3), which resulted in a final histoscore between 
0 and 300. Ki67 staining at the end-point confirmed the proliferation of 
cancer cells in the slice. 

4.11. AR-LBD preparation and micro-scale thermophoresis (MST) 
measurements 

AR-LBD (with His6-tag) was expressed using recombinant plasmid 
pET-15b-hAR-663-919, which was a generous gift from Elizabeth Wilson 
(Addgene plasmid # 89083) and expression bacteria BL21(DE3) pLysS 
similar to the original protocol [34]. Cells were grown in LB medium, 
the expression was induced by 0.1 mM isopropyl thiogalactopyranoside 
and suspension was further cultivated overnight at 18 ◦C. Cells were 
resuspended in lysis buffer (25 mM Tris, 300 mM NaCl, pH 8.0, 5 mM 
DTT, supplemented with protease inhibitors and 1% Nonidet P-40), 
lysed using a sonicator and lysate was clarified by centrifugation at 19 
000 g for 30 min at 4 ◦C. The purification was performed on Ni2+- metal 
affinity-Sepharose column (His-Bind, Merck), pre-equilibrated with 25 
mM Tris, 300 mM NaCl, pH 8.0, 5 mM DTT and 50 mM imidazole. 
Column was thoroughly washed with the equilibration buffer and with 
100 mM imidazole in the equilibration buffer, subsequently. Elution was 
performed by 500 mM imidazole in 25 mM Tris, 300 mM NaCl, pH 8.0, 
5 mM DTT. The buffer from elution fraction was exchanged to storage 
buffer (25 mM Tris, 300 mM NaCl, pH 8.0, 5 mM DTT) without imid-
azole and concentrated up to 0.5 mg/ml using centrifugal filter unit with 
10 kDa cutoff (Merck). MST method was used to prove binding of 3d in 
the AR-LBD, which was labelled with the His-Tag Labeling Kit 
RED-tris-NTA (NanoTemper) (100 nM dye + 800 nM His-tagged pro-
tein) for 30 min. The labelled protein was used for MST measurements 
with or without 3d in final concentration of 400 nM His-tagged protein 
in the storage buffer, supplemented with 0.1% Tween. Measurements 
were done on a Monolith NT.115 instrument (NanoTemper 
Technologies). 
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Scheme S1. Synthesis of 2-(hetero)arylidene derivatives of DHT. Reagents and conditions: ref. 

[18] for 5a–e, 5g and 5h; 0 °C, 3 h for 5f (86%); reflux, 16 h (with MOM-protected p-OH-

phenol), then dil. HCl, MeOH (36% after two steps) for 5i; ref [17] for 5j. 
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Figure S1. Partial 2D-NOESY spectrum of compound 8a and the correlations between protons observed. 

 

Figure S2. Partial 2D-NOESY spectrum of compound 9a and the correlations between protons observed. 
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1H and 13C NMR spectra of the synthesized compounds
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Table S1. AR transcriptional activity in antagonist and agonist mode upon treatment with displayed 

concentrations of compounds. 

 

AR transcriptional activity 

(% of control stimulated with 

1 nM metribolone) ANTAGONIST 

 AR transcriptional activity  

(% of control stimulated with 

1 nM metribolone) AGONIST 

Cmp 10 µM  2 µM 0.4 µM  10 µM  2 µM 0.4 µM 

1a 53.7 90.2 96.7  73.8 69.3 63.1 

1b 51.1 72.4 97.0  66.1 69.4 58.9 

1c 48.5 73.4 92.8  77.4 83.2 83.9 

1d 37.9 65.9 92.5  48.5 38.1 32.1 

1e 39.2 64.6 84.2  43.8 48.3 42.9 

1f 66.1 73.2 80.2  17.7 28.6 26.2 

1g 69.4 76.9 78.9  84.1 72.7 65.4 

1h 73.6 68.0 84.9  102.9 91.8 67.1 

2a 47.5 75.2 94.5  72.6 59.2 56.2 

2b 93.1 103.3 109.4  103.7 87.4 78.2 

2c 67.3 83.8 96.8  108.0 84.3 67.9 

2d 67.1 83.9 110.3  89.2 64.0 41.7 

2e 107.0 120.9 100.7  87.1 72.2 46.6 

2f 78.7 86.8 77.1  35.0 21.6 8.0 

2g 67.7 81.6 86.2  48.5 57.6 54.0 

2h 90.8 83.0 91.4  78.5 66.4 55.7 

3a 16.6 46.7 84.5  16.4 26.7 26.4 

3b 33.1 64.4 92.4  17.3 21.0 26.4 

3c 34.0 53.1 80.7  25.2 29.1 33.8 

3d 13.7 42.8 88.0  17.8 25.4 27.7 

3e 21.7 53.9 93.2  21.7 25.4 26.1 

3f 35.7 61.6 82.4  27.2 28.9 27.1 

3g 18.7 36.8 72.8  20.7 23.8 26.1 

3h 28.3 63.4 91.8  25.2 34.9 31.1 

4a 71.2 82.1 98.3  31.4 27.9 23.9 

4b 85.3 89.4 87.1  20.1 25.3 26.4 

4c 78.3 108.6 119.6  25.7 31.2 32.7 

4d 30.6 64.7 88.0  18.9 22.4 26.7 

4e 43.3 97.2 108.2  17.7 25.8 26.4 

4g 47.9 66.5 79.8  26.1 33.8 29.9 

4h 54.6 87.6 98.0  27.3 33.5 32.7 

8a 88.7 90.5 92.2  11.4 17.0 18.5 

8b 70.4 99.5 89.1  41.7 42.3 25.9 

8c 65.5 89.3 92.9  1.7 7.4 7.3 

8d 63.7 85.0 92.8  9.0 16.3 20.1 

8e 44.6 79.9 95.5  10.9 30.4 23.5 

8f 34.5 80.6 95.5  6.3 18.0 15.9 
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8g 13.0 67.4 81.5  0.9 15.2 14.4 

8h 37.4 75.6 89.9  4.1 24.6 25.8 

8i 139.1 113.4 95.3  57.0 43.9 22.6 

8j 121.6 108.5 111.9  67.6 46.9 27.9 

8k 156.8 106.4 100.6  67.6 49.7 25.2 

8l 138.5 94.9 89.7  80.8 66.1 37.5 

10a 100.1 105.5 105.9  36.3 21.6 8.1 

10b 82.2 94.5 95.5  2.8 4.6 8.4 

10c 93.5 98.4 103.7  29.6 20.3 13.0 

10d 86.2 99.3 109.7  6.4 6.9 10.7 

10e 40.4 84.1 92.1  2.6 4.3 7.7 

10f 40.1 88.5 95.1  3.2 5.0 6.4 

10g 59.6 99.7 100.9  14.5 24.7 22.7 

10h 59.5 94.1 96.3  11.1 16.7 18.9 

10i 136.3 115.8 97.5  65.4 42.6 25.1 

10j 168.8 124.1 114.9  67.7 43.3 24.5 

10k 165.0 131.5 119.0  64.1 41.0 23.2 

10l 149.3 104.1 99.0  56.7 47.6 26.0 
Transcriptional activity of AR was measured with compounds alone (agonist mode) or in the presence of 1 nM R1881 

(antagonist mode) in reporter cell line ARE14 for 24 h. Activity was normalised to the signal of R1881 (= 100%). 

Measured in duplicate and repeated twice, mean plotted in the table.  
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Figure S3. (10 µM, 24 h) in FBS containing medium and lysates were then blotted for detection of 

appropriate Immunoblotting analysis of important signaling proteins from the LAPC-4 cells, which 

were treated with studied compounds proteins. Level of α-tubulin or β-actin served as loading 

control. Abi, abiraterone; Gal, galeterone; Enz, enzalutamide; Bav, bavdegalutamide. 
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Figure S4. Antiproliferative activity of compounds determined by colony formation assay with LAPC-4 

cell line. Cells were seeded, treated with 5 μM concentration of compounds and cultivated for 10 days in 

the presence of compounds. Colonies were fixed and stained as described in experimental part. 
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Figure S5. Antiproliferative activity of compounds determined by colony formation assay with LAPC-4 

cell line. Cells were seeded, treated with 5 μM concentration of compounds and cultivated for 10 days in 

the presence of compounds. Colonies were fixed and stained as described in experimental part. 
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Figure S6. Dose dependent effect of 3d on AR- signalling in 22Rv1, LNCaP. Level of β-actin served as 

loading control. Gal, galeterone. 
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Figure S7. Antiproliferative activity of 3d in LAPC-4 cell line after 24 h, 48 h and 72 h measured by 

resazurin-based viability assay. Protein levels of important proteins connected with proliferation and 

apoptosis in LAPC-4 treated by 3d or bavdegalutamide for 48 h or 72, analogously to the treatment 

displayed in Figure 5. Level of β-actin served as loading control.  
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Figure S8. MST Measurement. Measured with recombinantly expressed and purified human AR-LBD, 

stained with NanoRed-NHS (Nanotemper). (A) Binding check measured with free AR and AR with 25 µM 

3d. Curves display the mean from (n= 4), while box plot display the mean and min. and max. value from 

(n= 4). (B) Dose response measurement was performed analogously, with free AR and 0.25 µM, 2.5 µM 

and 25 µM 3d. Curves display the mean from (n= 2), while bar plot display the mean ± SD (n= 2). 

  

A 
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Type AR status* Cell line GI50 ± SD 

 

Prostate positive LAPC-4 7.9 ± 1.6 

Prostate positive 22Rv1 18.3 ± 0.6 

Prostate positive LNCaP 16.6 ± 0.8 

Prostate positive DuCaP 22.9 ± 1.8 

Prostate negative DU145 >50 

Prostate negative PC-3  >50 

Breast positive T47D 18.2 ± 0.3 

Breast positive SKBR3 25.5 ± 5.2 

Breast positive MCF7 38.0 ± 6.1 

* based on literature and determined from the protein expression 

Figure S9. Antiproliferative activity of 3d determined by colony formation assay (A) or resazurin-based 

viability assay (B). In the table in panel B, protein levels of AR and ERα are shown, based on western 

blotting. Level of β-actin served as loading control. See experimental part for assay’s detail. 

  

A 
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Figure S10. Cell cycle analysis of LAPC-4, 22Rv1 and DU145 after 48h treatment with 3d or 

bavdegalutamide. 
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Figure S11. The effect of compound 3d and standard AR antagonists on relative normalized expression of 

AR (full-length) in LAPC-4 cells. Cells were cultivated in CSS medium overnight, then treated with 

compounds in 10 μM concentration in presence of 1 nM R1881 for 24 h. Enz, enzalutamide; Gal, galeterone. 
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Figure S12. Immunohistochemistry analysis of Ki67 and AR in the ex vivo tissue culture experiment. The 

prostatectomy tissues were cut with vibratome, and slices were treated for three days with our candidates 

3d and 10f (both 10 µM) along with enzalutamide and bavdegalutamide (both 1 µM). The tissues were then 

formalin-fixed, paraffin-embedded and processed for standard immunohistochemistry. 
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A R T I C L E  I N F O   
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A B S T R A C T   

Dysfunction of the androgen receptor (AR) signalling axis plays a pivotal role in the development and progression 
of prostate cancer (PCa). Steroidal and non-steroidal AR antagonists can significantly improve the survival of PCa 
patients by blocking the action of the endogenous ligand through binding to the hormone receptor and pre-
venting its activation. Herein, we report two synthetic strategies, each utilizing the advantages of microwave 
irradiation, to modify the A-ring of natural androgen 5α-dihydrotestosterone (DHT) with pyridine scaffolds. 
Treatment of DHT with appropriate Mannich salts led to 1,5-diketones, which were then converted with hy-
droxylamine to A-ring-fused 6′-substituted pyridines. To extend the compound library with 4′,6′-disubstituted 
analogues, 2-arylidene derivatives of DHT were subjected to ring closure reactions according to the Kröhnke’s 
pyridine synthesis. The crystal structure of a monosubstituted pyridine product was determined by single crystal 
X-ray diffraction. AR transcriptional activity in a reporter cell line was investigated for all novel A-ring-fused 
pyridines and a number of previously synthesized DHT-based quinolines were included to the biological study to 
obtain information about the structure-activity relationship. It was shown that several A-ring-fused quinolines 
acted as AR antagonists, in comparison with the dual or agonist character of the majority of A-ring-fused pyr-
idines. Derivative 1d (A-ring-fused 6′-methoxyquinoline) was studied in detail and showed to be a low- 
micromolar AR antagonist (IC50 = 10.5 µM), and it suppressed the viability and proliferation of AR-positive 
PCa cell lines. Moreover, the candidate compound blocked the AR downstream signalling, induced moderate 
cell-cycle arrest and showed to bind recombinant AR and to target AR in cells. The binding mode and crucial 
interactions were described using molecular modelling.   

1. Introduction 

The androgen receptor is a ligand-activated transcription factor from 
the family of steroid hormone receptors, which plays a fundamental role 
in the normal development and physiology of male tissues. Upon bind-
ing of androgens, AR undergoes substantial conformational changes, 
various post-translation modifications, and is imported into nucleus 
where it interacts with co-regulators and DNA and modulates its tran-
scriptional program [1]. 

Overexpression of AR, which might be accompanied by the 

relaxation of its regulation is strongly connected with the development 
of prostate cancer (PCa), which is the second most common cancer in 
men (USA). First-line therapy targets androgen biosynthesis to decrease 
the level of plasma-circulating androgens (by orchiectomy, modulation 
of the luteinizing hormone release or CYP17A1 inhibitors). Androgen- 
deprivation therapy is usually combined with the AR antagonists, to 
block the pro-oncogenic signalling. Several steroidal (abiraterone, 
galeterone) or non-steroidal antagonists (e.g., enzalutamide, apaluta-
mide, darolutamide, rezvilutamide) (Fig. 1) have entered clinical trials 
or were successfully approved as drugs [2]. Despite being very effective 
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and demonstrating an overall survival benefit in the castration-sensitive 
state, the treatment frequently progresses into the castration-resistant 
PCa (CRPC) stage characterized by further alterations in AR signalling 
and undruggable splicing variants. Although various anti-AR strategies 
have been introduced (targeting the transcription of the AR gene, sta-
bility of transcript or protein, intracellular trafficking of AR or its 
downstream signalling [3–5]), still a number of AR-related mechanisms 
of resistance exist and novel strategies are needed to overcome them. 

Pyridine-based ring systems, including quinolines comprising 
benzene-fused pyridines, are among the most prevalent structural motifs 
in drug design, with numerous bioactive representatives already iden-
tified [6–9]. The best-known steroidal pyridine derivative, abiraterone 
(Fig. 1), used as its acetate prodrug in the treatment of 
castration-resistant PCa, inhibits the CYP17A1 enzyme involved in 
androgen biosynthesis, thus preventing testosterone production in the 
adrenal glands and intratumorally [10]. Besides reduced hormone 
levels, abiraterone is also able to bind directly to the AR and block its 
activity as a ligand-dependent transcription factor [11]. Other D-ring--
modified steroidal pyridines, structurally similar to abiraterone, were 
also investigated and found to be effective in vitro against 
androgen-sensitive and -insensitive prostate cancer cell lines (LNCaP 
and PC-3) [12]. Moreover, some D-ring-condensed [13] and D-secos-
teroid-connected quinolines [14] were also found to be effective anti-
cancer agents. In contrast, steroids fused with a pyridine or quinoline 
moiety in the A-ring are less studied and only a few examples have been 
reported but without biological supplementation [15]. 

We have previously demonstrated that introducing different N-con-
taining heterocycles to the A-ring of DHT can result in compounds that 
reduce the transcriptional activity of AR and exhibit antiproliferative 
activity in AR-positive PCa cell lines [16,17]. As our goal – in the 
absence of an AR crystal structure in antagonistic conformation [18] – is 
to investigate systematically the effect of additional heterorings 
condensed to the A-ring of DHT on biological activity, in this article we 
report the synthesis and biological evaluation of novel mono- and 
disubstituted pyridine-fused derivatives (series 2 and 3, Fig. 2). All new 
compounds were structurally characterized by 1H and 13C NMR spec-
troscopy and electrospray ionization mass spectrometry (ESI-MS), and in 
the case of a representative novel pyridine derivative, by single crystal 
X-ray diffraction. A number of steroidal A-ring-fused quinolines (1a–i, 
Fig. 2) that have displayed modest antiproliferative activity against a 
panel of human gynaecological malignant cell lines [19], but have not 
previously been investigated for their effects on AR signalling, were also 
included in the current biological study due to structural similarity. 
Accordingly, the DHT-based quinolines and the newly prepared 

pyridines were primarily screened for their ability to affect the tran-
scriptional activity of AR in a reporter cell line. Candidate compound 1d 
was further studied and showed to be a low-micromolar AR antagonist, 
it suppressed the viability and proliferation of AR-positive PCa cell lines. 
Moreover, the candidate compound blocked the AR downstream sig-
nalling, mainly in wild-type AR model, induced moderate G1 arrest and 
was proven to bind the AR in cells and the recombinant AR protein as 
well. The binding mode and interaction was described using molecular 
modelling. 

2. Results and discussion 

2.1. Synthesis and characterization of DHT-based pyridine derivatives 

As a first synthetic step, the regioselective modification of the A-ring 
of DHT was planned to be carried out using 3-(dimethylamino)propio-
phenone hydrochloride (4a) leading to a 1,5-diketone moiety at C-2 
position. By amine elimination, β-amino ketone hydrochloride salts are 

Fig. 1. Examples of different types of antiandrogens.  

Fig. 2. Steroidal A-ring-fused quinolines [19] and pyridines investigated in 
this study. 

M.A. Kiss et al.                                                                                                                                                                                                                                  



Journal of Steroid Biochemistry and Molecular Biology 231 (2023) 106315

3

able to form α,β-unsaturated ketones in situ [20], which can act as 
Michael acceptors in the reaction with DHT. Preliminary experiments 
under conventional heating in absolute EtOH, using triethylamine (TEA) 
as a base, showed the formation of a new product, but complete con-
version was not achieved even after 24 h. In order to facilitate the 
alkylation reaction, pyrrolidine was applied instead of TEA in 1, 
4-dioxane to generate the corresponding enamine in situ from DHT, 
which then readily reacted as a more efficient Michael donor under 
microwave (MW) conditions with 4a according to the Stork enamine 
alkylation [21]. After 20 min of irradiation, only a small amount of re-
sidual starting material and a spot of a newly formed compound with a 
similar retention factor were detected by thin-layer chromatography 
(TLC). The crude product was used in the heterocyclization reaction 
without further purification (Table 1, entry 1). 

Our initial attempts for a tandem-like cyclization of the dicarbonyl 
intermediate with hydroxylamine hydrochloride as an ammonia surro-
gate [22] in the previously used 1,4-dioxane led to incomplete conver-
sion and the formation of a dioxime product verified by ESI-MS. In 
contrast, the desired 6’-phenylpyridine derivative 2a was successfully 
obtained when the dioxane was evaporated and the residue was redis-
solved in absolute EtOH. Compound 2a was purified by column chro-
matography on silica gel, but high yields were only obtained when 
dichloromethane containing 1 v/v% TEA was used as eluent. To extend 
the compound library, Mannich salts 4b–h from various substituted 
aryl-methyl-ketones were synthesized according to methods described 
previously [23,24]. These were then all subjected to 1,5-diketone for-
mation from DHT, followed by cyclization to obtain the corresponding 
6’-monosubstituted A-ring-condensed pyridines (2b–h) in moderate to 
good yields, regardless of the electronic nature of the R1 substituent 
(Table 1, entries 2–8). 

The solid phase structure of a colourless prism of 2a was determined 
by single crystal X-ray diffraction (Fig. 3). The molecule crystallized in 
the monoclinic crystal system, in P21 space group. The asymmetric unit 
contains two molecules in the opposite position and the unit cell con-
tains four molecules. 

The configuration of 2a is established based on the known absolute 
configuration of the utilized natural starting compound, R at C8 and 
C8 * and S at C5, C5 * , C9, C9 * , C10, C10 * , C13, C13 * , C14, C14 * , 
C17, C17 * (Fig. S1). Molecules of 2a are arranged parallel to each other 
in columns running along the b crystallographic axis (Fig. 4). C-H…π 
interactions stabilize the packing (Fig. S2). In the molecule of 2a, only 
one acceptor (N1, N1’) and one donor atom are present (O1, O1’) and a 
hydrogen bond is formed between them that connects the columns 
formed by the stacking of the molecules. Additionally, the O1 oxygen 
accepts a hydrogen from a carbon donor (Table S1). 

As a continuation, similar analogues substituted at both C-4’ and C-6’ 
positions of the pyridine moiety were aimed to be synthesized. For this, 
steroidal arylidene derivatives 5a–e, previously obtained from DHT [16, 
17,25] were used as starting materials, since these α,β-enones can be 
reacted with α-pyridinium methyl ketone salts in Kröhnke pyridine 
cyclization reactions. Thus, 1-(2-oxo-phenylethyl)pyridinium iodide 
(6a) and its analogues (6b, 6c) were first prepared in an Ortoleva-King 
reaction by heating acetophenone, 2’-hydroxyacetophenone or 2-acetyl-
pyridine with elemental iodine in pyridine according to the method 
described in the literature [26,27]. The resulting precipitates were 
washed with cold pyridine and diethyl ether several times, and the crude 
products were used in the following cyclization of 5a–e with ammonium 
acetate under Kröhnke conditions (Table 2). Systematic combination of 
5a–e with 6a–c in the pyridine formation reactions resulted in 15 
differently substituted heterocyclic products 3a–o in moderate to good 
yields (51–82%) after chromatographic purification. 

The structure of all novel products was confirmed by NMR spec-
troscopy and ESI-MS measurements. The characteristic splitting of 1-H2 
(two doublets) and 4-H2 (two double doublets) in the 1H NMR spectra is 
indicative for the 2,3-fused heteroring. The signals of protons at C4’ and 
C5’ of the pyridine ring in 2a–g can be detected as doublets with the 
same coupling constant of around 8 Hz. However, only a singlet proton 
peak (5’-H) can be noticed for the highly substituted pyridine ring of 
3a–o. 

Table 1 
Synthesis of DHT-derived A-ring-fused 6’-substituted pyridine derivatives.  

Entry R1 Producta Yield (%)b 

1 Ph 2a 81 
2 p-CH3-C6H4 2b 70 
3 p-MeO-C6H4 2c 79 
4 p-NO2-C6H4 2d 72 
5 p-F-C6H4 2e 80 
6 p-Cl-C6H4 2f 72 
7 p-Br-C6H4 2g 78 
8 o-OH-C6H4 2h 67 

Reagents and conditions: i) pyrrolidine, 1,4-dioxane, 120 ◦C, 20 min, MW; ii) HONH2⋅HCl, EtOH, 90 ◦C, 10 min, MW. 
a Heterocyclization was performed with the crude diketone intermediate. 
b Calculated for two steps from DHT after column chromatography. 

Fig. 3. Molecular model and atom labelling of 2a. Ellipsoid representation, 
displacement parameters are drawn at the 50% probability level. 

M.A. Kiss et al.                                                                                                                                                                                                                                  



Journal of Steroid Biochemistry and Molecular Biology 231 (2023) 106315

4

2.2. Screening of compounds for their activity towards AR and PCa cells’ 
viability 

We recently reported several DHT-based A-ring-fused (hetero)aryli-
denes, azolo[1,5-a]pyrimidines, and differently substituted pyrazoles 
and their targeting of the AR in PCa cell lines [16,17]. 

In this study, novel DHT derivatives by modifying the A-ring with 
mono- and disubstituted pyridines (2a–h and 3a–o) are introduced. 
These series were extended with some structurally similar quinolines 
(1a–i, Fig. 2), which were previously published but were not pharma-
cologically investigated in relation to AR. 

Transcription of AR-regulated genes is tightly connected to its ac-
tivity, as AR is a direct transcription factor. Therefore, inhibition of 
transcriptional activity was evaluated at first using AR-dependent re-
porter cell line (22Rv1-ARE14), expressing the inserted luciferase gene 
under the control of AR-response element [28]. All compounds were 
screened to their effect on AR transcriptional activity at three concen-
trations (2 – 10 – 50 µM) in both agonist (evaluation of the ability to 
induce the AR activation in comparison to the synthetic agonist R1881) 
and antagonist mode (evaluation of the ability to suppress the AR acti-
vation in the presence of synthetic agonist R1881). 

The analysed library comprised 9 already published steroidal A-ring- 
fused quinolines (1a–1i) [19], 8 novel A-ring-fused 6’-substituted pyr-
idine derivatives (2a–2h) and 15 A-ring-fused 4’,6’-disubstituted 

pyridine derivatives (3a–3o). From the 32 evaluated compounds, 14 
were able to decrease the AR-transcriptional activity in the antagonist 
scheme of the experiment in 50 µM. Overall, A-ring-fused quinoline 
derivatives were the most potent derivatives (Table 3), from which 3 
compounds (1a, 1d, 1i) were able to diminish the R1881-activated AR 
transcriptional activity to approx. 50% at 10 µM concentration. Based 
on the structure comparison, the potent derivatives were unsubstituted 
A-ring fused quinoline (1a) or 6’-substituted quinoline derivatives 
bearing methoxy- or bromo-moiety (1d, 1i, respectively). All these 3 
compounds reached similar activity as steroidal standard galeterone, but 
did not outperform the non-steroidal standard enzalutamide, which 
decreased the AR transcriptional activity below 25%. 

Analysing the agonist activities of the studied compounds towards 
the AR, we have observed that 2 of 8 A-ring-fused quinolines displayed 
dose dependent agonist activity (1b and 1g in correspondence with the 
antagonist mode). Two other A-ring fused quinolines exerted moderate 
agonist activities in 10 µM and 2 µM (1c, 1i), while the rest of this group 
was found to be no AR agonist, including 1a and 1d, which belong to the 
most potent antagonists and were selected for further experiments. 

Despite the fact that there is no generally clear SAR within series 2 
and 3, several characteristics can be pointed out. The monosubstitution 
at C-6’ position of the A-ring fused pyridine by an aromatic moiety 
clearly led to compounds exerting strong agonist activities in series 2, 
except for compounds 2f and 2g (bearing a p-Cl-phenyl or p-Br-phenyl 

Fig. 4. Crystal packing of 2a shown in the a, b and c crystallographic directions. Molecules are drawn by stick representation, hydrogens are omitted for clarity.  

Table 2 
Synthesis of DHT-derived A-ring-fused 4’,6’-disubstituted pyridine derivatives.  

Entry Enone R2 R1 Product Yield (%) 

1 5a CH3 Ph 3a 72 
2 o-OH-C6H4 3b 65 
3 pyridin-2-yl 3c 71 
4 5b Ph Ph 3d 77 
5 o-OH-C6H4 3e 76 
6 pyridin-2-yl 3f 82 
7 5c p-F-C6H4 Ph 3g 67 
8 o-OH-C6H4 3h 59 
9 pyridin-2-yl 3i 68 
10 5d p-Cl-C6H4 Ph 3j 73 
11 o-OH-C6H4 3k 70 
12 pyridin-2-yl 3l 77 
13 5e p-Br-C6H4 Ph 3m 52 
14 o-OH-C6H4 3n 51 
15 pyridin-2-yl 3o 54 

Reagents and conditions: i) NH₄OAc, EtOH, MW, 90 ◦C, 20 min. 
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substituent, respectively), which displayed moderate antagonist activ-
ity. In series 3, the combination of a methyl moiety at 4’-position with an 
aryl substitution in C-6’ position of the A-ring fused pyridine yielded 
compounds with weak to moderate antagonist properties (3a–3c). 
Similar beneficial effect was recently observed in very potent disubsti-
tuted A-ring fused pyrazoles [17]. In contrast, substitutions by aryl 
groups in both C-4’ and C-6’ positions of the pyridine moiety yielded 
compounds with moderate to strong agonist activities, where the com-
bination of p-halophenyl with pyridin-2-yl functionalities at these po-
sitions led to the most potent agonists from the series 3. This observation 
also correlates with our previous research, where biaryl derivatives of 
A-ring fused pyrazoles were found to be potent AR agonists [17]. 

Next, all compounds were evaluated in 20 µM concentration for their 
effect on PCa cell lines’ proliferation using the resazurine-based cell 
viability assay after 72 h treatment. The collection of PCa cell lines 
represented LAPC-4 (wild type AR), 22Rv1 (LBD mutation AR-H875Y 
and splicing variant V-7), LNCaP (LBD mutation T877A) and DU145 
(AR negative). It is known that AR antagonists induce only moderate 

cytotoxicity, since the blockage of AR-mediated signalling leads rather 
to cytostatic effect. Our results confirmed those studies, because the 
majority of compounds decreased the viability only to 70–80% of the 
vehicle-treated cells. Generally, the viability of DU145 was not influ-
enced by most of the compounds, which, in our hypotheses, supports the 
targeting of the AR (Table 4). 

In the 3 most potent antagonists from the A-ring-fused quinoline 
derivatives (1a, 1d, 1i), we expected to observe the antiproliferative 
activity against AR-positive PCa cells. Corresponding with the AR- 
antagonist activity, compounds 1d and 1i indeed displayed reasonable 
antiproliferative activity predominantly in 22Rv1 (decreasing the 
viability to approx. 20% of the control treated by vehicle), but also in 
LAPC-4 and LNCaP. Compound 1d outperformed the standard antago-
nist galeterone in 22Rv1 and displayed similar potency to this standard 
in LNCaP and LAPC-4. There was a clear difference between the sensi-
tivity of the AR-positive cell lines and the AR-negative DU145 (Table 4). 
Based on the structure of compounds, the unsubstituted A-ring fused 
quinoline (1a) displayed weaker antiproliferative activity compared 

Table 3 
AR transcriptional activity in antagonist and agonist modes.  

a Transcriptional activity of AR upon 24 h treatment of 22Rv1-ARE14 with analysed compounds in antagonist (competition with standard agonist, 1 nM R1881) and 
agonist (compound alone) modes, normalised to the signal of 1 nM R1881. Measured in duplicate and repeated twice, mean is presented. 
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with the 6’- methoxy- or bromo-substituted analogues (1d, 1i, respec-
tively). Interestingly, the most sensitive cell line to these two derivatives 
was 22Rv1, with less but still notable sensitivity to 1h (8’-chlor-
oquinoline derivative) and 1f (6’-chloroquinoline derivative). 

Since the most promising compounds were found within series 1, we 
have evaluated the antiproliferative activity of these derivatives in 
10 µM towards the LAPC-4 cell line using the colony-formation assay 
(CFA) for 10 days. Compounds 1a, 1c, 1d, 1g, 1h and 1i decreased the 
colony-formation to 16–30% of control treated by vehicle, while 1b, 1e, 
and 1f did not have such effect (Fig. 5). 

The perspective members of series 1 (except for 1b and 1g) were 
further tested for their effect on the AR protein level and AR-regulated 
proteins in LAPC-4 at 10 µM concentration, upon 48-h treatment. We 
did not observe any profound decreases in AR and AR-regulated pro-
teins. On the other hand, compounds 1c and 1i increased the level of 
PSA. Selected compounds from series 2 (2f, 2g) and 3 (3b, 3c and 3h) 
increased the AR and PSA protein level that confirmed their agonist 
mode of action (Fig. 6). Within analogous experiment in LNCaP, we 
observed a marked decrease in Nkx3.1 and PSA level upon 48-h treat-
ment with 10 µM of 1d (Fig. S3). On the other hand, compounds 1a, 1e, 
1f, 1h affected only the Nkx3.1 protein level, by significant decrease in 
case of 1f and moderate decrease for the rest (Fig. S3). 

Based on all the above-mentioned results, we have evaluated that 
compound 1d displayed the highest potency towards the AR transcrip-
tional activity, AR-positive PCa cell lines’ viability and beneficial effects 
on AR signalling, therefore we further evaluated other characteristics of 
this lead compound. 

2.3. Detailed effect of 1d on AR signalling, PCa cells’ viability, 
proliferation, and the cell cycle 

We have evaluated the effect of 1d on the AR-transcriptional activity 
using the reporter cell line 22Rv1-ARE14 again, in wide concentration 
range, both in agonist and antagonist modes. It was found that IC50 value 
of 1d antagonism (10.5 µM) (Fig. 7A) shows weaker, but comparable 
potency to galeterone (7.6 µM), a known standard antagonist. After 

Table 4 
Viability of PCa cells after 72 h treatment with 20 µM compounds.  

a Cytotoxic effect of compounds was evaluated by resazurine-based viability 
assay (72-hour treatment) with a single dose of 20 µM compounds. Measured in 
duplicate and repeated twice. 

Fig. 5. A-ring fused quinolines reduce LAPC-4 derived colony formation. Antiproliferative activity of compounds from series 1 was evaluated in 10 µM concentration 
using colony-formation assay (10 days treatment). Gal, galeterone; Enz, enzalutamide. 

Fig. 6. Several A-ring fused quinolines display agonist mode of action. Effect on 
AR-signalling was evaluated using immunoblotting in LAPC-4 cells treated with 
10 µM concentration of selected compounds for 48 h. 
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steroid withdrawal and subsequent stimulation of AR signalling by 
synthetic androgen R1881, we observed the ability of 1d and 1a to 
diminish the AR activating phosphorylation on S81 and suppression of 
AR signalling in 10 µM concentration (decrease of the PSA protein 
level), similar to the effect of galeterone (Fig. 7B). We observed similar 
activity of the lead compound mainly on the PSA level even in LNCaP 
and 22Rv1 (Fig. S4). 

The antiproliferative effect of 1d was further evaluated in PCa cell 
lines in dose dependent manner, using both the resazurine-based 
viability assay upon 3 days of treatment (Fig. 7C) and colony forma-
tion assay upon 10 days of treatment (Fig. 7D). We clearly confirmed 
that 1d targets preferentially the AR-positive PCa cell lines. Upon 3 days 
of treatment, compound 1d was able to decrease the viability of LAPC-4 
and 22Rv1 below the 50% of control treated by vehicle at 50 µM and 
25 µM, with 22Rv1 being slightly more sensitive. The lead compound 
outperformed the standard galeterone, which displayed an anti-
proliferative activity only at 50 µM after 3 days, and enzalutamide, 
which exerted moderate antiproliferative effect only in LAPC-4. In 
contrast with galeterone, which markedly affected also the AR-negative 

DU145 at 50 µM, we did not observe significant effect of 1d towards the 
DU145 cell line (Fig. 7C). In agreement with previous findings, the 
antiproliferative activity of the lead compound was enhanced after 10 
days of treatment, which was assessed by the colony-formation analysis. 
The lead compound preferentially blocked the formation of LAPC-4 and 
22Rv1 cell colonies in dose dependent manner and showed to be more 
effective than galeterone and enzalutamide (Fig. 7D). 

Cell cycle analysis after 24 h of treatment showed an increased 
number of cells in G1 phase with reduced S-phase cells’ percentage, 
which reflected the proliferation blockage of LAPC-4 and LNCaP, mainly 
at 10 µM concentration of the lead compound. The effect of 1d was more 
profound, in comparison with galeterone or enzalutamide (Fig. S5). 

2.4. Interaction of 1d with the AR-LBD and molecular modelling 

To verify the ability of 1d to bind to the AR cavity in cells, we per-
formed “the rescue experiment” in LAPC-4 cells. The cells were treated 
with 1d for 2 h to saturate the AR-ligand-binding domain (LBD) and 
then bavdegalutamide (ARV-110, an effective AR degrader) was added 

Fig. 7. Compound 1d acts as a pure antagonist, interferes with AR-downstream signalling and displays selective antiproliferative activity towards AR-positive PCa 
cell lines. (A) Transcriptional activity of AR upon treatment with 1d in antagonist (competition with standard agonist, 1 nM R1881) and agonist (compound alone) 
modes, normalised to the signal of 1 nM R1881. Curves were plotted via non-linear curve fit in GraphPad Prism 5 from 4 independent experiments, error bars 
represent SD. (B) Effect of 1a and 1d on expression of AR and its downstream targets using immunoblotting. The cells were deprived of androgens (in CSS) for 24 h 
and stimulated with 1 nM of R1881 alone or with analysed compounds for additional 24 h. (C) Cytotoxic effect of 1d and standards was evaluated by resazurine- 
based viability assay (3-days treatment), measured in duplicate and repeated twice. (D) Antiproliferative activity of 1d and standards was evaluated using colony- 
formation assay (10-days treatment) in duplicate and repeated twice. Gal, galeterone; Enz, enzalutamide. 
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for additional 6 h. As presented in Fig. 8A, the degradation of AR 
induced by bavdegalutamide was attenuated by 20 µM of 1d and 
confirmed its cellular interaction with the AR cavity. 

Next, the interaction of 1d was also confirmed by the microscale 
thermophoresis (MST) using His6-tagged human AR-LBD [29]. Binding 
of 1d in 12.5 µM and 25 µM concentrations led to an extensive change of 
the labelling dye-fluorescence (Fig. 8B). Moreover, the change was 
consistent with the effect of 25 µM galeterone (Fig. 8B). 

We recruited the flexible molecular docking of the candidate com-
pound 1d into AR-LBD co-crystal structure with natural agonist DHT 
(PDB: 2PIV). The key residues in extremities of the cavity (Asn705, 
Gln711, Arg752, and Thr877) were set flexible, which allowed rear-
rangement of the cavity to fit 1d. The best pose displayed high binding 
energy (ΔGVina = − 10.2 kcal/mol) and similar orientation as was 
observed for steroidal antagonists cyproterone [30] or galeterone [31]. 
Overall, the A-ring fused 6’-methoxyquinoline part was sandwiched 
between the helix 2 and 3 and the methoxy moiety was oriented towards 
the Val 684, with possible hydrogen bonds between the oxygen and 
Arg752 and Gln711. The fused quinoline moiety was stabilised by 

hydrophobic bonds with Leu707, Met749 and Phe764. Further hydro-
phobic interactions were formed between the steroid ring and side 
chains of Leu704, Met780 and Leu873. The 17β-OH on the D-ring 
formed a conserved bond with Thr877, with a possible interaction with 
Asn705 as well (Fig. 8C). 

3. Conclusions 

In conclusion, we reported the efficient syntheses of A-ring-fused 
mono- and disubstituted pyridine derivatives of DHT in two different 
synthetic pathways, using microwave irradiation as an energy source. 
1,5-Diketones were prepared using Mannich salts, which were then 
converted to A-ring-fused 6’-substituted pyridines with hydroxylamine. 
The compound library was extended with 4’,6’-disubstituted analogues 
by the Kröhnke’s pyridine synthesis. Single crystal X-ray diffraction 
confirmed the exact structure of a representative monosubstituted pyr-
idine derivative. Pharmacological investigations were performed in 
prostate cancer cells in comparison with previously prepared, structur-
ally similar quinolines. It was shown that several A-ring-fused quinolines 

Fig. 8. Compound 1d binds the AR protein in vitro and in silico. (A) Compound 1d suppresses bavdegalutamide-induced AR-degradation. LAPC-4 cells were 
cultivated in CSS-supplemented medium, pre-treated with 1d for 2 h and then bavdegalutamide was added for the next 6 h. Level of β-actin served as protein loading 
control. Bavdeg, bavdegalutamide. (B) Binding of 1d to recombinant AR was evaluated by MST measurement with His6-tagged human AR-LBD. Bar chart displays 
the mean ± SD (n = 2). Gal, galeterone. (C) Binding pose of 1d in the LBD of AR (PDB: 2PIV) performed by flexible docking. AR protein is shown in grey, orange 
sticks represent interacting amino acid residues, labelled in bold are residues displaying hydrogen bonds. Nitrogen atoms are shown in blue, oxygen atoms in red, 
hydrogens in white. Hydrogen bonds are shown as cyan dash lines. 
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acted as AR antagonists, in comparison with the dual or agonist char-
acter of the majority of A-ring-fused pyridines. Based on the antagonist 
and antiproliferative activity of the whole set of compounds, the best 
derivative 1d (6’-methoxy-substituted A-ring fused quinoline) was 
chosen as the lead compound. It was further studied and showed to be a 
low-micromolar AR antagonist (IC50 = 10.5 µM), it suppressed the 
viability and proliferation of AR-positive PCa cell lines. Moreover, the 
candidate compound blocked the AR downstream signalling, induced 
moderate cell-cycle arrest and was proven to bind the AR in cells and the 
recombinant AR protein as well. The binding mode and interaction was 
described using molecular modelling. 

4. Experimental 

4.1. General 

Chemicals, reagents and solvents were purchased from commercial 
suppliers (Sigma-Aldrich, TCI and Alfa Aesar) and used without further 
purification. For MW-assisted syntheses, a CEM Discover SP laboratory 
MW reactor was used with a max. power of 200 W (running a dynamic 
control program). Elementary analysis data were obtained with a Per-
kinElmer CHN analyzer model 2400. The transformations were moni-
tored by TLC using 0.25 mm thick Kieselgel-G plates (Si 254 F, Merck). 
The compound spots were detected by spraying with 5% phosphomo-
lybdic acid in 50% aqueous phosphoric acid. Column chromatography 
(CC) was carried out on silica gel 60, 40–63 µm (Merck). Melting points 
(Mp) were determined on an SRS Optimelt digital apparatus and are 
uncorrected. NMR spectra were recorded with a Bruker DRX 500 in-
strument at room temperature in CDCl3 using residual solvent signal as 
an internal reference. Chemical shifts are reported in ppm (δ scale) and 
coupling constants (J) are given in Hz. Multiplicities of the 1H signals are 
indicated as a singlet (s), a doublet (d), a double doublet (dd), a triplet 
(t), or a multiplet (m). 13C NMR spectra are 1H-decoupled and the J- 
MOD pulse sequence was used for multiplicity editing. In this spin-echo 
type experiment, the signal intensity is modulated by the different 
coupling constants J of carbons depending on the number of attached 
protons. Both protonated and unprotonated carbons can be detected 
(CH3 and CH carbons appear as positive signals, while CH2 and C car-
bons as negative signals). The purified derivatives were dissolved in high 
purity acetonitrile and introduced with an Agilent 1290 Infinity II liquid 
chromatography pump to an Agilent 6470 tandem mass spectrometer 
equipped an electrospray ionization chamber. Flow rate was 
0.5 mL⋅min− 1 and contained 0.1% formic acid or 0.1% ammonium 
hydroxide to help facilitate ionization. The instrument operated in MS1 
scan mode with 135 V fragmentor voltage, and the spectra were recor-
ded from 300 to 500 m/z, which were corrected with the background. 

4.2. Chemistry 

4.2.1. General procedure for the synthesis of A-ring-fused 6’-substituted 
pyridine derivatives of DHT (2a–h) 

DHT (290 mg, 1 mmol) and the corresponding Mannich salt (4a–h, 2 
equiv.) were dissolved in 1,4-dioxane (5 mL), and pyrrolidine (246 µL, 3 
equiv.) was added. The mixture was irradiated in a closed vessel at 
120 ◦C for 20 min. After completion of the reaction, the mixture was 
cooled to room temperature, and the solvent was evaporated under 
reduced pressure. The brown oil thus obtained was dissolved in absolute 
EtOH (10 mL), then hydroxylamine hydrochloride (83 mg, 1.2 equiv.) 
was added and the mixture was irradiated in a closed vessel at 90 ◦C for 
10 min. During work-up, the mixture was cooled to room temperature, 
poured into water (20 mL) and saturated NaHCO3 solution was added to 
neutralize the reaction mixture. The water phase was extracted with 
CH2Cl2 (2 × 10 mL). The combined organic layer was washed with 
water (2 × 10 mL) and brine (20 mL), dried over anhydrous Na2SO4 and 
the solvent was evaporated under reduced pressure to yield a brown oil, 
which was then purified by CC with a pure solvent or solvent mixture as 

described in each subchapter containing 1 v/v% TEA. 
4.2.1.1. 6’-Phenylpyridino[2’,3’:3,2]-5α-androstan-17β-ole (2a). 

According to Section 4.2.1., 4a (427 mg) was used. The crude product 
was purified by CC (CH2Cl2). Yield: 326 mg (81%, off white solid). Mp 
213–216 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.77 (s, 3 H, 18-H3), 0.81 (s, 
3 H, 19-H3), 0.81–1.02 (overlapping m, 3 H, 9α-H, 7α-H and 14α-H), 
1.13 (m, 1 H, 12α-H), 1.24–1.52 (overlapping m, 5 H, 15β-H, 11β-H, 6β- 
H, 8β-H and 16β-H), 1.60–1.70 (overlapping m, 4 H, 11α-H, 5α-H, 15α-H 
and 6α-H), 1.77 (m, 1 H, 7β-H), 1.88 (m, 1 H, 12β-H), 2.07 (m, 1 H, 16α- 
H), 2.51 (d, 1 H, J = 16.3 Hz, 1α-H), 2.76–2.83 (overlapping dd and d, 
2 H, 4β-H and 1β-H), 3.25 (m, 1 H, 4α-H), 3.66 (m, 1 H, 17α-H), 7.42 (t- 
like m, 1 H, 4’’-H), 7.48 (t-like m, 2 H, 3’’-H and 5’’-H), 7.52 (d, 1 H, J =
7.9 Hz) and 7.56 (d, 1 H, J = 7.9 Hz): 4’-H and 5’-H, 7,99 (d, 2 H, J =
7.2 Hz, 2’’-H and 6’’-H); 13C NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 
11.9 (C-19), 21.1 (C-11), 23.6 (C-15), 28.7 (C-6), 30.8 (C-16), 31.4 (C- 
7), 35.4 (C-10), 35.9 (C-8), 37.0 (C-4), 37.1 (C-12), 42.4 (C-5), 43.1 (C- 
13), 43.3 (C-1), 51.2 (C-14), 54.1 (C-9), 82.1 (C-17), 118.1 (C-5’), 127.0 
(2 C, C-2’’ and C-6’’), 128.5 (C-4’’), 128.7 (2 C, C-3’’ and C-5’’), 129.9 
(C-2), 138.1 (C-4’), 140.0 (C-1’’), 154.9 (C-6’), 156.4 (C-3); ESI-MS 402 
[M+H]+; Anal. Calcd. for C28H35NO C 83.74; H 8.78. Found C 83.63; H 
8.76. 

4.2.1.2. 6’-(p-Tolyl)pyridino[2’,3’:3,2]-5α-androstan-17β-ole (2b). 
According to Section 4.2.1., 4b (455 mg) was used. The crude product 
was purified by CC (CH2Cl2). Yield: 290 mg (70%, off white solid). Mp 
251–254 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.78 (s, 3 H, 18-H3), 0.81 (s, 
3 H, 19-H3), 0.83–1.03 (overlapping m, 3 H), 1.12 (m, 1 H), 1.25–1.52 
(overlapping m, 5 H), 1.62–1.72 (overlapping m, 4 H), 1.76 (m, 1 H), 
1.88 (m, 1 H), 2.07 (m, 1 H, 16α-H), 2.39 (s, 3 H, 4’’-CH3), 2.47 (d, 1 H, 
J = 16.2 Hz, 1α-H), 2.67 (dd, 1 H, J = 18.0 Hz, J = 12.6 Hz, 4β-H), 2.75 
(d, 1 H, J = 16.2 Hz, 1β-H), 2.93 (dd, 1 H, J = 18.0 Hz, J = 5.2 Hz, 4α- 
H), 3.66 (t, 1 H, J = 8.3 Hz, 17α-H), 7.24 (d, 2 H, J = 7.9 Hz, 3’’-H and 
5’’-H), 7.36 (d, 1 H, J = 7.9 Hz, 4’-H), 7.43 (d, 1 H, J = 7.9 Hz, 5’-H), 
7.85 (d, 2 H, J = 7.9 Hz, 2’’-H and 6’’-H); 13C NMR (CDCl3, 125 MHz): 
δC 11.2 (C-18), 11.9 (C-19), 21.1 (C-11), 21.4 (4’’-CH3), 23.6 (C-15), 
28.8 (C-6), 30.8 (C-16), 31.4 (C-7), 35.4 (C-10), 35.9 (C-8), 37.0 (C-4), 
37.1 (C-12), 42.4 (C-5), 43.1 (C-13), 43.3 (C-1), 51.2 (C-14), 54.1 (C-9), 
82.1 (C-17), 117.8 (C-5’), 126.8 (2 C, C-2’’ and C-6’’), 129.5 (2 C, C-3’’ 
and C-5’’), 129.5 (C-4’’), 137.3 (C-2), 138.0 (C-4’), 138.4 (C-1’’), 154.9 
(C-6’), 156.3 (C-3); ESI-MS 416 [M+H]+; Anal. Calcd. for C29H37NO C 
83.81; H 8.97. Found C 83.95; H 8.99. 

4.2.1.3. 6’-(p-Methoxyphenyl)pyridino[2’,3’:3,2]-5α-androstan-17β- 
ole (2c). According to Section 4.2.1., 4c (487 mg) was used. The crude 
product was purified by CC (CH2Cl2). Yield: 342 mg (79%, off white 
solid). Mp 230–233 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.78 (s, 3 H, 18- 
H3), 0.81 (s, 3 H, 19-H3), 0.85 (m, 1 H), 0.93–1.02 (overlapping m, 2 H), 
1.12 (m, 1 H), 1.24–1.52 (overlapping m, 5 H), 1.60–1.77 (overlapping 
m, 5 H), 1.87 (m, 1 H), 2.07 (m, 1 H, 16α-H), 2.46 (d, 1 H, J = 16.2 Hz, 
1α-H), 2.67 (dd, 1 H, J = 18.0 Hz, J = 12.5 Hz, 4β-H), 2.75 (d, 1 H, J =
16.2 Hz, 1β-H), 2.91 (dd, 1 H, J = 18.0 Hz, J = 5.3 Hz, 4α-H), 3.66 (t, 
1 H, J = 8.6 Hz, 17α-H), 3.85 (s, 3 H, 4’’-OMe), 6.97 (d, 2 H, J = 8.8 Hz, 
3’’-H and 5’’-H), 7.35 (d, 1 H, J = 8.0 Hz, 4’-H), 7.40 (d, 1 H, J = 8.0 Hz, 
5’-H), 7.90 (d, 2 H, J = 8.8 Hz, 2’’-H and 6’’-H); 13C NMR (CDCl3, 
125 MHz): δC 11.2 (C-18), 11.9 (C-19), 21.1 (C-11), 23.6 (C-15), 28.7 (C- 
6), 30.7 (C-16), 31.4 (C-7), 35.4 (C-10), 35.8 (C-8), 36.9 (C-4), 37.1 (C- 
12), 42.3 (C-5), 43.0 (C-13), 43.2 (C-1), 51.1 (C-14), 54.0 (C-9), 55.5 
(4’’-OMe), 82.1 (C-17), 114.1 (2 C, C-3’’ and C-5’’), 117.4 (C-5’), 128.1 
(2 C, C-2’’ and C-6’’), 129.1 (C-1’’), 132.7 (C-2), 138.1 (C-4’), 154.5 (C- 
6’), 156.2 (C-3), 160.2 (C-4’’); ESI-MS 432 [M+H]+; Anal. Calcd. for 
C29H37NO2 C 80.70; H 8.64. Found C 80.88; H 8.67. 

4.2.1.4. 6’-(p-Nitrophenyl)pyridino[2’,3’:3,2]-5α-androstan-17β-ole 
(2d). According to Section 4.2.1., 4d (517 mg) was used. The crude 
product was purified by CC (EtOAc/CH2Cl2 = 2:98). Yield: 321 mg 
(72%, light yellow solid). Mp > 250 ◦C decomposes; 1H NMR (CDCl3, 
500 MHz): δH 0.78 (s, 3 H, 18-H3), 0.82 (s, 3 H, 19-H3), 0.88 (m, 1 H), 
0.95–1.04 (overlapping m, 2 H), 1.13 (m, 1 H), 1.28–1.53 (overlapping 
m, 5 H), 1.60–1.72 (overlapping m, 4 H), 1.77 (m, 1 H), 1.88 (m, 1 H), 
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2.08 (m, 1 H, 16α-H), 2.51 (d, 1 H, J = 16.4 Hz, 1α-H), 2.69 (dd, 1 H, J =
18.2 Hz, J = 12.4 Hz, 4β-H), 2.82 (d, 1 H, J = 16.4 Hz, 1β-H), 2.95 (dd, 
1 H, J = 18.2 Hz, J = 5.3 Hz, 4α-H), 3.67 (t, 1 H, J = 8.3 Hz, 17α-H), 
7.46 (d, 1 H, J = 8.0 Hz, 4’-H), 7.54 (d, 1 H, J = 8.0 Hz, 5’-H), 8.14 (d, 
2 H, J = 8.7 Hz, 2’’-H and 6’’-H), 8.29 (d, 2 H, J = 8.7 Hz, 3’’-H and 5’’- 
H); 13C NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 11.9 (C-19), 21.1 (C-11), 
23.6 (C-15), 28.7 (C-6), 30.7 (C-16), 31.3 (C-7), 35.4 (C-10), 35.8 (C-8), 
36.9 (C-4), 37.0 (C-12), 42.3 (C-5), 43.0 (C-13), 43.3 (C-1), 51.1 (C-14), 
53.9 (C-9), 82.1 (C-17), 118.7 (C-5’), 124.1 (2 C, C-3’’ and C-5’’), 127.6 
(2 C, C-2’’ and C-6’’), 131.9 (C-2), 138.4 (C-4’), 145.9 (C-1’’), 147.9 (C- 
4’’), 152.0 (C-6’), 157.2 (C-3); ESI-MS 447 [M+H]+; Anal. Calcd. for 
C28H34N2O3 C 75.31; H 7.67. Found C 75.08; H 7.66. 

4.2.1.5. 6’-(p-Fluorophenyl)pyridino[2’,3’:3,2]-5α-androstan-17β- 
ole (2e). According to Section 4.2.1., 4e (463 mg) was used. The crude 
product was purified by CC (EtOAc/CH2Cl2 = 2:98). Yield: 337 mg 
(80%, off white solid). Mp > 200 ◦C decomposes; 1H NMR (CDCl3, 
500 MHz): δH 0.78 (s, 3 H, 18-H3), 0.81 (s, 3 H, 19-H3), 0.87–1.03 
(overlapping m, 3 H), 1.13 (m, 1 H), 1.25–1.53 (overlapping m, 5 H), 
1.61–1.72 (overlapping m, 4 H), 1.76 (m, 1 H), 1.88 (m, 1 H), 2.07 (m, 
1 H, 16α-H), 2.48 (d, 1 H, J = 16.2 Hz, 1α-H), 2.67 (dd, 1 H, J = 18.1 Hz, 
J = 12.6 Hz, 4β-H), 2.77 (d, 1 H, J = 16.2 Hz, 1β-H), 2.92 (dd, 1 H, J =
18.1 Hz, J = 5.2 Hz, 4α-H), 3.66 (t, 1 H, J = 8.5 Hz, 17α-H), 7.11 (t, 2 H, 
J = 8.7 Hz, 3’’-H and 5’’-H), 7.38 (d, 1 H, J = 8.0 Hz, 4’-H), 7.41 (d, 1 H, 
J = 8.0 Hz, 5’-H), 7.94 (dd, 2 H, J = 8.7 Hz, J = 5.5 Hz, 2’’-H and 6’’-H); 
13C NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 11.9 (C-19), 21.1 (C-11), 
23.6 (C-15), 28.7 (C-6), 30.8 (C-16), 31.4 (C-7), 35.4 (C-10), 35.9 (C-8), 
37.0 (C-4), 37.1 (C-12), 42.4 (C-5), 43.1 (C-13), 43.2 (C-1), 51.2 (C-14), 
54.1 (C-9), 82.1 (C-17), 115.6 (2 C, J = 21.4 Hz, C-3’’ and C-5’’), 117.7 
(C-5’), 128.7 (2 C, J = 8.2 Hz, C-2’’ and C-6’’), 129.9 (C-2), 136.2 (J =
2.9 Hz, C-1’’), 138.2 (C-4’), 153.8 (C-6’), 156.5 (C-3), 163.5 (J =
247.5 Hz, (C-4’’); ESI-MS 420 [M+H]+; Anal. Calcd. for C28H34FNO C 
80.15; H 8.17. Found C 79.94; H 8.15. 

4.2.1.6. 6’-(p-Chlorophenyl)pyridino[2’,3’:3,2]-5α-androstan-17β- 
ole (2f). According to Section 4.2.1., 4f (496 mg) was used. The crude 
product was purified by CC (EtOAc/CH2Cl2 = 5:95). Yield: 313 mg 
(72%, off white solid). Mp > 200 ◦C decomposes; 1H NMR (CDCl3, 
500 MHz): δH 0.78 (s, 3 H, 18-H3), 0.81 (s, 3 H, 19-H3), 0.86 (m, 1 H), 
0.91–1.03 (overlapping m, 2 H), 1.13 (m, 1 H), 1.23–1.52 (overlapping 
m, 5 H), 1.59–1.72 (overlapping m, 4 H), 1.76 (m, 1 H), 1.87 (m, 1 H), 
2.08 (m, 1 H, 16α-H), 2.47 (d, 1 H, J = 16.3 Hz, 1α-H), 2.67 (dd, 1 H, J =
18.0 Hz, J = 12.7 Hz, 4β-H), 2.77 (d, 1 H, J = 16.3 Hz, 1β-H), 2.92 (dd, 
1 H, J = 18.0 Hz, J = 5.1 Hz, 4α-H), 3.66 (t, 1 H, J = 8.3 Hz, 17α-H), 
7.38–7.44 (overlapping m, 4 H, 4’-H, 5’-H, 3’’-H and 5’’-H), 7.90 (d, 
2 H, J = 8.2 Hz, 2’’-H and 6’’-H); 13C NMR (CDCl3, 125 MHz): δC 11.2 
(C-18), 11.9 (C-19), 21.1 (C-11), 23.6 (C-15), 28.7 (C-6), 30.7 (C-16), 
31.4 (C-7), 35.4 (C-10), 35.8 (C-8), 36.9 (C-4), 37.1 (C-12), 42.3 (C-5), 
43.0 (C-13), 43.2 (C-1), 51.1 (C-14), 54.0 (C-9), 82.1 (C-17), 117.9 (C- 
5’), 128.5 (2 C, C-3’’ and C-5’’), 131.9 (2 C, C-2’’ and C-6’’), 130.3 (C- 
2), 134.6 (C-4’’), 138.2 (C-4’), 138.4 (C-1’’), 153.5 (C-6’), 156.6 (C-3); 
ESI-MS 436 [M+H]+; Anal. Calcd. for C28H34ClNO C 77.13; H 7.86. 
Found C 77.23; H 7.88. 

4.2.1.7. 6’-(p-Bromophenyl)pyridino[2’,3’:3,2]-5α-androstan-17β- 
ole (2g). According to Section 4.2.1., 4g (585 mg) was used. The crude 
product was purified by CC (EtOAc/CH2Cl2 = 5:95). Yield: 374 mg 
(78%, off white solid). Mp 223–226 ◦C; 1H NMR (CDCl3, 500 MHz): δH 
0.78 (s, 3 H, 18-H3), 0.81 (s, 3 H, 19-H3), 0.86 (m, 1 H), 0.92–1.03 
(overlapping m, 2 H), 1.13 (m, 1 H), 1.25–1.53 (overlapping m, 5 H), 
1.60–1.72 (overlapping m, 4 H), 1.77 (m, 1 H), 1.88 (m, 1 H), 2.08 (m, 
1 H, 16α-H), 2.47 (d, 1 H, J = 16.3 Hz, 1α-H), 2.67 (dd, 1 H, J = 18.1 Hz, 
J = 12.5 Hz, 4β-H), 2.77 (d, 1 H, J = 16.3 Hz, 1β-H), 2.92 (dd, 1 H, J =
18.1 Hz, J = 5.3 Hz, 4α-H), 3.66 (m, 1 H, 17α-H), 7.38 (d, 1 H, J =
8.0 Hz, 4’-H), 7.43 (d, 1 H, J = 8.0 Hz, 5’-H), 7.56 (d, 2 H, J = 8.4 Hz, 
3’’-H and 5’’-H), 7.84 (d, 2 H, J = 8.4 Hz, 2’’-H and 6’’-H); 13C NMR 
(CDCl3, 125 MHz): δC 11.2 (C-18), 11.9 (C-19), 21.1 (C-11), 23.6 (C-15), 
28.7 (C-6), 30.8 (C-16), 31.4 (C-7), 35.4 (C-10), 35.9 (C-8), 37.0 (C-4), 
37.1 (C-12), 42.4 (C-5), 43.1 (C-13), 43.3 (C-1), 51.2 (C-14), 54.1 (C-9), 

82.1 (C-17), 117.8 (C-5’), 122.9 (C-4’’), 128.5 (2 C, C-2’’ and C-6’’), 
130.4 (C-2), 131.9 (2 C, C-3’’ and C-5’’), 138.2 (C-4’), 138.9 (C-1’’), 
153.6 (C-6’), 156.6 (C-3); ESI-MS 480 [M+H]+; Anal. Calcd. for 
C28H34BrNO C 69.99; H 7.13. Found C 70.12; H 7.14. 

4.2.1.8. 6’-(o-Hydroxyphenyl)pyridino[2’,3’:3,2]-5α-androstan-17β- 
ole (2h). According to Section 4.2.1., 4h (459 mg) was used. The crude 
product was purified by CC (CH2Cl2). Yield: 278 mg (67%, white solid). 
Mp 298–300 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.78 (s, 3 H, 18-H3), 
0.80 (s, 3 H, 19-H3), 0.86 (m, 1 H), 0.94–1.02 (overlapping m, 2 H), 1.13 
(m, 1 H), 1.26–1.52 (overlapping m, 5 H), 1.60–1.70 (overlapping m, 
4 H), 1.76 (m, 1 H), 1.88 (m, 1 H), 2.08 (m, 1 H, 16α-H), 2.47 (d, 1 H, J 
= 16.3 Hz, 1α-H), 2.65 (dd, 1 H, J = 18.0 Hz, 12.5 Hz, 4β-H), 2.77 (d, 
1 H, J = 16.3 Hz, 1β-H), 2.86 (dd, 1 H, J = 18.0 Hz, J = 5.1 Hz, 4α-H), 
3.66 (m, 1 H, 17α-H), 6.88 (t-like m, 1 H, 4’’-H), 7.00 (d, 1 H, J =
8.2 Hz, 6’’-H), 7.26 (t-like m, 1 H, 5’’-H), 7.48 (d, 1 H, J = 8.3 Hz, 4’-H), 
7.66 (d, 1 H, J = 8.3 Hz, 5’-H), 7.77 (d, 1 H, J = 8.0 Hz, 3’’-H), 14.78 (s, 
1 H, Ph-OH); 13C NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 11.9 (C-19), 
21.1 (C-11), 23.6 (C-15), 28.5 (C-6), 30.7 (C-16), 31.3 (C-7), 35.5 (C- 
10), 35.7 (C-8), 36.0 (C-4), 36.9 (C-12), 42.0 (C-1), 42.9 (C-5), 43.0 (C- 
13), 51.1 (C-14), 53.9 (C-9), 82.1 (C-17), 116.5 (C-6’’), 118.6 and 118.7 
(C-5’ and C-5’’), 119.2 (C-2’’), 126.0 (C-4’’), 129.7 (C-2), 131.0 (C-3’’), 
139.2 (C-4’), 153.0 (C-6’), 155.1 (C-1’’), 160.3 (C-3); ESI-MS 418 
[M+H]+; Anal. Calcd. for C28H35NO2 C 80.53; H 8.45. Found C 80.49; H 
8.42. 

4.2.2. General procedure for the synthesis of A-ring-fused 4’,6’- 
disubstituted pyridine derivatives of DHT (3a–o) 

2-Ethylidene (5a) or 2-arylidene (5b–e) derivative (1.0 mmol), 
appropriate pyridinium iodide salt (6a–c, 1.4 equiv.) and ammonium 
acetate (771 mg, 10.0 equiv.) were suspended in absolute EtOH (5 mL), 
and the mixture was irradiated in a closed vessel at 90 ◦C for 20 min. 
After completion of the reaction, the mixture was cooled to room tem-
perature, poured into water (20 mL) and extracted with CH2Cl2 (2 ×

10 mL). The combined organic layer was washed with water (2 ×

10 mL) and brine (20 mL), dried over anhydrous Na2SO4 and the solvent 
was evaporated under reduced pressure. The crude product thus ob-
tained was purified by CC with a pure solvent or solvent mixture as 
described in each subchapter containing 1 v/v% TEA. 

4.2.2.1. 4’-Methyl-6’-phenylpyridino[2’,3’:3,2]-5α-androstan-17β- 
ole (3a). According to Section 4.2.2., 5a (316 mg) and 6a (455 mg) were 
used. The crude product was purified by CC (EtOAc/hexane = 30:70). 
Yield: 298 mg (72%, white solid). Mp 263–265 ◦C; 1H NMR (CDCl3, 
500 MHz): δH 0.79 (s, 3 H, 18-H3), 0.82 (s, 3 H, 19-H3), 0.86–1.04 
(overlapping m, 3 H), 1.15 (m, 1 H), 1.25–1.55 (overlapping m, 5 H), 
1.61–1.66 (overlapping m, 3 H), 1.75 (overlapping m, 2 H), 1.89 (m, 
1 H), 2.08 (m, 1 H, 16α-H), 2.23 (d, 1 H, J = 16.6 Hz, 1α-H), 2.27 (s, 3 H, 
4’-CH3), 2.69–2.77 (overlapping dd and d, 2 H, 4β-H and 1β-H), 2.90 
(dd, 1 H, J = 17.9 Hz, J = 5.0 Hz, 4α-H), 3.67 (m, 1 H, 17α-H), 7.36 
(overlapping m, 2 H, 5’-H and 4’’-H), 7.43 (t, 2 H, J = 7.6 Hz, 3’’-H and 
5’’-H), 7.94 (d, 2 H, J = 7.4 Hz, 2’’-H and 6’’-H); 13C NMR (CDCl3, 
125 MHz): δC 11.2 (C-18), 12.3 (C-19), 19.6 (4’-CH3), 21.1 (C-11), 23.6 
(C-15), 28.6 (C-6), 30.8 (C-16), 31.4 (C-7), 35.2 (C-10), 35.8 (C-8), 36.9 
(C-4), 37.2 (C-12), 40.3 (C-1), 41.9 (C-5), 43.0 (C-13), 51.2 (C-14), 54.3 
(C-9), 82.1 (C-17), 119.9 (C-5’), 127.0 (2 C, C-2’’ and C-6’’), 128.4 (C- 
4’’), 128.7 (2 C, C-3’’ and C-5’’), 128.8 (C-2), 140.1 (C-1’’), 146.7 (C- 
4’), 154.3 (C-6’), 155.8 (C-3); ESI-MS 416 [M+H]+; Anal. Calcd. for 
C29H37NO C 83.81; H 8.97. Found C 83.99; H 8.99. 

4.2.2.2. 6’-(o-Hydoxyphenyl)-4’-methylpyridino[2’,3’:3,2]-5α- 
androstan-17β-ole (3b). According to Section 4.2.2., 5a (316 mg) and 6b 
(478 mg) were used. The crude product was purified by CC (CH2Cl2). 
Yield: 281 mg (65%, off white solid); Mp 265–267 ◦C; 1H NMR (CDCl3, 
500 MHz): δH 0.78 (s, 3 H, 18-H3), 0.80 (s, 3 H, 19-H3), 0.84–1.02 
(overlapping m, 3 H), 1.14 (m, 1 H), 1.26–1.54 (overlapping m, 5 H), 
1.57–1.67 (overlapping m, 3 H), 1.74 (overlapping m, 2 H), 1.89 (m, 
1 H), 2.08 (m, 1 H, 16α-H), 2.21 (d, 1 H, J = 16.7 Hz, 1α-H), 2.30 (s, 3 H, 
4’-CH3), 2.67 (dd, 1 H, J = 18.2 Hz, 12.5 Hz, 4β-H), 2.73 (d, 1 H, J =

M.A. Kiss et al.                                                                                                                                                                                                                                  



Journal of Steroid Biochemistry and Molecular Biology 231 (2023) 106315

11

16.7 Hz, 1β-H), 2.81 (dd, 1 H, J = 18.2 Hz, J = 5.1 Hz, 4α-H), 3.67 (m, 
1 H, 17α-H), 6.86 (t, 1 H, J = 7.6 Hz, 4’’-H), 7.00 (d, 1 H, J = 8.2 Hz, 6’’- 
H), 7.25 (t-like m, 1 H, 5’’-H), 7.52 (s, 1 H, 5’-H), 7.77 (d, 1 H, J =
8.0 Hz, 3’’-H), 15.0 (s, 1 H, Ph-OH); 13C NMR (CDCl3, 125 MHz): δC 11.2 
(C-18), 12.3 (C-19), 19.9 (4’-CH3), 21.1 (C-11), 23.6 (C-15), 28.4 (C-6), 
30.7 (C-16), 31.3 (C-7), 35.3 (C-10), 35.7 (C-8), 36.1 (C-4), 36.9 (C-12), 
40.1 (C-1), 41.6 (C-5), 43.0 (C-13), 51.1 (C-14), 54.2 (C-9), 82.1 (C-17), 
117.9 (C-6’’), 118.5 (2 C, C-4’’ and C-5’), 119.1 (C-2’’), 125.9 (C-5’’), 
128.7 (C-2), 130.8 (C-3’’), 148.2 (C-4’), 152.2 (C-6’), 154.4 (C-1’’), 
160.3 (C-3); ESI-MS 432 [M+H]+; Anal. Calcd. for C29H37NO2 C 80.70; 
H 8.64. Found C 80.51; H 8.61. 

4.2.2.3. 4’-Methyl-6’-(pyridin-2’’-yl)pyridino[2’,3’:3,2]-5α-andro-
stan-17β-ole (3c). According to Section 4.2.2., 5a (316 mg) and 6c 
(457 mg) were used. The crude product was purified by CC (EtOAc/ 
hexane = 40:60). Yield: 294 mg (71%, off white solid). Mp 226–229 ◦C; 
1H NMR (CDCl3, 500 MHz): δH 0.78 (s, 3 H, 18-H3), 0.81 (s, 3 H, 19-H3), 
0.86–1.03 (overlapping m, 3 H), 1.14 (m, 1 H), 1.25–1.55 (overlapping 
m, 5 H), 1.60–1.67 (overlapping m, 3 H), 1.76 (overlapping m, 2 H), 
1.89 (m, 1 H), 2.08 (m, 1 H, 16α-H), 2.24 (d, 1 H, J = 16.7 Hz, 1α-H), 
2.29 (s, 3 H, 4’-CH3), 2.69–2.79 (overlapping dd and d, 2 H, 4β-H and 
1β-H), 2.90 (dd, 1 H, J = 17.8 Hz, J = 4.8 Hz, 4α-H), 3.67 (t, 1 H, J =
8.5 Hz, 17α-H), 7.25 (t-like m, 1 H, 5’’-H), 7.77 (t, 1 H, J = 7.7 Hz, 4’’- 
H), 7.97 (s, 1 H, 5’-H), 8.35 (d, 1 H, J = 8.0 Hz, 3’’-H), 8.65 (d, 1 H, J =
4.9 Hz, 6’’-H); 13C NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 12.3 (C-19), 
19.5 (C-4’), 21.1 (C-11), 23.6 (C-15), 28.6 (C-6), 30.7 (C-16), 31.4 (C-7), 
35.2 (C-10), 35.8 (C-8), 36.9 (C-4), 37.2 (C-12), 40.5 (C-1), 41.9 (C-5), 
43.0 (C-13), 51.2 (C-14), 54.3 (C-9), 82.1 (C-17), 120.2 (C-5’), 121.1 (C- 
3’’), 123.3 (C-5’’), 130.7 (C-2), 136.9 (C-4’’), 147.1 (C-4’), 149.2 (C- 
6’’), 152.8 (C-6’), 155.5 and 157.0: C-2’’ and C-3; ESI-MS 417 [M+H]+; 
Anal. Calcd. for C28H36N2O C 80.73; H 8.71. Found C 80.95; H 8.74. 

4.2.2.4. 4’,6’-Diphenylpyridino[2’,3’:3,2]-5α-androstan-17β-ole 
(3d). According to Section 4.2.2., 5b (379 mg) and 6a (455 mg) were 
used. The crude product was purified by CC (EtOAc/hexane = 20:80). 
Yield: 368 mg (77%, white solid). Mp 139–142 ◦C; 1H NMR (CDCl3, 
500 MHz): δH 0.72 (s, 3 H, 18-H3), 0.75 (s, 3 H, 19-H3), 0.81 (m, 1 H), 
0.91–1.07 (overlapping m, 3 H), 1.23–1.46 (overlapping m, 5 H), 
1.59–1.76 (overlapping m, 6 H), 2.06 (m, 1 H, 16α-H), 2.32 (d, 1 H, J =
16.5 Hz, 1α-H), 2.68–2.79 (overlapping dd and d, 2 H, 4β-H and 1β-H), 
3.05 (dd, 1 H, J = 18.1 Hz, J = 5.4 Hz, 4α-H), 3.63 (t, 1 H, J = 8.4 Hz, 
17α-H), 7.33–7.48 (overlapping m, 9 H, Ph-H4, Ph-H3, Ph-H5, Ph-H2, Ph- 
H6, 4’’-H, 3’’-H, 5’’-H and 5’-H), 7.98 (d, 2 H, J = 7.7 Hz, 2’’-H and 6’’- 
H); 13C NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 11.8 (C-19), 21.0 (C-11), 
23.6 (C-15), 28.6 (C-6), 30.7 (C-16), 31.4 (C-7), 35.5 (C-10), 35.8 (C-8), 
36.8 (C-4), 37.6 (C-12), 41.4 (C-1), 42.1 (C-5), 43.0 (C-13), 51.1 (C-14), 
54.0 (C-9), 82.1 (C-17), 119.5 (C-5’), 127.0 (2 C, C-2’’ and C-6’’), 127.4 
(C-2), 127.9 (Ph-C4), 128.5 (2 C, Ph-C2 and Ph-C6), 128.6 (C-4’’), 128.7 
(2 C, Ph-C3 and Ph-C5), 128.8 (2 C, C-3’’ and C-5’’), 139.9 and 140.0: 
Ph-C1 and C-1’’, 150.9 (C-4’), 154.4 (C-6’), 156.9 (C-3); ESI-MS 478 
[M+H]+; Anal. Calcd. for C34H39NO C 85.49; H 8.23. Found C 85.19; H 
8.20.  

4.2.2.5. 6’-(o-Hydoxyphenyl)-4’-phenylpyridino[2’,3’:3,2]-5α-andro-
stan-17β-ole (3e). According to Section 4.2.2., 5b (379 mg) and 6b 
(478 mg) was used. The crude product was purified by CC (EtOAc/ 
CH2Cl2 = 2:98). Yield: 377 mg (76%, off white solid). Mp 146–149 ◦C; 
1H NMR (CDCl3, 500 MHz): δH 0.71 (s, 3 H, 18-H3), 0.74 (s, 3 H, 19-H3), 
0.80 (m, 1 H), 0.87–1.06 (overlapping m, 3 H), 1.22–1.46 (overlapping 
m, 6 H), 1.57–1.76 (overlapping m, 5 H), 2.06 (m, 1 H, 16α-H), 2.30 (d, 
1 H, J = 16.5 Hz, 1α-H), 2.66 (d, 1 H, J = 16.5 Hz, 1β-H), 2.71 (dd, 1 H, 
J = 18.0 Hz, 12.4 Hz, 4β-H), 3.05 (dd, 1 H, J = 18.1 Hz, J = 5.5 Hz, 4α- 
H), 3.62 (m, 1 H, 17α-H), 6.85 (t, 1 H, J = 7.5 Hz, 4’’-H), 7.00 (d, 1 H, J 
= 8.2 Hz, 6’’-H), 7.27 (t-like m, 1 H, 5’’-H), 7.32 (d, 2 H, J = 7.1 Hz, Ph- 
H2 and Ph-H6), 7.44 (t-like m, 1 H, Ph-H4), 7.48 (t-like m, 2 H, Ph-H3 

and Ph-H5), 7.58 (s, 1 H, 5’-H), 7.76 (d, 1 H, J = 7.9 Hz, 3’’-H), 14.82 (s, 
1 H, Ph-OH); 13C NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 11.8 (C-19), 
20.9 (C-11), 23.5 (C-15), 28.5 (C-6), 30.7 (C-16), 31.3 (C-7), 35.5 (C- 

10), 35.7 (C-8), 36.5 (C-4), 36.8 (C-12), 41.2 (C-1), 41.8 (C-5), 42.9 (C- 
13), 51.1 (C-14), 53.9 (C-9), 82.1 (C-17), 117.8 (C-6’’), 118.6 and 118.7 
(C-4’’ and C-5’), 119.1 (C-2’’), 126.1 (C-5’’), 127.3 (C-2), 128.3 (Ph-C4), 
128.6 (2 C, Ph-C2 and Ph-C6), 128.7 (2 C, Ph-C3 and Ph-C5), 131.1 (C- 
3’’), 139.4 (Ph-C1), 152.2 (C-4’), 153.4 (C-6’), 154.6 (C-1’’), 160.3 (C- 
3); ESI-MS 494 [M+H]+; Anal. Calcd. for C34H39NO2 C 82.72; H 7.96. 
Found C 82.98; H 7.97. 

4.2.2.6. 4’-Phenyl-6’-(pyridin-2’’-yl)pyridino[2’,3’:3,2]-5α-andro-
stan-17β-ole (3f). According to Section 4.2.2., 5b (379 mg) and 6c 
(457 mg) were used. The crude product was purified by CC (EtOAc/ 
hexane = 40:60). Yield: 391 mg (82%, white solid). Mp 156–159 ◦C; 1H 
NMR (CDCl3, 500 MHz): δH 0.72 (s, 3 H, 18-H3), 0.75 (s, 3 H, 19-H3), 
0.81 (m, 1 H), 0.91–1.06 (overlapping m, 3 H), 1.22–1.46 (overlapping 
m, 5 H), 1.60–1.76 (overlapping m, 6 H), 2.06 (m, 1 H, 16α-H), 2.34 (d, 
1 H, J = 16.7 Hz, 1α-H), 2.72–2.80 (overlapping dd and d, 2 H, 4β-H and 
1β-H), 3.05 (dd, 1 H, J = 18.1 Hz, J = 5.5 Hz, 4α-H), 3.62 (t-like m, 1 H, 
17α-H), 7.26 (t-like m, 1 H, 5’’-H), 7.35 (d, 2 H, J = 7.7 Hz, Ph-H2 and 
Ph-H6), 7.39 (t-like m, 1 H, Ph-H4), 7.44 (t-like m, 2 H, Ph-H3 and Ph- 
H5), 7.79 (t, 1 H, J = 7.7 Hz, 4’’-H), 8.04 (s, 1 H, 5’-H), 8.39 (d, 1 H, J =
8.0 Hz, 3’’-H), 8.64 (d, 1 H, J = 4.3 Hz, 6’’-H); 13C NMR (CDCl3, 
125 MHz): δC 11.2 (C-18), 11.8 (C-19), 21.0 (C-11), 23.6 (C-15), 28.7 (C- 
6), 30.7 (C-16), 31.4 (C-7), 35.5 (C-10), 35.8 (C-8), 36.8 (C-4), 37.6 (C- 
12), 41.6 (C-1), 42.1 (C-5), 43.0 (C-13), 51.2 (C-14), 54.0 (C-9), 82.1 (C- 
17), 119.9 (C-5’), 121.2 (C-3’’), 123.4 (C-5’’), 127.8 (Ph-C4), 128.4 (2 C, 
Ph-C2 and Ph-C6), 128.8 (2 C, Ph-C3 and Ph-C5), 129.1 (C-2), 136.9 (C- 
4’’), 139.8 (Ph-C1), 149.3 (C-6’’), 151.2 (C-4’), 153.1 (C-6’), 156.5 and 
156.8: C-2’’ and C-3; ESI-MS 479 [M+H]+; Anal. Calcd. for C33H38N2O C 
82.80; H 8.00. Found C 82.58; H 7.98. 

4.2.2.7. 4’-(p-Fluorophenyl)-6’-penylpyridino[2’,3’:3,2]-5α-andro-
stan-17β-ole (3g). According to Section 4.2.2., 5c (397 mg) and 6a 
(455 mg) were used. The crude product was purified by CC (EtOAc/ 
hexane = 20:80). Yield: 334 mg (67%, white solid). Mp 209–211 ◦C; 1H 
NMR (CDCl3, 500 MHz): δH 0.72 (s, 3 H, 18-H3), 0.75 (s, 3 H, 19-H3), 
0.81 (m, 1 H), 0.92–1.08 (overlapping m, 3 H), 1.23–1.47 (overlapping 
m, 6 H), 1.59–1.78 (overlapping m, 5 H), 2.06 (m, 1 H, 16α-H), 2.30 (d, 
1 H, J = 16.5 Hz, 1α-H), 2.65 (d, 1 H, J = 16.5 Hz, 1β-H), 2.75 (dd, 1 H, 
J = 18.0 Hz, J = 12.5 Hz, 4β-H), 3.05 (dd, 1 H, J = 18.1 Hz, J = 5.3 Hz, 
4α-H), 3.64 (m, 1 H, 17α-H), 7.16 (t, 2 H, J = 8.4 Hz, Ph-H3 and Ph-H5), 
7.30 (t-like m, 2 H, Ph-H2 and Ph-H6), 7.38 (overlapping m, 2 H, 4’’-H 
and 5’-H), 7.45 (t, 2 H, J = 7.4 Hz, 3’’-H and 5’’-H), 7.97 (d, 2 H, J =
7.7 Hz, 2’’-H and 6’’-H); 13C NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 
11.8 (C-19), 21.0 (C-11), 23.6 (C-15), 28.6 (C-6), 30.7 (C-16), 31.4 (C- 
7), 35.5 (C-10), 35.8 (C-8), 36.8 (C-4), 37.6 (C-12), 41.4 (C-1), 42.1 (C- 
5), 43.0 (C-13), 51.1 (C-14), 54.0 (C-9), 82.1 (C-17), 115.6 (d, J = 21.3, 
Ph-C3 and Ph-C5), 119.4 (C-5’), 127.0 (2 C, C-2’’ and C-6’’), 127.4 (C-2), 
128.7 (C-4’’), 128.8 (2 C, C-3’’ and C-5’’), 130.5 (d, 2 C, J = 8.1 Hz, Ph- 
C2 and Ph-C6), 135.9 (d, J = 3.4 Hz, Ph-C1), 139.7 (C-1’’), 149.9 (C-4’), 
154.5 (C-6’), 157.0 (C-3), 162.6 (d, J = 247.2 Hz, Ph-C4); ESI-MS 496 
[M+H]+; Anal. Calcd. for C34H38FNO C 82.39; H 7.73. Found C 82.57; H 
7.75.  

4.2.2.8. 4’-(p-Fluorophenyl)-6’-(o-hydoxyphenyl)-pyridino[2’,3’:3,2]- 
5α-androstan-17β-ole (3h). According to Section 4.2.2., 5c (397 mg) and 
6b (478 mg) were used. The crude product was purified by CC (EtOAc/ 
CH2Cl2 = 2:98). Yield: 301 mg (59%; off white solid). Mp > 110 ◦C 
decomposes; 1H NMR (CDCl3, 500 MHz): δH 0.72 (s, 3 H, 18-H3), 0.73 (s, 
3 H, 19-H3), 0.81 (m, 1 H), 0.87–1.08 (overlapping m, 3 H), 1.23–1.47 
(overlapping m, 6 H), 1.57–1.79 (overlapping m, 5 H), 2.07 (m, 1 H, 
16α-H), 2.29 (d, 1 H, J = 16.6 Hz, 1α-H), 2.63 (d, 1 H, J = 16.5 Hz, 1β- 
H), 2.71 (dd, 1 H, J = 18.1 Hz, 12.3 Hz, 4β-H), 2.96 (dd, 1 H, J =
18.2 Hz, J = 5.2 Hz, 4α-H), 3.63 (t, 1 H, J = 8.3 Hz, 17α-H), 6.86 (t, 1 H, 
J = 7.5 Hz, 4’’-H), 7.01 (d, 1 H, J = 8.2 Hz, 6’’-H), 7.18 (t, 2 H, J =
7.9 Hz, Ph-H3 and Ph-H5), 7.29 (overlapping m, 3 H, 5’’-H, Ph-H2 and 
Ph-H6), 7.56 (s, 1 H, 5’-H), 7.76 (d, 1 H, J = 7.9 Hz, 3’’-H), 14.73 (s, 1 H, 
Ph-OH); 13C NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 11.8 (C-19), 21.0 
(C-11), 23.5 (C-15), 28.5 (C-6), 30.7 (C-16), 31.3 (C-7), 35.6 (C-10), 
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35.7 (C-8), 36.5 (C-4), 36.8 (C-12), 41.3 (C-1), 41.8 (C-5), 43.0 (C-13), 
51.1 (C-14), 53.9 (C-9), 82.1 (C-17), 115.8 (d, J = 21.4, Ph-C3 and Ph- 
C5), 117.8 (C-6’’), 118.6 and 118.7 (C-4’’ and C-5’), 118.9 (C-2’’), 126.1 
(C-5’’), 127.3 (C-2), 130.4 (d, 2 C, J = 8.1 Hz, Ph-C2 and Ph-C6), 131.2 
(C-3’’), 135.3 (d, J = 3.4 Hz, Ph-C1), 151.2 (C-4’), 153.6 (C-6’), 154.7 
(C-1’’), 160.3 (C-3), 162.7 (d, J = 247.8 Hz, Ph-C4); ESI-MS 512 
[M+H]+; Anal. Calcd. for C34H38FNO2 C 79.81; H 7.49. Found C 79.57; 
H 7.47. 

4.2.2.9. 4’-(p-Fluorophenyl)-6’-(pyridin-2’’-yl)pyridino[2’,3’:3,2]- 
5α-androstan-17β-ole (3i). According to Section 4.2.2., 5c (397 mg) and 
6c (457 mg) were used. The crude product was purified by CC (EtOAc/ 
hexane = 40:60). Yield: 339 mg (68%, off white solid). Mp 148–151 ◦C; 
1H NMR (CDCl3, 500 MHz): δH 0.72 (s, 3 H, 18-H3), 0.74 (s, 3 H, 19-H3), 
0.81 (m, 1 H), 0.92–1.07 (overlapping m, 3 H), 1.22–1.46 (overlapping 
m, 6 H), 1.58–1.78 (overlapping m, 5 H), 2.06 (m, 1 H, 16α-H), 2.32 (d, 
1 H, J = 16.6 Hz, 1α-H), 2.69 (d, 1 H, J = 16.6 Hz, 1β-H), 2.75 (dd, 1 H, 
J = 18.0 Hz, 12.5 Hz, 4β-H), 3.05 (dd, 1 H, J = 18.2 Hz, J = 5.2 Hz, 4α- 
H), 3.63 (t, 1 H, J = 8.5 Hz, 17α-H), 7.13 (t, 2 H, J = 8.5 Hz, Ph-H3 and 
Ph-H5), 7.27 (m, 1 H, 5’’-H), 7.32 (t-like m, 2 H, Ph-H2 and Ph-H6), 7.79 
(t, 1 H, J = 7.7 Hz, 4’’-H), 8.03 (s, 1 H, 5’-H), 8.40 (d, 1 H, J = 8.0 Hz, 
3’’-H), 8.64 (d, 1 H, J = 4.5 Hz, 6’’-H); 13C NMR (CDCl3, 125 MHz): δC 
11.2 (C-18), 11.8 (C-19), 21.0 (C-11), 23.6 (C-15), 28.6 (C-6), 30.7 (C- 
16), 31.3 (C-7), 35.5 (C-10), 35.8 (C-8), 36.8 (C-4), 37.5 (C-12), 41.6 (C- 
1), 42.1 (C-5), 43.0 (C-13), 51.1 (C-14), 54.0 (C-9), 82.1 (C-17), 115.5 
(d, J = 21.4, Ph-C3 and Ph-C5), 119.8 (C-5’), 121.2 (C-3’’), 123.5 (C-5’’), 
129.2 (C-2), 130.5 (d, 2 C, J = 7.9 Hz, Ph-C2 and Ph-C6), 135.7 (d, J =
3.3 Hz, Ph-C1), 137.0 (C-4’’), 149.3 (C-6’’), 150.2 (C-4’), 153.1 (C-6’), 
156.6 and 156.7: C-2’’ and C-3, 162.6 (d, J = 246.9 Hz, Ph-C4); ESI-MS 
497 [M+H]+; Anal. Calcd. for C33H37FN2O C 79.80; H 7.51. Found C 
79.91; H 7.52. 

4.2.2.10. 4’-(p-Chlorophenyl)-6’-penylpyridino[2’,3’:3,2]-5α-andro-
stan-17β-ole (3j). According to Section 4.2.2., 5d (413 mg) and 6a 
(455 mg) were used. The crude product was purified by CC (EtOAc/ 
hexane = 20:80). Yield: 374 mg (73%, white solid). Mp 164–167 ◦C; 1H 
NMR (CDCl3, 500 MHz): δH 0.72 (s, 3 H, 18-H3), 0.74 (s, 3 H, 19-H3), 
0.81 (m, 1 H), 0.91–1.08 (overlapping m, 3 H), 1.23–1.47 (overlapping 
m, 6 H), 1.59–1.79 (overlapping m, 5 H), 2.06 (m, 1 H, 16α-H), 2.30 (d, 
1 H, J = 16.5 Hz, 1α-H), 2.65 (d, 1 H, J = 16.5 Hz, 1β-H), 2.75 (dd, 1 H, 
J = 18.1 Hz, J = 12.5 Hz, 4β-H), 3.05 (dd, 1 H, J = 18.2 Hz, J = 5.3 Hz, 
4α-H), 3.64 (t-like m, 1 H, 17α-H), 7.27 (m, 2 H, Ph-H3 and Ph-H5), 7.38 
(overlapping m, 2 H, 5’-H and 4’’-H), 7.44 (overlapping m, 4 H, Ph-H2, 
Ph-H6, 3’’-H and 5’’-H), 7.97 (d, 2 H, J = 7.9 Hz, 2’’-H and 6’’-H); 13C 
NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 11.8 (C-19), 21.0 (C-11), 23.6 
(C-15), 28.6 (C-6), 30.7 (C-16), 31.3 (C-7), 35.5 (C-10), 35.8 (C-8), 36.8 
(C-4), 37.6 (C-12), 41.4 (C-1), 42.1 (C-5), 43.0 (C-13), 51.1 (C-14), 54.0 
(C-9), 82.1 (C-17), 119.3 (C-5’), 127.0 (2 C, C-2’’ and C-6’’), 127.2 (C- 
2), 128.7 (C-4’’), 128.8 (4 C, C-3’’, C-5’’, Ph-C3 and Ph-C5), 130.1 (2 C, 
Ph-C2 and Ph-C6), 134.0 (Ph-C4), 138.3 (Ph-C1), 139.7 (C-1’’), 149.7 (C- 
4’), 154.5 (C-6’), 157.1 (C-3); ESI-MS 512 [M+H]+; Anal. Calcd. for 
C34H38ClNO C 79.74; H 7.48. Found C 79.56; H 7.45.  

4.2.2.11. 4’-(p-Chlorophenyl)-6’-(o-hydoxyphenyl)-pyridino[2’,3’:3,2]- 
5α-androstan-17β-ole (3k). According to Section 4.2.2., 5d (413 mg) 
and 6b (478 mg) were used. The crude product was purified by CC 
(EtOAc/CH2Cl2 = 2:98). Yield: 379 mg (70%, light yellow solid). Mp 
260–263 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.73 (s, 3 H, 18-H3), 0.74 (s, 
3 H, 19-H3), 0.81 (m, 1 H), 0.91–1.00 (overlapping m, 2 H), 1.06 (m, 
1 H), 1.23–1.47 (overlapping m, 6 H), 1.59–1.79 (overlapping m, 5 H), 
2.07 (m, 1 H, 16α-H), 2.29 (d, 1 H, J = 16.6 Hz, 1α-H), 2.62 (d, 1 H, J =
16.6 Hz, 1β-H), 2.71 (dd, 1 H, J = 18.1 Hz, 12.5 Hz, 4β-H), 2.97 (dd, 
1 H, J = 18.2 Hz, J = 5.3 Hz, 4α-H), 3.64 (t-like m, 1 H, 17α-H), 6.86 (t, 
1 H, J = 7.5 Hz, 4’’-H), 7.01 (d, 1 H, J = 8.2 Hz, 6’’-H), 7.27 (over-
lapping m, 3 H, 5’’-H, Ph-H3 and Ph-H5), 7.47 (d, 2 H, J = 7.7 Hz, Ph-H2 

and Ph-H6), 7.55 (s, 1 H, 5’-H), 7.75 (d, 1 H, J = 8.0 Hz, 3’’-H), 14.69 (s, 
1 H, Ph-OH); 13C NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 11.8 (C-19), 
21.0 (C-11), 23.5 (C-15), 28.5 (C-6), 30.7 (C-16), 31.3 (C-7), 35.6 (C- 

10), 35.7 (C-8), 36.5 (C-4), 36.8 (C-12), 41.2 (C-1), 41.8 (C-5), 43.0 (C- 
13), 51.1 (C-14), 53.9 (C-9), 82.1 (C-17), 117.6 (C-6’’), 118.6 and 118.7 
(C-4’’ and C-5’), 118.9 (C-2’’), 126.1 (C-5’’), 127.2 (C-2), 129.0 (2 C, 
Ph-C3 and Ph-C5), 130.0 (2 C, Ph-C2 and Ph-C6), 131.2 (C-3’’), 134.5 
(Ph-C4), 137.8 (Ph-C1), 150.9 (C-4’), 153.7 (C-6’), 154.8 (C-1’’), 160.3 
(C-3); ESI-MS 528 [M+H]+; Anal. Calcd. for C34H38ClNO2 C 77.32; H 
7.25. Found C 77.08; H 7.22. 

4.2.2.12. 4’-(p-Chlorophenyl)-6’-(pyridin-2’’-yl)pyridino[2’,3’:3,2]- 
5α-androstan-17β-ole (3l). According to Section 4.2.2., 5d (413 mg) and 
6c (457 mg) were used. The crude product was purified by CC (EtOAc/ 
hexane = 40:60). Yield: 394 mg (77%, off white solid). Mp 142–145 ◦C; 
1H NMR (CDCl3, 500 MHz): δH 0.72 (s, 3 H, 18-H3), 0.74 (s, 3 H, 19-H3), 
0.81 (m, 1 H), 0.93–1.07 (overlapping m, 3 H), 1.22–1.46 (overlapping 
m, 6 H), 1.59–1.78 (overlapping m, 5 H), 2.05 (m, 1 H, 16α-H), 2.32 (d, 
1 H, J = 16.6 Hz, 1α-H), 2.68 (d, 1 H, J = 16.6 Hz, 1β-H), 2.75 (dd, 1 H, 
J = 18.0 Hz, 12.5 Hz, 4β-H), 3.05 (dd, 1 H, J = 18.1 Hz, J = 5.3 Hz, 4α- 
H), 3.63 (t, 1 H, J = 8.5 Hz, 17α-H), 7.27 (m, 1 H, 5’’-H),7.29 (d, 2 H, J 
= 7.9 Hz, Ph-H3 and Ph-H5), 7.42 (d, 2 H, J = 7.9 Hz, Ph-H2 and Ph-H6), 
7.79 (t, 1 H, J = 7.7 Hz, 4’’-H), 8.02 (s, 1 H, 5’-H), 8.40 (d, 1 H, J =
8.0 Hz, 3’’-H), 8.64 (d, 1 H, J = 4.6 Hz, 6’’-H); 13C NMR (CDCl3, 
125 MHz): δC 11.2 (C-18), 11.8 (C-19), 21.0 (C-11), 23.6 (C-15), 28.6 (C- 
6), 30.7 (C-16), 31.3 (C-7), 35.5 (C-10), 35.8 (C-8), 36.8 (C-4), 37.5 (C- 
12), 41.6 (C-1), 42.1 (C-5), 43.0 (C-13), 51.1 (C-14), 54.0 (C-9), 82.1 (C- 
17), 119.7 (C-5’), 121.2 (C-3’’), 123.5 (C-5’’), 128.7 (2 C, Ph-C3 and Ph- 
C5), 129.0 (C-2), 130.2 (2 C, Ph-C2 and Ph-C6), 133.9 (Ph-C4), 137.0 (C- 
4’’), 138.2 (Ph-C1), 149.3 (C-6’’), 150.0 (C-4’), 153.2 (C-6’), 156.5 and 
156.7: C-2’’ and C-3; ESI-MS 513 [M+H]+; Anal. Calcd. for 
C33H37ClN2O C 77.25; H 7.27. Found C 76.98; H 7.24. 

4.2.2.13. 4’-(p-Bromophenyl)-6’-penylpyridino[2’,3’:3,2]-5α-andro-
stan-17β-ole (3m). According to Section 4.2.2., 5e (457 mg) and 6a 
(455 mg) were used. The crude product was purified by CC (EtOAc/ 
hexane = 20:80). Yield: 292 (52%, white solid). Mp 163–166 ◦C; 1H 
NMR (CDCl3, 500 MHz): δH 0.73 (s, 3 H, 18-H3), 0.74 (s, 3 H, 19-H3), 
0.81 (m, 1 H), 0.91–1.08 (overlapping m, 3 H), 1.23–1.47 (overlapping 
m, 6 H), 1.60–1.79 (overlapping m, 5 H), 2.06 (m, 1 H, 16α-H), 2.30 (d, 
1 H, J = 16.5 Hz, 1α-H), 2.65 (d, 1 H, J = 16.5 Hz, 1β-H), 2.75 (dd, 1 H, 
J = 18.0 Hz, J = 12.5 Hz, 4β-H), 3.05 (dd, 1 H, J = 18.2 Hz, J = 5.2 Hz, 
4α-H), 3.64 (m, 1 H, 17α-H), 7.21 (d, 2 H, J = 7.8 Hz, Ph-H2 and Ph-H6), 
7.38 (overlapping m, 2 H, 5’-H and 4’’-H), 7.44 (t, 2 H, J = 7.4 Hz, 3’’-H 
and 5’’-H), 7.60 (d, 2 H, J = 7.8 Hz, Ph-H3 and Ph-H5), 7.97 (d, 2 H, J =
7.6 Hz, 2’’-H and 6’’-H); 13C NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 
11.8 (C-19), 21.0 (C-11), 23.6 (C-15), 28.6 (C-6), 30.7 (C-16), 31.3 (C- 
7), 35.5 (C-10), 35.8 (C-8), 36.8 (C-4), 37.6 (C-12), 41.4 (C-1), 42.1 (C- 
5), 43.0 (C-13), 51.1 (C-14), 54.0 (C-9), 82.1 (C-17), 119.2 (C-5’), 122.2 
(Ph-C4), 127.0 (2 C, C-2’’ and C-6’’), 127.2 (C-2), 128.7 (C-4’’), 128.8 
(2 C, C-3’’ and C-5’’), 130.4 (2 C, Ph-C2 and Ph-C6), 131.8 (2 C, Ph-C3 

and Ph-C5), 138.8 (Ph-C1), 139.6 (C-1’’), 149.7 (C-4’), 154.6 (C-6’), 
157.1 (C-3); ESI-MS 558 [M+H]+; Anal. Calcd. for C34H38BrNO C 73.37; 
H 6.88. Found C 73.51; H 6.90.  

4.2.2.14. 4’-(p-Bromophenyl)-6’-(o-hydoxyphenyl)-pyridino[2’,3’:3,2]- 
5α-androstan-17β-ole (3n). According to Section 4.2.2., 5e (457 mg) 
and 6b (478 mg) were used. The crude product was purified by CC 
(EtOAc/CH2Cl2 = 2:98). Yield: 293 mg (51%, light yellow solid). Mp 
269–271 ◦C; 1H NMR (CDCl3, 500 MHz): δH 0.73 (s, 3 H, 18-H3), 0.73 (s, 
3 H, 19-H3), 0.80 (m, 1 H), 0.91–1.00 (overlapping m, 2 H), 1.05 (m, 
1 H), 1.23–1.47 (overlapping m, 6 H), 1.59–1.80 (overlapping m, 5 H), 
2.07 (m, 1 H, 16α-H), 2.28 (d, 1 H, J = 16.6 Hz, 1α-H), 2.62 (d, 1 H, J =
16.6 Hz, 1β-H), 2.71 (dd, 1 H, J = 18.2 Hz, 12.3 Hz, 4β-H), 2.96 (dd, 
1 H, J = 18.2 Hz, J = 5.3 Hz, 4α-H), 3.64 (m, 1 H, 17α-H), 6.86 (t, 1 H, J 
= 7.5 Hz, 4’’-H), 7.00 (d, 1 H, J = 8.2 Hz, 6’’-H), 7.21 (d, 2 H, J =
7.8 Hz, Ph-H2 and Ph-H6), 7.27 (t-like m, 1 H, 5’’-H), 7.54 (s, 1 H, 5’-H), 
7.62 (d, 2 H, J = 7.8 Hz, Ph-H3 and Ph-H5), 7.74 (d, 1 H, J = 8.0 Hz, 3’’- 
H), 14.68 (s, 1 H, Ph-OH); 13C NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 
11.8 (C-19), 21.0 (C-11), 23.5 (C-15), 28.5 (C-6), 30.7 (C-16), 31.3 (C- 
7), 35.6 (C-10), 35.7 (C-8), 36.5 (C-4), 36.8 (C-12), 41.2 (C-1), 41.7 (C- 
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5), 43.0 (C-13), 51.1 (C-14), 53.9 (C-9), 82.1 (C-17), 117.5 (C-6’’), 118.6 
and 118.8 (C-4’’ and C-5’), 118.9 (C-2’’), 122.6 (Ph-C4), 126.0 (C-5’’), 
127.1 (C-2), 130.3 (2 C, Ph-C2 and Ph-C6), 131.2 (C-3’’), 131.9 (2 C, Ph- 
C3 and Ph-C5), 138.3 (Ph-C1), 150.9 (C-4’), 153.7 (C-6’), 154.8 (C-1’’), 
160.3 (C-3); ESI-MS 574 [M+H]+; Anal. Calcd. for C34H38BrNO2 C 
71.32; H 6.69. Found C 71.06; H 6.67. 

4.2.2.15. 4’-(p-Bromophenyl)-6’-(pyridin-2’’-yl)pyridino[2’,3’:3,2]- 
5α-androstan-17β-ole (3o). According to Section 4.2.2., 5e (457 mg) and 
6c (457 mg) were used. The crude product was purified by CC (EtOAc/ 
hexane = 40:60). Yield: 303 mg (54%, off white solid). Mp 146–148 ◦C; 
1H NMR (CDCl3, 500 MHz): δH 0.73 (s, 3 H, 18-H3), 0.74 (s, 3 H, 19-H3), 
0.81 (m, 1 H), 0.91–1.00 (overlapping m, 2 H), 1.05 (m, 1 H), 1.23–1.47 
(overlapping m, 6 H), 1.59–1.79 (overlapping m, 5 H), 2.06 (m, 1 H, 
16α-H), 2.32 (d, 1 H, J = 16.6 Hz, 1α-H), 2.69 (d, 1 H, J = 16.6 Hz, 1β- 
H), 2.75 (dd, 1 H, J = 18.0 Hz, 12.4 Hz, 4β-H), 3.05 (dd, 1 H, J =
18.1 Hz, J = 5.3 Hz, 4α-H), 3.64 (t, 1 H, J = 8.4 Hz, 17α-H), 7.23 (d, 2 H, 
J = 7.8 Hz, Ph-H2 and Ph-H6), 7.27 (m, 1 H, 5’’-H), 7.58 (d, 2 H, J =
7.8 Hz, Ph-H3 and Ph-H5), 7.79 (t, 1 H, J = 7.7 Hz, 4’’-H), 8.02 (s, 1 H, 
5’-H), 8.39 (d, 1 H, J = 8.0 Hz, 3’’-H), 8.64 (d, 1 H, J = 4.6 Hz, 6’’-H); 
13C NMR (CDCl3, 125 MHz): δC 11.2 (C-18), 11.8 (C-19), 21.0 (C-11), 
23.6 (C-15), 28.6 (C-6), 30.7 (C-16), 31.3 (C-7), 35.5 (C-10), 35.8 (C-8), 
36.8 (C-4), 37.5 (C-12), 41.6 (C-1), 42.1 (C-5), 43.0 (C-13), 51.1 (C-14), 
54.0 (C-9), 82.1 (C-17), 119.6 (C-5’), 121.1 (C-3’’), 122.1 (Ph-C4), 123.5 
(C-5’’), 128.9 (C-2), 130.5 (2 C, Ph-C2 and Ph-C6), 131.6 (2 C, Ph-C3 and 
Ph-C5), 137.0 (C-4’’), 138.7 (Ph-C1), 149.3 (C-6’’), 149.9 (C-4’), 153.2 
(C-6’), 156.6 and 156.8: C-2’’ and C-3; ESI-MS 559 [M+H]+; Anal. 
Calcd. for C33H37BrN2O C 71.09; H 6.69. Found C 71.38; H 6.72. 

4.3. X-ray data collection, structure solution and refinement for 
compound 2a 

A colourless prism of 2a was mounted on a loop and measured by 
single crystal X-ray diffraction. Intensity data were collected on a Rigaku 
R-Axis Rapid diffractometer (graphite monochromator; Mo-Kα radia-
tion, λ = 0.71073 Å) at 103(2) K. A numerical absorption correction was 
applied to the data using NUMABS [32] and CrystalClear [33] software. 
The structure was solved by direct methods by SIR [34] software and 
was refined using SHELX [35] program package under WinGX [36] 
software. The structure was visualized using Mercury [37] software. 
Selected bond lengths and angles were calculated by PLATON [38] 
software. The ratio of anomalous scattering centres is low in 2a and the 
absolute structure could not be determined on the basis of the diffraction 
data. The absolute structure parameter is 0.6(16). The handedness of the 
crystal structure was set on the basis of the known absolute configura-
tion of the molecule. (Friedel coverage: 0.936, Friedel fraction max.: 
0.994, Friedel fraction full: 0.998). The weighting scheme applied was w 
= 1/[σ2(Fo

2)+ (0.04460.4073 P)2 + 0.4073 P] where P = (Fo
2 +2Fc

2)/3. 
Hydrogen atomic positions were calculated from assumed geometries. 
Hydrogen atoms were included in structure factor calculations, but they 
were not refined. The isotropic displacement parameters of the 
hydrogen atoms were approximated from the U(eq) value of the atom 
they were bonded to. Crystal data and details of the structure determi-
nation and refinement are listed in Table 5. Bond lengths and angles 
respectively are listed in Tables S2 and S3. The crystallographic data file 
for compound 2a has been deposited with the Cambridge Crystallo-
graphic Database as CCDC 2247232. 

4.4. Cell lines 

The 22Rv1-ARE14 reporter cell line [28] (kind gift from prof. Zdeněk 
Dvořák from Palacky University Olomouc, Czech Republic), the LNCaP 
and DU145 cells (purchased from ECACC) were grown in RPMI-1640 
medium. The LAPC-4 (kind gift from doc. Jan Bouchal, Palacký Uni-
versity Olomouc and University Hospital Olomouc, Czech Republic) cell 
line was grown in DMEM medium. All media were supplemented with 
10% fetal bovine serum or charcoal-stripped serum (steroid-depleted), 

100 IU/mL penicillin, 100 µg/mL streptomycin, 4 mM glutamine and 
1 mM sodium pyruvate. Cells were cultivated in a humidified incubator, 
in 5% CO2 atmosphere, at 37 ◦C. 

4.5. AR transcriptional luciferase assay 

AR-transcriptional luciferase assay was performed using the 22Rv1- 
ARE14 cells based on the published protocol [17]. The Nunc™ Micro-
Well™ 96-well optical flat-bottom plate (Thermo Fisher Scientific) were 
used for luciferase assay and the luminescence of the samples was 
measured using a Tecan M200 Pro microplate reader (Biotek). 

4.6. Cell viability assay 

Cells were seeded into the 96-well tissue culture plates. The 
following day, solutions of compounds were added for 72 h. Upon 
treatment, the resazurin solution (Sigma Aldrich) was added for 4 h, and 
then the fluorescence of resorufin was measured at 544 nm/590 nm 
(excitation/emission) using a Fluoroskan Ascent microplate reader 
(Labsystems). Percentual viability or GI50 value were calculated using 
GraphPad Prism 5. 

4.7. Colony formation assay 

Cells were seeded in low density into 6-well plates. After two days, 
the medium was replaced with fresh medium containing different con-
centrations of the compounds. Cells were cultivated for 10 days. Then, 
the medium was discarded, and colonies were fixed with 70% ethanol 
for 15 min, washed with PBS and stained with crystal violet (1% solution 

Table 5 
Crystal data and details of structure refinement.  

Empirical formula C28 H35 N O  

Formula weight 401.57  
Temperature 103(2)  
Radiation and wavelength Mo-Kα, λ = 0.71073 Å  
Crystal system monoclinic  
Space group P 21  
Unit cell dimensions a = 9.6396(4)Å   

b = 17.8123(6)Å   
c = 13.1637(5)Å   
α = 90◦

β = 93.553(7)◦

γ = 90◦

Volume 2255.91(15)Å3  

Z 4  
Density (calculated) 1.182 Mg/m3  

Absorption coefficient, μ 0.070 mm− 1  

F(000) 872  
Crystal colour colourless  
Crystal description prism  
Crystal size 0.65 × 0.57 × 0.47 mm  
Absorption correction numerical  
Max. and min. transmission 0.9920.995  
θ – range for data collection 3.101 ≤ θ ≤ 27.471◦

Index ranges -12 ≤ h ≤ 12;− 23 ≤ k ≤ 23;− 17 ≤ l ≤ 17  
Reflections collected 66,337  
Completeness to 2θ 0.998  
Absolute structure parameter 0.6(16)  
Friedel coverage 0.936  
Friedel fraction max. 0.994  
Friedel fraction full 0.998  
Independent reflections 10,343 [R(int) = 0.0698]  
Reflections I> 2σ(I) 8680  
Refinement method full-matrix least-squares on F2  
Data / restraints / parameters 10,286 /1 /548  
Goodness-of-fit on F2 1.062  
Final R indices [I> 2σ(I)] R1 = 0.0567, wR2 = 0.1013  
R indices (all data) R1 = 0.0715, wR2 = 0.1059  
Max. and mean shift/esd 0.000;0.000  
Largest diff. peak and hole 0.304;− 0.190 e.Å− 3   
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in 96% ethanol). Finally, wells were washed with PBS and photograph 
was captured. After drying, cell colonies were dissolved in 1% SDS, 
collected from the plate and the absorbance of the crystal violet was 
measured in 570 nm. 

4.8. Immunoblotting 

Cell pellets were obtained after treatments, washed with PBS and 
kept frozen at - 80 ◦C. Lysis of the cell material was performed in ice-cold 
RIPA (radioimmunoprecipitation assay) buffer supplemented with pro-
tease and phosphatase inhibitors. After the ultrasound sonication (10 s 
with 30% amplitude), supernatants were obtained by centrifugation at 
14.000 g for 30 min. Protein concentration in supernatants was 
measured and balanced, proteins were denatured in SDS-loading buffer 
with heating at 95 ◦C. After the separation by SDS-PAGE, proteins were 
electroblotted onto nitrocellulose membranes. For immunodetection, 
membranes were blocked in 4% BSA and 0.1% Tween 20 in TBS solution 
and incubated overnight with primary antibodies, subsequently washed 
and incubated with secondary antibodies conjugated with peroxidase. 
Peroxidase activity was detected by SuperSignal West Pico reagents 
(Thermo Scientific) using a CCD camera LAS-4000 (Fujifilm). Primary 
antibodies were purchased from Santa Cruz Biotechnology (anti-β-actin, 
clone C4). Primary antibodies were purchased from Merck (anti- 
α-tubulin, clone DM1A; anti-phosphorylated AR (S81)). Specific anti-
bodies were purchased from Cell Signaling Technology (anti-AR, clone 
D6F11; anti-PSA/KLK3, clone D6B1; anti-Nkx3.1, clone D2Y1A); anti- 
rabbit secondary antibody (porcine anti-rabit immunoglobulin serum); 
anti-mouse secondary antibody (rabbit anti-mouse IgG, clone D3V2A)). 
All antibodies were diluted in 4% BSA and 0.1% Tween 20 in TBS. 

4.9. Cell-cycle analysis 

Cells were treated with test compounds for 24 h, they were harvested 
by trypsinisation, washed with PBS and fixed with 70% ethanol. After 
rehydration, cells were permeabilised by 2 M HCl, 0.5% Triton X-100. 
Following neutralization and wash with PBS, the cells were stained with 
propidium iodide and analyzed by flow cytometry with a 488 nm laser 
(BD FACS Verse with BD FACSuite software, version 1.0.6.). Cell cycle 
distribution was analyzed using ModFit LT (Verity Software House, 
version 5.0). 

4.10. Molecular docking 

The flexible molecular docking was recruited to model the binding of 
the candidate compound 1d into AR-LBD co-crystal structure with nat-
ural agonist DHT (PDB: 2PIV). The key residues in extremities of the 
cavity (Asn705, Gln711, Arg752, and Thr877) were set flexible. The 3D- 
structures of compound 1d was obtained and its energy was minimized 
by molecular mechanics with Avogadro 1.90.0. Polar hydrogens were 
added to ligands and proteins using the AutoDock Tools program [39] 
and docking studies were performed using AutoDock Vina 1.05 [40]. 
Interactions of the candidate compound with the protein and the figure 
were generated in Pymol ver. 2.0.4 (Schrödinger, LLC). 

4.11. Preparation and micro-scale thermophoresis (MST) of AR-LBD 

AR-LBD (with His6-tag) was expressed using recombinant plasmid 
pET-15b-hAR-663–919, which was a generous gift from Elizabeth Wil-
son (Addgene plasmid # 89083) in expression bacteria BL21(DE3) pLysS 
similar to the original protocol [29]. Cells were homogenized in lysis 
buffer (50 mM Tris, 300 mM KCl, pH 8.0, 5 mM dithiotreitol (DTT), 
1 mM mono-thioglycerol (MTG) supplemented with protease inhibitors 
and 1% Nonidet P-40), using an ultrasound sonicator. Supernatant was 
clarified by centrifugation at 19,000 g for 30 min at 4 ◦C. The purifica-
tion was performed using the NGC chromatographic system (Bio-Rad) 
on Ni2+- metal affinity-Sepharose column (His-Trap, Cytiva), 

equilibrated with 50 mM Tris, 300 mM KCl, pH 8.0, 5 mM DTT, 1 mM 
MTG and 50 mM imidazole. After loading, the column was washed with 
the equilibration buffer, followed by a wash with 100 mM imidazole in 
the equilibration buffer. Elution was performed by 500 mM imidazole in 
storage buffer (50 mM Tris, 300 mM KCl, pH 8.0, 5 mM DTT, 1 mM 
MTG). The imidazole was washed out and the protein was concentrated 
in the storage buffer up to 0.5 mg/mL using centrifugal filter unit with 
10 kDa cutoff (Merck). MST method was used to prove interaction of 1d 
with the AR-LBD, which was labelled with the Red-Tris-NTA 2nd gen-
eration labelling dye (NanoTemper Technologies) (100 nM dye +
800 nM His-tagged protein) for 30 min on ice. The labelled protein 
underwent the MST measurements with or without 1d in final concen-
tration of 400 nM His-tagged protein in the storage buffer, supple-
mented with 0.1% Tween. Measurements were done on a Monolith 
NT.115 instrument (NanoTemper Technologies) at 37 ◦C. Obtained re-
sults were evaluated and normalised fluorescence in t = 20 s was used to 
create a bar chart in GraphPad Prism 5. 
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[19] Á. Baji, A. Gyovai, J. Wölfling, R. Minorics, I. Ocsovszki, I. Zupkó, É. Frank, 
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Figure S1. The two molecules in the asymmetric unit of 2a, (a) ellipsoid representation, 

displacement parameters are drawn at 50% probability level, (b) stick representation. The 

numbering of the second molecule in the asymmetric unit is identical to the first one but with 

an asterisk added to each atom number. 

 

Figure S2. Packing of 2a molecules, C-H…π interactions are drawn by blue dotted lines, 

interaction lengths are given in Ångströms. 

Table S1. Analysis of Potential Hydrogen Bonds and Schemes with d(D...A) < 

R(D)+R(A)+0.50, d(H...A) < R(H)+R(A)-0.12 Ang., D-H...A > 100.0 Deg 

Res Donor --- H....Acceptor Symm. op. D-H (Å) H...A (Å) D...A (Å) D - H...A (°) 

1 O1    --H1     ..N1 1/2+y,2-z 0.84 2.10 2.921(3) 166 

2 O1'   --H1'    ..N1' -1/2+y,1-z 0.84 2.05 2.888(3) 175 

1 C1    --H1A    ..O1' 1/2+y,1-z 0.99 2.42 3.396(4) 170 
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Table S2. Bond lengths (Å) in 2a 

O1*-C17* 1.429(3)  N1*-C3* 1.336(4) 

N1*-C6'* 1.343(4)  C2*-C4'* 1.388(4) 

C2*-C3* 1.398(4)  C2*-C1* 1.515(4) 

C10*-C19* 1.532(4)  C10*-C1* 1.544(4) 

C10*-C5* 1.547(4)  C10*-C9* 1.555(4) 

C9*-C11* 1.544(4)  C9*-C8* 1.548(4) 

C3*-C4* 1.501(4)  C13*-C12* 1.527(4) 

C13*-C17* 1.533(4)  C13*-C18* 1.535(4) 

C13*-C14* 1.536(4)  C8*-C14* 1.518(4) 

C8*-C7* 1.526(4)  C5*-C4* 1.521(4) 

C5*-C6* 1.527(4)  C6'*-C5'* 1.395(4) 

C6'*-C1"* 1.494(4)  C14*-C15* 1.531(4) 

C4'*-C5'* 1.379(4)  C12*-C11* 1.536(4) 

C1"*-C2"* 1.388(4)  C1"*-C6"* 1.390(4) 

C17*-C16* 1.542(4)  C2"*-C3"* 1.389(4) 

C6*-C7* 1.520(4)  C3"*-C4"* 1.383(5) 

C4"*-C5"* 1.375(5)  C15*-C16* 1.548(4) 

C6"*-C5"* 1.388(4)  O1-C17 1.422(4) 

N1-C3 1.343(4)  N1-C6' 1.343(4) 

C6'-C5' 1.394(4)  C6'-C1" 1.493(4) 

C10-C19 1.533(4)  C10-C1 1.536(4) 

C10-C5 1.541(4)  C10-C9 1.558(4) 

C2-C4' 1.394(4)  C2-C3 1.398(4) 

C2-C1 1.515(4)  C9-C8 1.536(4) 

C9-C11 1.545(4)  C13-C12 1.524(4) 

C13-C17 1.534(4)  C13-C14 1.536(4) 

C13-C18 1.537(4)  C1"-C6" 1.387(4) 

C1"-C2" 1.389(5)  C5-C6 1.532(4) 

C5-C4 1.534(4)  C4'-C5' 1.371(4) 

C8-C7 1.522(4)  C8-C14 1.535(4) 

C4-C3 1.507(4)  C6-C7 1.528(4) 

C17-C16 1.552(4)  C14-C15 1.529(4) 

C2"-C3" 1.378(5)  C6"-C5" 1.380(5) 

C4"-C5" 1.375(6)  C4"-C3" 1.376(6) 

C11-C12 1.547(4)  C16-C15 1.555(4) 
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Table S3. Bond angles (°) in 2a 

C3*-N1*-C6'* 119.6(2)  C4'*-C2*-C3* 116.6(3) 

C4'*-C2*-C1* 121.4(2)  C3*-C2*-C1* 121.9(3) 

C19*-C10*-C1* 109.2(2)  C19*-C10*-C5* 111.8(2) 

C1*-C10*-C5* 107.1(2)  C19*-C10*-C9* 111.3(2) 

C1*-C10*-C9* 109.2(2)  C5*-C10*-C9* 108.2(2) 

C11*-C9*-C8* 112.2(2)  C11*-C9*-C10* 114.2(2) 

C8*-C9*-C10* 111.7(2)  N1*-C3*-C2* 123.3(3) 

N1*-C3*-C4* 115.7(2)  C2*-C3*-C4* 121.0(3) 

C12*-C13*-C17* 115.8(2)  C12*-C13*-C18* 111.0(2) 

C17*-C13*-C18* 109.7(2)  C12*-C13*-C14* 107.6(2) 

C17*-C13*-C14* 98.8(2)  C18*-C13*-C14* 113.5(2) 

C14*-C8*-C7* 110.6(2)  C14*-C8*-C9* 108.6(2) 

C7*-C8*-C9* 110.6(2)  C4*-C5*-C6* 109.8(2) 

C4*-C5*-C10* 111.8(2)  C6*-C5*-C10* 113.3(2) 

N1*-C6'*-C5'* 120.7(3)  N1*-C6'*-C1"* 115.7(2) 

C5'*-C6'*-C1"* 123.6(3)  C8*-C14*-C15* 118.6(2) 

C8*-C14*-C13* 113.8(2)  C15*-C14*-C13* 104.5(2) 

C5'*-C4'*-C2* 120.5(3)  C4'*-C5'*-C6'* 119.3(3) 

C13*-C12*-C11* 111.5(2)  C3*-C4*-C5* 113.8(2) 

C2*-C1*-C10* 114.1(2)  C12*-C11*-C9* 113.1(2) 

C2"*-C1"*-C6"* 118.1(3)  C2"*-C1"*-C6'* 122.0(3) 

C6"*-C1"*-C6'* 119.9(3)  O1*-C17*-C13* 112.7(2) 

O1*-C17*-C16* 113.2(2)  C13*-C17*-C16* 104.3(2) 

C1"*-C2"*-C3"* 121.0(3)  C7*-C6*-C5* 111.5(2) 

C6*-C7*-C8* 112.2(2)  C4"*-C3"*-C2"* 119.9(3) 

C5"*-C4"*-C3"* 119.9(3)  C14*-C15*-C16* 104.1(2) 

C5"*-C6"*-C1"* 121.1(3)  C4"*-C5"*-C6"* 120.0(3) 

C17*-C16*-C15* 105.3(2)  C3-N1-C6' 119.5(3) 

N1-C6'-C5' 121.0(3)  N1-C6'-C1" 116.6(3) 

C5'-C6'-C1" 122.3(3)  C19-C10-C1 109.1(2) 

C19-C10-C5 111.8(2)  C1-C10-C5 106.6(2) 

C19-C10-C9 111.4(3)  C1-C10-C9 109.0(2) 

C5-C10-C9 108.9(2)  C4'-C2-C3 116.7(3) 

C4'-C2-C1 121.2(3)  C3-C2-C1 122.1(3) 

C2-C1-C10 114.0(2)  C8-C9-C11 111.7(3) 

C8-C9-C10 113.7(2)  C11-C9-C10 113.0(2) 

C12-C13-C17 114.9(2)  C12-C13-C14 108.3(3) 

C17-C13-C14 100.0(2)  C12-C13-C18 111.6(3) 

C17-C13-C18 108.5(3)  C14-C13-C18 113.1(3) 

C6"-C1"-C2" 117.5(3)  C6"-C1"-C6' 120.3(3) 

C2"-C1"-C6' 122.3(3)  C6-C5-C4 110.6(2) 

C6-C5-C10 113.2(2)  C4-C5-C10 112.0(2) 

C5'-C4'-C2 120.8(3)  C7-C8-C14 111.2(2) 

C7-C8-C9 111.4(2)  C14-C8-C9 107.4(2) 

C3-C4-C5 114.1(2)  C7-C6-C5 111.2(2) 

O1-C17-C13 112.6(2)  O1-C17-C16 113.9(3) 

C13-C17-C16 104.5(2)  C15-C14-C8 120.5(2) 

C15-C14-C13 104.9(2)  C8-C14-C13 113.6(2) 

C4'-C5'-C6' 119.1(3)  C8-C7-C6 112.2(2) 

C3"-C2"-C1" 121.6(3)  C5"-C6"-C1" 120.8(4) 

C5"-C4"-C3" 119.0(4)  C9-C11-C12 112.3(2) 

C17-C16-C15 105.8(2)  C13-C12-C11 111.3(3) 

C4"-C5"-C6" 121.0(4)  C4"-C3"-C2" 120.2(4) 

C14-C15-C16 104.0(2)  N1-C3-C2 122.8(3) 

N1-C3-C4 116.5(2)  C2-C3-C4 120.6(3) 
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Figure S3. AR and AR-regulated proteins in LNCaP after 48-h treatment with selected 

compounds. 

 

Figure S4. Dose dependent effect of  1a and 1d on AR- signalling in LNCaP, 22Rv1. Level of β-actin 

served as loading control. Gal, galeterone.  
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Figure S5. Cell cycle analysis of the LAPC-4 and LNCaP cell lines analysed after 24 h 

treatment with 1d or standards enzalutamide, galeterone. 
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Synthesis of hydrocortisone esters targeting androgen and glucocorticoid 
receptors in prostate cancer in vitro 
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A R T I C L E  I N F O   
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A B S T R A C T   

Androgen and glucocorticoid receptors have been recently described as key players in processes related to 
prostate cancer and mainly androgen receptor’s inactivation was shown as an effective way for the prostate 
cancer treatment. Unfortunately, androgen deprivation therapy usually loses its effectivity and the disease 
frequently progresses into castration-resistant prostate cancer with poor prognosis. The role of the glucocorticoid 
receptor is associated with the mechanism of resistance; therefore, pharmacological targeting of glucocorticoid 
receptor in combination with antiandrogen treatment was shown as an alternative approach in the prostate 
cancer treatment. We introduce here the synthesis of novel 17α- and/or 21-ester or carbamate derivatives of 
hydrocortisone and evaluation of their biological activity towards androgen and glucocorticoid receptors in 
different prostate cancer cell lines. A 17α-butyryloxy-21-(alkyl)carbamoyloxy derivative 14 was found to 
diminish the transcriptional activity of both receptors (in single-digit micromolar range), with comparable po-
tency to enzalutamide towards the androgen receptor, but weaker potency compared to mifepristone towards the 
glucocorticoid receptor. Lead compound inhibited proliferation and the formation of cell colonies in both 
androgen and glucocortiocid receptors-positive prostate cancer cell lines in low micromolar concentrations. 
Candidate compound 14 showed to interact with both receptors in cells and inhibited the translocation of re-
ceptors to nucleus and their activation phoshorylation. Moreover, binding to receptor’s ligand binding domains 
was assessed by molecular modelling. Lead compound also induced the accumulation of cells in G1 phase and its 
combination with enzalutamide was shown to be more effective than enzalutamide alone.   

1. Introduction 

Nuclear receptors are suitable and promising pharmacologic targets 
for various diseases, including cancer. Androgen receptor (AR) is a key 
oncogene which drives the progression of prostate cancer (PCa) [1]. 
Given the AR-signalling its crucial role, androgen deprivation therapy 
combined with antiandrogens (e.g. using abiraterone and enzalutamide) 
is a standard first-line therapy of PCa [2]. While the treatment is often 
effective at the beginning, disease frequently progresses into 

castration-resistant prostate cancer (CRPC) with reactivated AR signal-
ling, characterised by AR overexpression, expression of splicing variants 
independent of androgens and mutations in ligand-binding domain [3, 
4]. 

Number of studies have shown that another receptor, glucocorticoid 
(GR), is able to activate similar transcription programme to AR and 
bypass AR blockade and thus GR activity could be a possible mechanism 
of resistance to therapy in CRPC [5,6]. In addition, long-term androgen 
deprivation, AR inhibition or resistance to docetaxel chemotherapy 

Abbreviations: ATP, adenosine triphosphate; AR, androgen receptor; ARE, androgen response element; CETSA, cellular-thermal shift assay; CSS, charcoal stripped 
serum; CRPC, castration-resistant prostate cancer; DCTA, trans-1,2-diaminocyclohexane-N,N,N′,N′-tetraacetic acid; DMF, N,N-dimethylformamide; DTT, dithiotreitol; 
FBS, foetal bovine serum; Gal, galeterone; GR, glucocorticoid receptor; LBD, ligand-binding domain; Mif, mifepristone; Mp, melting point; NMR, nuclear magnetic 
resonance; PBS, phosphate-buffered saline; PCa, prostate cancer; PCR, polymerase chain reaction; PPTS, pyridinium p-toluenesulfonate; PSA, prostate-specific an-
tigen; RIPA, radioimmunoprecipitation assay buffer; SDS-PAGE, sodium dodecyl sulphate–polyacrylamide gel electrophoresis; TLC, thin layer chromatography. 
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leads to significantly increased GR expression in vitro and also in samples 
from relapsed patients [5,7,8]. Concerning that glucocorticoids are 
frequently used in primary or metastatic PCa patients [9] and the newly 
unravelled role of GR in PCa progression, there is an urgent need to 
establish novel therapeutic schedules, concerning GR expression. 
Importantly, recent research has shown that targeting GR pathway in 
combination with antiandrogen therapy may further improve PCa 
therapy [6,10] and novel compounds acting as AR/GR antagonists are 
under development [11]. 

Glucocorticoids (e.g. the 17-esters of corticosteroids) are among the 
most effective therapeutics available for the treatment of chronic in-
flammatory disease [12,13], but the antiandrogenic activity of a series 
of 17α-esters of cortexolone has been reported [14–17] as well. Recently 
described dual and selective antagonists of AR/GR, cortexolone 
17α-valerate-21-propionate (CB-03–10) and cortexolone 17α-valerate 
(CB-03–05), displayed high antitumor activity across a panel of human 
prostate and triple negative breast cancers, as well as in vivo murine 
LNCaP xenograft models [18]. This study supported further develop-
ment of similar compounds acting as dual AR/GR antagonists instead of 
combining the AR antagonists with non-selective (e.g. cyproterone ac-
etate and mifepristone) or selective GR antagonists (e.g. ORIC-101 or 
OP-3633) (Fig. 1) [19–21]. 

Here, we report the synthesis and characterisation of 17α- and/or 21- 
ester or carbamate derivatives of hydrocortisone. Compounds were 
analysed for their agonist or antagonist activity in the AR and GR re-
porter cell lines. Potent AR and GR antagonists were found within pre-
pared compounds, which were further studied and lead compound 14 
showed to interact with AR and GR and supress the signalling of both 
receptors in several prostate cell lines differing in AR/GR expression. 
Antiproliferative assay showed only mild cytotoxicity in PCa cell lines, 
however candidate compounds showed to markedly inhibit colony for-
mation of PCa cells. Molecular modelling suggested that candidate 
compound binds to both receptor’s ligand binding domains with 
extensive interactions. 

2. Results 

2.1. Synthesis and characterisation of the target compounds 

The 17α-monoesters (8–10) of hydrocortisone were prepared via 
transesterification reaction, using the appropriate short chain alkyl 
orthoesters as reagents. Without isolation of the cyclic 17α,21- 
orthoesters, their decomposition under controlled conditions at pH= 3 
led to the corresponding 17α-monoesters (8–10, Scheme 1) [22,23]. 

Ester moieties at the C-21 position (in compounds 12 and 13) were 
established via acylation with the corresponding acyl chloride in pyri-
dine. 21-O-Carbamoyl derivatives (11, 15–17) were prepared with a 
variety of commercially available isocyanates, or with N,N-diethyl car-
bamoyl chloride (in compound 14) (Schemes 1 and 2). 

2.2. The effect of compounds on AR and GR transcriptional activity 

To evaluate the effect of compounds on both nuclear receptors, we 
examined the dexamethasone-stimulated transcriptional activity of GR 
and metribolone (R1881)-stimulated transcriptional activity of AR after 
24 h treatment with novel hydrocortisone-derivatives. Transcriptional 
activity of AR and GR was analysed in reporter cell lines, 22Rv1-ARE14 
[24] and AZ-GR [25] respectively, where inserted luciferase gene is 
under control of adequate hormone response element. 

Characterised set of novel hydrocortisone-derivatives 8− 17 
comprised three 17α-monoesters (8–10), two C-21 carbamates (16, 17), 
three 17α-monoesters-21 carbamates (11, 14, 15) and two 17α-mono-
esters-21-octyl-thiocarbonates (12, 13). As shown in Table 1. and 
Figs. S1–S4, , derivatives significantly differed in their ability to 
modulate AR and GR transcriptional activity. 

Hydrocortisone and its 17α-monoesters displayed agonist properties 
to both AR and GR and were able to induce transcriptional activity of 
studied nuclear receptors to at least 50% of standard agonist in con-
centrations that were analysed (Figs. S1 and S3). In the antagonist mode 
(in the presence of known concentration of synthetic agonist), com-
pounds 7–10 increased transcriptional activity of AR above the level of 
1 nM R1881, on the other hand, decreased transcriptional activity of GR 
below the level of 100 nM dexamethasone (Table 1, Figs. S2 and S4), 
suggesting dual activity of these compounds. Significant correlation 

Fig. 1. Representatives of steroidal dual GR/AR antagonists (1–4) and selective GR antagonists (5, 6).  
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between the length of carbon chain of the ester and activity was not 
found. 

C-21 carbamates (16 and 17) exerted weak GR and almost no AR 
agonist activities (Figs. S1 and S3). On the other hand, these compounds 
acted as GR and AR antagonists, being able to decrease transcriptional 
activity at least below 40% and 80% of stimulated control, respectively 
(Table 1, Figs. S2 and S4). 

Combination of moieties at positions C-17 and C-21 was found 
crucial for the rest of the compounds. Compounds bearing long unsat-
urated chain (12 and 13) acted as both GR agonists and antagonists and 
weak AR agonists (Figs. S1–S4). Combination of shorter C-21 butylcar-
bamate chain with 17α-acetate substituent yielded in compound 11 
(with similar AR and GR antagonist activity as was observed in 16 and 
17 (C-21 carbamates). On the other hand, compounds 14 (17α-butyrate- 

21-diethylcarbamate) and 15 (17α-butyrate-21-butylcarbamate) with 
longer 17α-ester carbon chain were potent AR and GR antagonists 
(Table 1, Figs. S2 and S4), with similar activities compared to standards. 

Antagonist activities of compounds towards AR reached up low 
micromolar values (IC50 = 3.96 µM and 11.38 µM for 14 and 15, 
respectively), comparable to values obtained for standards, i.e. enzalu-
tamide (IC50 = 3.32 µM) and galeterone (IC50 = 7.59 µM). Moreover, 
antagonist activities of compounds towards GR reached up single-digit 
micromolar values (IC50 = 4.44 µM and 8.11 µM for 14 and 15, 
respectively), weaker than for standard mifepristone (IC50 = 0.59 µM) 
(Fig. 2). No clear agonist activity with dose-dependent manner was 
observed for compounds 14 and 15 neither towards the AR, nor the GR 
(Figs. S1 and S2). 

2.3. The effect of compounds on proliferation and colony formation of 
PCa cells 

Antiproliferative properties of all novel derivatives (Table 2) were 
tested in four PCa cell lines, namely LAPC-4 (expressing both AR and 
GR) and C4–2 (expressing only AR) originated from lymph node meta-
static lesions, 22Rv1 (expressing both AR and GR) from sample of pri-
mary PCa and DU145 (AR-negative and GR overexpressing) originated 
from brain metastatic lesion. (see expression pattern of receptors in 
Fig. S5). 

Hydrocortisone and its 17α-monoesters (7–10) did not exhibit any 
antiproliferative activities, which is consistent with AR and GR agonist 
potency of these compounds [24,25]. Similarly, compounds 12 and 13, 
which acted as both GR and AR weak agonists, did not decrease the 
proliferation potential, except of the derivative 12 in LAPC-4, which was 
not probably connected with AR or GR. Derivatives which were found to 
be weak AR antagonists and GR dualist (16, 17 and 11) did not exert 
similar antiproliferative activities, only 17 decreased the viability below 
90% in all AR-positive PCa cell lines. Antiproliferative activities of the 
most potent derivatives 14 and 15 displayed mid-micromolar values 
(GI50 25 μM - 40 μM upon treatment for 72 h, curves shown in Fig. S6) in 

Scheme 1. Synthesis of 17α-monoesters (8-10), 17α- and 21-diesters (12 and 13) and carbamates (11, 14–15). I: Corresponding alkyl orthoesters, pyridinium p- 
toluenesulfonate (PPTS), toluene, 30 min; reflux. II: Corresponding isocyanate, toluene, 2 h; reflux. III: N,N-diethylcarbamoyl chloride, triethylamine, 6 h; reflux. IV: 
O-(n-octyl) chlorotionoformate, pyridine, 0 ◦C, 30 min, 6 h; rt. 

Scheme 2. Synthesis of carbamates 16 and 17. II: Corresponding isocyanate, 
toluene, 2 h; reflux. 
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all AR-positive PCa cells, comparable with standards galeterone (AR 
antagonist) and mifepristone (GR antagonist). Compound 14 was the 
only one which reached measurable GI50 = 80 μM in AR-negative 
DU145 cells (Fig. S6). 

Considering the mild antiproliferative activity of compounds, con-
nected with low acute toxicity, we performed colony formation assay 
(CFA) to assess the prolonged antiproliferative potency of compounds 
14 and 15 in 22Rv1, LAPC-4 and DU145. 

As shown in Fig. 3, both compounds were able to significantly inhibit 
formation of cell colonies in a dose dependent manner after 10 days of 
treatment in AR-positive cell lines 22Rv1 and LAPC-4. In these cell lines, 
galeterone exhibited stronger effect than mifepristone, which corre-
sponds with the antiproliferative activity in 72 h treatment. On the other 
hand, candidate compounds displayed weaker effect on colony forma-
tion inhibition in AR-negative DU145, in which mifepristone was 
slightly more potent than galeterone. Generally, compound 14 exhibited 
strong colony-formation inhibition in AR-positive PCa cell lines, com-
parable with standard galeterone, but weaker colony-formation inhibi-
tion in AR-negative and GR-overexpressing PCa cell line, compared to 
both galeterone and mifepristone. 

It has been proposed and shown that GR upregulation and tran-
scriptional activity could be a possible mechanism of resistance to anti- 
AR therapy in CRPC, bypassing AR blockade [28]. Possible explanation 

is related with the observation that long-term androgen deprivation 
and/or androgen receptor inhibition (by abiraterone or enzalutamide) 
leads to significantly increased GR expression [5–7]. Therefore, we 

Table 1 
The ability of compounds to effect the transcriptional activities of AR and GR receptors in the presence of 1 nM R1881 and 100 nM dexamethasone, respectively 
(antagonist mode).a   

Transcriptional activity (% ± SD) 

Compound Androgen receptor Glucocorticoid receptor  

30 µM 10 µM 3.33 µM 30 µM 10 µM 3.33 µM 

7 > 100 > 100 > 100 68.1 ± 6.7 79.8 ± 0.1 77.6 ± 2.1 
8 > 100 > 100 > 100 75.7 ± 4.8 78.1 ± 0.6 78.9 ± 1.9 
9 > 100 > 100 > 100 76.4 ± 0.4 85.4 ± 3.5 93.1 ± 0.5 
10 > 100 > 100 > 100 87.2 ± 1.8 78.4 ± 8.5 91.4 ± 3.5 
11 79.2 ± 10.4 88.9 ± 7.3 90.8 ± 11.3 39.0 ± 0.3 46.8 ± 2.3 53.9 ± 0.6 
12 89.0 ± 7.8 > 100 > 100 50.7 ± 2.0 57.4 ± 1.0 67.8 ± 9.8 
13 > 100 > 100 > 100 54.7 ± 0.8 69.4 ± 2.3 77.2 ± 1.1 
14 20.5 ± 1.2 32.7 ± 2.6 52.5 ± 4.9 16.9 ± 1.5 27.6 ± 1.4 59.4 ± 6.7 
15 17.6 ± 1.7 55.9 ± 0.7 87.3 ± 3.8 22.7 ± 0.1 42.9 ± 2.2 77.4 ± 0.7 
16 63.6 ± 4.8 80.8 ± 1.2 89.3 ± 1.9 33.2 ± 3.9 42.8 ± 2.6 65.7 ± 8.3 
17 75.8 ± 3.3 88.5 ± 4.4 89.3 ± 4.0 31.4 ± 4.3 37.0 ± 1.8 55.5 ± 1.7 
galeterone 18.7 ± 3.7 37.6 ± 5.9 64.6 ± 7.3 56.3 ± 5.5 67.9 ± 1.2 82.8 ± 1.5 
enzalutamide 18.7 ± 1.8 28.6 ± 5.4 47.6 ± 1.5 70.4 ± 0.9 83.1 ± 8.1 87.9 ± 1.2 
mifepristone 12.6 ± 2.0 26.1 ± 0.1 41.2 ± 2.9 n.t. n.t. 19.1 ± 3.7 

n.t. not tested. 
a Tested compounds were competing with standard agonists. In case of AR, 22Rv1-ARE14 cells were treated by 1 nM R1881 and concentration doses of studied 

compounds in CSS medium (without other steroids). In case of GR, AZ-GR cells were treated by 100 nM dexamethasone and concentration doses of studied compounds 
in CSS medium. Transcriptional activity of AR and GR was normalised to 1 nM R1881 and 100 nM dexamethasone, respectively. Measured in duplicate and repeated at 
least twice. 

Fig. 2. Transcriptional activity of AR and GR upon treatment with compounds 14 and 15 along with standards enzalutamide and mifepristone in antagonist mode 
(competition with standard agonists 1 nM R1881 (AR) or 100 nM dexamethasone (GR)). Curves were plotted via non-linear curve fit in GraphPad Prism 5 from n = 4, 
error bars represent SD. 

Table 2 
Viability of PCa cells upon treatment with 40 µM compounds for 72 h assessed 
by resazurin viability assay.a  

Viable cells (% ± SD) 

Compound 22Rv1 C4-2 LAPC-4 DU145 

7 96.3 ± 3.5 93.4 ± 3.7 99.4 ± 2.9 89.1 ± 11.7 
8 97.2 ± 2.8 91.1 ± 2.4 99.9 ± 3.1 89.2 ± 13.1 
9 95.5 ± 4.2 91.0 ± 3.0 98.6 ± 2.1 88.9 ± 11.8 
10 96.4 ± 4.7 88.5 ± 2.3 95.4 ± 2.3 89.3 ± 12.0 
11 91.7 ± 1.2 81.8 ± 2.1 91.9 ± 1.9 98.3 ± 4.9 
12 85.1 ± 1.9 81.9 ± 7.9 38.6 ± 2.8 94.5 ± 7.4 
13 97.6 ± 1.7 91.0 ± 7.8 64.9 ± 4.1 91.3 ± 7.4 
14 34.8 ± 6.6 32.8 ± 6.2 29.0 ± 3.4 94.8 ± 3.1 
15 54.9 ± 4.0 52.6 ± 1.7 52.4 ± 1.4 90.6 ± 9.5 
16 93.4 ± 3.2 71.9 ± 5.4 86.5 ± 0.4 96.4 ± 6.9 
17 79.6 ± 3.4 65.0 ± 3.8 85.3 ± 2.1 93.2 ± 9.9 
galeterone 52.7 ± 7.4 10.5 ± 6.5 35.9 ± 4.6 84.2 ± 7.8 
mifepristone 45.5 ± 6.8 77.8 ± 1.5 97.1 ± 5.3 15.7 ± 2.0 
enzalutamide > 100 98.7 ± 0.8 73.9 ± 1.0 92.8 ± 1.5  

a Measured in duplicate and repeated at least twice. 
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Fig. 3. Colony formation assay of PCa cells. Cells were treated with indicated concentrations of novel compounds or standards (µM) for 10 days. Medium was 
replaced by fresh medium with compound after 5 days. Upon treatment, cells were fixed, stained with crystal violet and photograph was captured. Representative 
result from two replicates is shown. 

Fig. 4. (A) Western blotting analysis showing 
the level of soluble AR, GR and PDH after 
indicated heating of LAPC-4 cells without (-) or 
upon treatment (+) with 100 μM 14. PDH level 
was used as a control of equal protein loading. 
(B) AR, its phosphorylated form on S81 and GR 
distribution in 22Rv1 cells and (C) GR and its 
phosphorylated form in S211 distribution in 
DU145 cells. The cells were deprived of steroids 
by cultivation in charcoal stripped serum (CSS) 
medium for 24 h and then treated with (B) 
1 nM R1881 and (C) with 100 nM dexametha-
sone alone or in combination with 20 µM 14, 
20 µM galeterone or 10 µM mifepristone for 
additional 24 h. Cellular fractions were isolated 
using the incubation with different detergents 
in buffers and subjected for immunoblot anal-
ysis of appropriate proteins. Nuclear protein c- 
myc was used as control of equal protein 
loading. Quantification was performed using 
Multigauge 3.0 software. Representative result 
from two replicates is shown.   
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examined the effect of candidate compounds 14 and 15 in the same cell 
lines after 3 days and 7 days of treatment, but we did not observe sig-
nificant increase in GR or AR levels in those periods (Fig. S7). Moreover, 
the treatment with enzalutamide clearly lead to the increase in GR 
protein level, already upon 3 and 7 days, while combination with lead 
compound 14 reduced this increase. There was no clear activation of 
apoptosis observed after 3 or 7 days of treatment (Fig. S7). 

Since the lead compound did not display high toxicity upon 72 h 
treatment, we analogously evaluated the antiproliferative effects of 
compound 14 alone and in combination with enzalutamide using CFA 
for 7 days in LAPC-4 and 22Rv1. The lead compound displayed higher 
antiproliferative effect than standard enzalutamide and both these 
compounds were more potent in LAPC-4, compared with 22Rv1. The 
combination of 14 with enzalutamide displayed slightly higher anti-
proliferative activity in LAPC-4 but profound decrease in viability of 
22Rv1, mainly in 10 µM concentrations (Fig. S8). 

2.4. The effect of 14 on thermal stability and localisation of AR and GR 

Further, the thermal stability of AR and GR was analysed in LAPC-4 
(expressing both AR and GR) PCa cells. Compound 14 was proven to 
increase the thermal stability of both AR and GR in 100 µM concentra-
tion (high concentration according to the short treatment, correspond-
ing with literature ([29–31]), which should be connected with extensive 
interaction with both nuclear receptors (Fig. 4A). There was no obvious 
thermal stabilisation of pyruvate dehydrogenase (PDH), which can serve 
as loading control. 

Further, we investigated the ability of 14 to block the transport, 
accumulation and phosphorylation of AR or GR in nucleus in R1881- 
stimulated 22Rv1 cells and in dexamethasone-stimulated DU145 cells, 
respectively. As shown in Fig. 4B,C candidate compound 14 significantly 
decreased translocation of both receptors to nucleus and their activating 
phosphorylation level in comparison to hormone activated cells, as well 
as standards galeterone and mifepristone did [32–34]. 

2.5. The effect of 14 on the downstream signalling of AR and GR and on 
the cell cycle 

We showed that compounds 14 and 15 are able to reduce AR a GR 
transcriptional activity in a dose-dependent manner and to inhibit col-
ony formation of investigated PCa cell lines. We further analysed 
whether candidate compounds can affect the protein expression of well- 
known AR transcriptional targets, namely PSA and Nkx3.1 and GR 
transcriptional targets SGK-1 and 11-β-HSD2. Immunoblotting analysis 
in LAPC-4 (Fig. 5A) revealed that while the expression of AR on protein 
level was markedly stimulated by R1881, both compounds diminished 
the R1881-stimulated AR activation (monitored as phosphorylation on 
S81 and PSA and Nkx3.1 activation). Interestingly we observed slight 
decrease in the expression of total AR in 20 μM concentration, whereas 

GR level remained unchanged. All trends are in agreement with AR- 
transcriptional assay and are comparable with results observed for 
galeterone. The effect of the two investigated compounds was nearly 
identical in 22Rv1 (Fig. S9). Analysis of DU145 (Fig. 5B) revealed that 
activating phosphorylation of GR on S211 was blocked by 20 µM 14, 
comparable with mifepristone while the expression of GR did not change 
significantly. The most pronounced decrease in the protein levels of 11- 
β-HSD2 and SGK-1 (known GR substrates) was observed upon treatment 
with 20 µM 14 and corresponded with results with mifepristone. 

Next, we have evaluated whether the effect of the lead compound 14 
on the cell cycle is consistent with the blockage of AR signalling [35,36]. 
Evaluation of the cell cycle distribution upon 48 h treatment with 
compound 14 was performed in 22Rv1 and LAPC-4 cell lines. The effect 
of compound 14 observed after 24 h was negligible (not shown) and 
consistent to enzalutamide and mifepristone treatment. However, pro-
longed 48 h treatment revealed decrease in S-phase population of 
treated cells that was compensated by increased number of cells in the 
G1-phase of the cell cycle (Fig. S10). 

2.6. Molecular docking of compound 14 into the ligand-binding domain 
(LBD) of GR and AR 

To prove the binding of the candidate compound, we recruited mo-
lecular docking into the LBD of antagonistic model of studied nuclear 
receptors. For GR, an X-ray structure with antagonist mifepristone (PDB 
ID: 1NHZ) [37] was used to model and compare the interaction with 
candidate compound. In the best binding pose 14 is bound in the similar 
way as mifepristone but showed stronger binding energy (ΔGVina =

− 11.5 kcal/mol and − 10.8 kcal/mol, respectively) (Fig. 6A, B). The 
steroid core of candidate compound is held in place by interaction with 
hydrophobic residues that outline the cavity (Leu566, Leu608, Phe623, 
Leu733, Phe737). Conserved direct hydrogen bonds from the 3-carbonyl 
oxygen in the A-ring of the steroid core to Gln570 and Arg611 orient the 
steroid. At the other side, the C20-keto group (in comparison with 
17β-hydroxyl group of mifepristone) makes a hydrogen bond to 
Gln-642. Additional hydrogen bonds are formed between the 11β-hy-
droxy group of the steroid core and the backbone carbonyl group of 
Leu-563 and between keto group of C21-carbamoyl moiety and Asn-564 
(Fig. 6A) (analogous with interactions of hydrocortisone). Interestingly, 
the 21-(N,N-diethylcarbamoyloxy) chain forms extensive hydrophobic 
bonds and is orientated in the same direction as dimethylaniline side 
chain of mifepristone (Fig. 6A, B). 

In case of AR, there is no antagonist-bound wild type-crystal struc-
ture yet available, which complicates the modelling or screening for 
antagonists. Recently, molecular dynamics simulations led to generation 
of antagonist AR models based on X-ray structures of T877A and W741L 
mutants with bound antagonists and agonists [38]. To compare the 
binding of candidate compound 14, wilde type-antagonist model with 
expanded binding cavity based on the structure of cyproterone acetate 

Fig. 5. Western blotting analysis of AR- and 
GR-regulated proteins in treated LAPC-4 (A) 
and DU145 (B). The cells were deprived of 
steroids (cultivated in CSS medium) for 24 h 
and then treated with 1 nM R1881 (A, LAPC-4) 
or 100 nM dexamethasone (B, DU-145) alone or 
in combination with different concentrations of 
candidate compounds 14 and 15 or 10 µM 
standards galeterone (Gal) or mifepristone 
(Mif) for 24 h. Alpha-tubulin was control of 
equal protein loading. Representative result 
from two replicates is shown. FBS, foetal bovine 
serum; CSS, charcoal stripped serum (no 
androgens).   
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bound to AR-T877A (PDB ID: 2OZ7) [39] was used. 
Molecular docking of compound 14 into the AR-antagonist model 

revealed the same binding as cyproterone (Fig. 6C, D) with similar 
binding energy (ΔGVina = − 12.5 kcal/mol and − 12.1 kcal/mol, 
respectively) and the same position of steroid core as in docking to GR. 
Key interaction residues in the AR LBD (Arg752 and Gln711) create a 
conserved hydrogen bonds with C3-keto group of steroid ligand and at 
the other extremity of the binding site, Thr877 and Asn705 form 
hydrogen bonds with keto groups on side chains. Compared to cyprot-
erone, 14 forms an additional hydrogen bond with backbone carbonyl of 
Leu704 by 11β-hydroxy group of the steroid core (analogous with 
interaction in GR). In comparison to the binding pose in GR, flexible C- 
17 and C-21 side chains point out to the edge of LBD creating extensive 
hydrophobic interactions with Leu701, Leu880, Asp890 (Fig. 6C). 

3. Discussion and conclusion 

Both AR and GR showed to play pivotal role in pro-oncogenic pro-
cesses in prostate cancer cells. GR agonists are often included in stan-
dard therapeutic regimens for their anti-inflammatory properties and for 
the ability to reduce toxic effects of cytostatic drugs during chemo-
therapy. A few studies described beneficial outcomes of glucocorticoid 
monotherapy in treatment of PCa accompanied by PSA decline and 
improved quality of life [9,40,41]. On the other hand, several clinical 
studies revealed their harmful, tumorigenic effect [6,42]. This emerging 
data are related with the observation of long-term androgen ablation or 
AR inhibition that leads to significantly increased GR expression [5,6, 
28]. Moreover, AR and GR share the same chromatin binding sites thus 
compensatory GR upregulation is considered as the way for long-lasting 
activation of AR specific pathways [32,33]. Based on studies on resistant 
PCa cell lines [6–8], it is evident that use of GR or dual AR/GR antag-
onist might have potential in AR-driven cancers, mainly in CRPC sub-
types and in tumours resistant after AR-targeted therapy. 

Recently, the initial outcome of a phase I/II trial combining enza-
lutamide and mifepristone in metastatic CRPC (NCT02012296) was 
published. The combination was safe and tolerable, however, showed no 
clinical benefit (indicated by time to PSA progression) [43]. On the other 
hand, there are two clinical trials ongoing, evaluating the combination 
of more selective GR antagonist relacorilant (CORT125281) in the 
combination with enzalutamide (NCT03674814, NCT03437941), which 
could uncover better clinical significance of dual AR/GR blockage. 

Here, we described novel 17α- and/or 21-ester or carbamate de-
rivatives of hydrocortisone, a known GR agonist, that were evaluated for 
their biological activity towards androgen and glucocorticoid receptors 
in different prostate cancer cell lines. Within prepared compounds, some 
AR agonists were described, in agreement with previous publications, 
which showed that hydrocortisone alone is able to activate AR [24] and 
generally, that glucocorticoids can act as AR agonists depending on 
mutations in AR-ligand binding domain [26]. However, we focused on 
two 17α-butyryloxy,21-(alkyl)carbamoyloxy derivatives 14 and 15 that 
displayed strong antagonist properties towards both AR and GR 
confirmed using the transcriptional cell-based activity assay. Interaction 
with both nuclear receptors was confirmed by cellular-thermal shift 
assay and followed the previous studies showing thermal stabilisation of 
AR in the presence of AR modulators. 

Antagonist’s effect on cellular distribution of both receptors was 
reported as a common phenomenon in the evaluation of ligand efficacy, 
novel agents were capable to eliminate the AR translocation to nucleus 
and thus enhance AR degradation. We showed decreased translocation 
of AR to nucleus in the presence of studied compounds, as well as was for 
galeterone, which confirmed published data [32]. Compound 14 also 
markedly blocked the translocation of GR into nucleus, similarly to 
mifepristone [33,34]. 

Molecular docking analysis confirmed the binding of compound 14 
in the GR in a manner similar to mifepristone, but with stronger binding 
energy. It was shown that the 21-(N,N-diethylcarbamoyloxy) can form 

Fig. 6. (A) Model of the binding pose of compound 14 (orange) in GR-LBD and (B) alignment of binding pose with mifepristone (cyan) in PDB:1NHZ. (C) Model of 
the binding pose of compound 14 (orange) in AR-LBD and (D) alignment of binding pose with cyproterone acetate (blue) in AR-antagonist model [39]. Binding poses 
of the lead compound 14 was modelled based on rigid docking into appropriate crystal structures. Sticks represent interacting amino acid residues of nuclear re-
ceptors. Nitrogen heteroatoms are shown in blue, oxygen atoms in red, chloride atom in green. Hydrophobic interactions are shown with grey dash lines and 
hydrogen bonds are shown with blue dash lines. 
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extensive hydrophobic bonds and can be orientated in the same direc-
tion as dimethylaniline side chain of mifepristone (Fig. S7A, B), which is 
responsible of active antagonism, disrupting helix-12 position, thus 
preventing the receptor from recruiting a co-activator [37]. 

Antiproliferative activities of studied compounds displayed mid- 
micromolar values comparable with standards galeterone (AR antago-
nist) and mifepristone (GR antagonist) which both exerted presumed 
effects on corresponding cell lines. Enzalutamide had only slight effect 
on the proliferation of 22Rv1 and moderately decreased proliferation of 
LAPC-4, which is in agreement with modulation of AR-wild type and AR- 
H875Y by enzalutamide [27]. However, the combination of enzaluta-
mide with 14 displayed increased antiproliferative activity in 22Rv1 and 
partly also in LAPC-4. 

Development of enzalutamide-resistant cell lines leads to slightly 
increased GR expression in 22Rv1 and markedly increased GR expres-
sion in LAPC-4 in vitro [5]. More importantly, first changes leading to the 
resistance could be observed just in 7 days after the treatment with 
sub-lethal concentration of enzalutamide in vitro [5,7]. Our results 
showed that candidate compounds 14 and 15 did not cause significant 
increase in GR or AR levels during the same periods. Importantly, 
compound 14 was able to reduce the enzalutamide-induced GR upre-
gulation upon 3 and 7 days treatment. 

Further, biologically active glucocorticoids possess an 11β-OH moi-
ety, which normally undergoes an oxidation by 11β-HSD2 (11β-OH → 
11-keto), an enzyme responsible for its inactivation and subsequent 
storage in the endoplasmic reticulum. Resistant tumours frequently lose 
the 11β-HSD2 [44] (observed also upon enzalutamide treatment [45]), 
which allows upregulated glucocorticoids to activate the GR and drive 
the resistance. We speculate that simultaneous blockage of AR and GR 
would prevent the GR overexpression and 11β-HSD2 loss. Based on the 
importance of active glucocorticoids in resistance it would be plausible 
to evaluate the effect of novel derivatives on the glucocorticoids’ 
metabolism. 

In summary, the understanding and mechanism, which leads to the 
PCa tumour growth and resistance to AR antagonists is crucial for 
further CRPC treatment. Many different mechanisms of resistance have 
been described, and e.g. the GR signalling has been recognised as an 
endocrine-mediated way to turn on the pro-survival signalling after AR- 
antagonism treatment. Overall, our findings support the development 
and deep characterisation of dual AR and GR antagonists as anticancer 
agents in PCa cases with upregulation of GR activity. Therefore, 
described derivatives will be evaluated in PCa cell lines models resistant 
to the second-generation AR antagonists, further, in ex vivo model of 
tissue slices of PCa tumours along with the organoids from PCa biopsies. 

4. Experimental 

4.1. General chemistry 

Melting points (Mp) were determined on a Kofler block and are un-
corrected. Specific rotations were measured in CHCl3 (c 1) at 20 ◦C with 
a POLAMAT-A (Zeiss-Jena) polarimeter and are given in units of 10–1 

deg cm2 g–1. Reactions were monitored by thin-layer chromatography 
(TLC) on Kieselgel-G (Si 254 F, Merck KGaA, Darmstadt, Germany) 
layers (0.25 mm thick); solvent systems (ss): (A) isopropyl ether, (B) 
acetone/toluene/hexane (30:35:35 v/v). The spots were detected by 
spraying with 5% phosphomolybdic acid in 50% aqueous phosphoric 
acid. The Rf values were determined for the spots observed by illumi-
nation at 254 and 365 nm. Flash chromatography: Merck silica gel 60, 
40–63 µm (Merck KGaA, Darmstadt, Germany). Elementary analysis 
data were determined with a PerkinElmer CHN analyser model 2400 
(PerkinElmer Inc, Waltham, MA, USA). All solvents were distilled prior 
to use. NMR spectra were recorded on a Bruker DRX 500 instrument at 
500 (1H NMR) or 125 MHz (13C NMR) and these are included in Sup-
plementary Information. Chemical shifts are reported in ppm (δ scale), 
and coupling constants (J) are given in Hertz. For the determination of 

multiplicities, the J-MOD pulse sequence was used. The purity of all 
synthesised compounds was determined by HPLC (Acquity UPLC® H- 
Class System, Waters; Symmetry C18 column; 5 µm, 150 ×2.1 mm) 
coupled to Acquity QDa mass spectrometry detector (Waters). 

4.2. General method for synthesis of hydrocortisone 17α-esters (8-10) 

A solution of hydrocortisone (7) (3.62 g, 10 mmol) in benzene 
(200 ml), containing pyridinium-p-toluenesulfonate (125 m, 0.5 mmol) 
was heated to boiling point for a few minutes. To the hot reaction 
mixture, the corresponding short chain alkyl orthoester (two equivalent) 
was added. After a brief distillation of benzene (50 ml), the reaction was 
monitored by TLC (ss A). After 30 min the starting compound dis-
appeared and the formation of 17α,21-orthoester of hydrocortisone was 
complete. After addition of pyridine (1 ml), the solvents were evapo-
rated in vacuo. The residual oil was dissolved in methanol (150 ml), and 
0.1 N acetic acid (50 ml) and 0.1 N NaOAc solution (5 ml) were added. 
The reaction mixture was refluxed for 20 min and then was diluted with 
water and extracted with CH2Cl2. The CH2Cl2 solution was washed with 
NaHCO3 solution and then with water, dried and evaporated. The re-
sidual oil was purified by column chromatography on silica gel with 
ethyl acetate/CH2Cl2 (2:98 v/v%) as eluent. 

4.2.1. 17α-Acetoxy-11β,21-dihydroxypregn-4-ene-3,20-dione (8) 
Compound 7 (3.62 g, 10 mmol) and triethyl orthoacetate (3.24 g, 

20 mmol) were used for the synthesis as described in Section 4.2. The 
crude product was chromatographed on silica gel with ethyl acetate/ 
CH2Cl2 (2:98 v/v%) to yield pure 8 (3.58 g, 88%). Mp.: 232–234 ◦C, 
(234–237 ◦C [12]), Rf = 0.45 (ss B), [α]D

20 + 62 (c 1 in CHCl3). Found: C, 
68.46; H, 8.06. C23H32O6 (404.50) requires: C, 68.29; H, 7.97%. 1H NMR 
(CDCl3, 500 MHz): δ 0.94 (s, 3 H, 18-H3), 1.44 (s, 3 H, 19-H3), 2.06 (s, 
3 H, Ac-H3), 3.07 (brs, 1 H, OH), 4.25 (d, 1 H, J = 18.5 Hz, 21-H2), 4.29 
(d, 1 H, J = 18.0 Hz, 21- H2), 4.49 (d, 1 H, J = 3.5 Hz, 11-H), 5.69 (s, 
1 H, 4-H). 13C NMR (CDCl3, 125 MHz): δ 16.9 (C-18), 21.2 (C-19), 24.1 
(C-15), 30.5, 31.5 (C-8 and Ac-Me), 32.1, 32.7, 34.0, 35.1, 39.3, 40.2, 
47.1 (C-13), 52.4 (C-14), 56.0 (C-9), 67.4 (C-21), 68.3 (C-11), 93.5 
(C-17), 122.7 (C-4), 170.7 (Ac-C––O), 171.7 (C-5), 199.5 (C-3), 206.5 
(C-20). HPLC/MS purity – 94.9%. 

Continued elution with ethyl acetate/CH2Cl2 (10:90 v/v%) resulted 
the starting compound 7 (250 mg, 7%). 1H NMR (DMSO-d6, 500 MHz): δ 
0.75 (s, 3 H, 18-H3), 1.36 (s, 3 H, 19-H3), 4.08 (dd, 1 H, J = 5.5 Hz, J =
19.0 Hz, 21-H2), 4.25 (brs, 2 H, 17α-OH and 21-OH), 4.50 (dd, 1 H, J =
6.0 Hz, J = 19.0 Hz, 21- H2), 4.60 (t, 1 H, J = 6.0 Hz, 11-H), 5.15 (brs, 
1 H, 11-OH), 5.56 (s, 1 H, 4-H). 13C NMR (DMSO-d6, 125 MHz): δ 16.9 
(C-18), 20.4 (C-19), 23.3 (C-15), 31.2 (C-8), 31.4, 32.8, 32.9, 33.4 (C- 
16), 34.0, 38.8, 39.0, 46.3 (C-13), 51.5 (C-14), 55.5 (C-9), 65.8 (C-21), 
66.4 (C-11), 88.4 (C-17), 121.4 (C-4), 172.3 (C-5), 198.0 (C-3), 211.5 (C- 
20). HPLC/MS purity – 97.2%. 

4.2.2. 11β,21-Dihydroxy-17α-propionyloxy-pregn-4-ene-3,20-dione (9) 
Compound 7 (3.62 g, 10 mmol) and triethyl orthopropionate 

(3.52 g, 20 mmol) were used for the synthesis as described in Section 
4.2. The crude product was crystallised from a mixture of acetone/ 
hexane to afford 9 (2.96 g, 70%). Mp.: 203–205 oC, (201–203 oC [13]), 
Rf = 0.42 (ss B), [α]D

20 + 55 (c 1 in CHCl3). Found: C, 68.46; H, 7.98. 
C24H36O6 (418.53) requires: C, 68.88; H, 8.19%. 1H NMR (CDCl3, 
500 MHz): δ 0.94 (s, 3 H, 18-H3), 1.12 (t, 3 H, J = 7.5 Hz, ω-H3), 1.44 (s, 
3 H, 19-H3), 4.24 (d, 1 H, J = 18.5 Hz, 21-H2), 4.34 (d, 1 H, J = 18.5 Hz, 
21-H2), 4.49 (s, 1 H, 11-H), 5.69 (s, 1 H, 4-H). 13C NMR (CDCl3, 
125 MHz): δ 9.0 (ω-Me), 17.0 (C-18), 21.2 (C-19), 24.1 (C-15), 27.8, 
30.6, 31.5 (C-8), 32.1, 32.8, 34.0, 35.2, 39.4, 40.3, 47.2 (C-13), 52.5 
(C-14), 56.0 (C-9), 67.3 (C-21), 68.3 (C-11), 93.2 (C-17), 122.7 (C-4), 
171.7 (C-5), 174.1 (Ac-C=O), 199.5 (C-3), 206.5 (C-20). HPLC/MS pu-
rity – 96.8%. 
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4.2.3. 17α-Butyryloxy-11β,21-dihydroxypregn-4-ene-3,20-dione (10) 
Compound 7 (3.62 g, 10 mmol) and triethyl orthobutyrate (3.80 g, 

20 mmol) were used for the synthesis as described in Section 4.2. The 
crude product was crystallised from a mixture of acetone/hexane to 
afford 10 (3.95 g, 91%). Mp.: 210–212 oC, (204–207 ◦C [14]), Rf = 0.40 
(ss B), [α]D

20 + 43 (c 1 in CHCl3). Found: C, 69.55; H, 8.12. C25H36O6 
(432.55) requires: C, 69.42; H 8.39%. 1H NMR (CDCl3, 500 MHz): δ 0.95 
(t, 6 H, J = 5.0 Hz, 18-H3 and ω-H3), 1.44 (s, 3 H, 19-H3), 4.24 (d, 1 H, J 
= 18.0 Hz, 21-H2), 4.34 (d, 1 H, J = 18.0 Hz, 21-H2), 4.49 (s, 1 H, 11-H), 
5.69 (s, 1 H, 4-H). 13C NMR (CDCl3, 125 MHz): δ 13.7 (ω-Me), 16.9 
(C-18), 18.4 (CH2-Me), 21.2 (C-19), 24.1 (C-15), 30.6, 31.5 (C-8), 32.1, 
32.8, 34.0, 35.2, 36.3, 39.4, 40.3, 47.2 (C-13), 52.5 (C-14), 56.1 (C-9), 
67.4 (C-21), 68.3 (C-11), 93.2 (C-17), 122.7 (C-4), 171.7 (C-5), 173.4 
(Ac-C=O), 199.5 (C-3), 206.5 (C-20). HPLC/MS purity – 97.6%. 

4.3. 21-(N-Butylcarbamoyloxy)-11β,17α-dihydroxypregn-4-ene-3,20- 
dione (16) 

Compound 7 (362 mg, 1 mmol) was dissolved in toluene (15 ml) and 
the solution was refluxed with butyl isocyanate (990 mg, 10 mmol) for 
2 h. It was then diluted with hexane (100 ml) and the crystals that 
separated were filtered and washed with hexane. Recrystallisation from 
a mixture of acetone/hexane yielded 16 (390 mg, 84%). Mp.: 
158–160 oC, Rf = 0.80 (ss B), [α]D

20 + 159 (c 1 in CHCl3). Found: C, 
67.82; H, 8.37. C26H39NO6 (461.60) requires: C, 67.65; H, 8.52%. 1H 
NMR (CDCl3, 500 MHz): δ 0.93 (t, 3 H, J = 7.5 Hz, ω-H3), 0.97 (s, 3 H, 
18-H3), 1.44 (s, 3 H, 19-H3), 3.18 (dd, 2 H, J = 7.0 Hz, J = 13.5 Hz, N- 
H2), 4.46 (s, 1 H, 11-H), 4.77 (d, 1 H, J = 17.5 Hz, 21-H2), 4.92 (brs, 1 H, 
NH), 5.00 (d, 1 H, J = 17.5 Hz, 21-H2), 5.68 (s, 1 H, 4-H). 13C NMR 
(CDCl3, 125 MHz): δ 13.9 (ω-Me), 17.3 (C-18), 20.0 (N-CH2), 21.2 (C- 
19), 23.8 (C-15), 31.6 (C-8), 32.0, 32.2, 32.9, 34.0, 34.6, 35.2, 39.4, 
40.0, 41.1, 47.6 (C-13), 52.1 (C-14), 56.2 (C-9), 67.9 (C-21), 68.5 (C- 
11), 89.8 (C-17), 122.5 (C-4), 156.1 (amide C=O), 172.2 (C-5), 199.9 (C- 
3), 206.6 (C-20). HPLC/MS purity – 100%. 

4.4. 21-(N-Cyclohexylcarbamoyloxy)-11β,17α-dihydroxypregn-4-ene- 
3,20-dione (17) 

Compound 7 (362 mg, 1 mmol) was dissolved in toluene (15 ml) and 
the solution was refluxed with cyclohexyl isocyanate (1.25 mg, 
10 mmol) for 6 h. It was then diluted with hexane (100 ml) and the 
precipitate that separated was filtered and washed with hexane. The 
crude product was subjected to chromatographic separation on silica gel 
with CH2Cl2. Compound 17 eluted first (230 mg, 47%). Mp.: 
198–201 ◦C, Rf = 0.75 (ss B), [α]D

20 + 98 (c 1, in CHCl3). Found: C, 68.72; 
H, 8.66. C28H41NO6 (487.63) requires: C, 68.97; H, 8.47%. 1H NMR 
(CDCl3, 500 MHz): δ 1.02 (s, 3 H, 18-H3), 1.44 (s, 3 H, 19-H3), 3.47 (m, 
1 H, N-CH), 4.48 (s, 1 H, 11-H), 4.62 (d, 1 H, J = 15.0 Hz, 21-H2), 4.87 
(d, 2 H, J = 15.0 Hz, 21-H2 and NH), 5.69 (s, 1 H, 4-H). 13C NMR (CDCl3, 
125 MHz): δ 16.5 (C-18), 21.2 (C-19), 24.0 (C-15), 24.9, 25.6, 30.7 
(2 C), 31.5 (C-8), 32.1, 32.8, 33.3, 33.4, 34.0, 35.1, 39.4, 40.1, 47.1 (C- 
13), 50.3 (cyclohexyl CH), 52.3 (C-14), 56.0 (C-9), 67.5 (C-21), 68.3 (C- 
11), 94.5 (C-17), 122.6 (C-4), 155.0 (amide C=O), 172.0 (C-5), 200.0(C- 
3), 200.5 (C-20). HPLC/MS purity – 100%. 

Continued elution with CH2Cl2/ethyl acetate (98:2 v/v%) resulted in 
7 (85 mg, 23%). 

4.5. 17α-Acetoxy-21-(N-butylcarbamoyloxy)-11β-hydroxypregn-4-ene- 
3,20-dione (11) 

Compound 8 (405 mg, 1 mmol) was solved in toluene (15 ml) and 
the solution was refluxed with butyl isocyanate (990 mg, 10 mmol) for 
2 h. The solution was diluted with hexane (100 ml). The precipitate was 
collected by filtration and recrystallised from a mixture of acetone/ 
hexane to obtain 11 (380 mg, 75%). Mp.: 115–118 ◦C, Rf = 0.80 (ss A), 
[α]D

20 + 79 (c 1 in CHCl3). Found: C, 66.52; H, 8.37. C28H41NO7 (503.64) 

requires: C, 66.78; H, 8.21%. 1H NMR (CDCl3, 500 MHz): δ 0.91 (t, 3 H, 
J = 7.5 Hz, ω-H3), 1.02 (s, 3 H, 18-H3), 1.44 (s, 3 H, 19-H3), 2.07 (s, 3 H, 
Ac-H3), 3.19 (dd, 2 H, J = 6.5 Hz, J = 13.0 Hz, N-H2), 4.48 (d, 1 H, J =
3.5 Hz, 11-H), 4.62 (d, 1 H, J = 17.0 Hz, 21-H2), 4.90 (d, 1 H, J =
17.0 Hz, 21-H2), 4.94 (brs, 1 H, NH), 5.69 (s, 1 H, 4-H). 13C NMR 
(CDCl3, 125 MHz): δ 13.9 (ω-Me), 16.5 (C-18), 20.0 (N-CH2), 21.2 (C- 
19), 21.4 (Ac-Me), 24.0 (C-15), 30.7, 31.5 (C-8), 32.0, 32.1, 32.8, 34.0, 
35.1, 39.4, 40.1, 41.1, 47.1 (C-13), 52.5 (C-14), 56.0 (C-9), 67.6 (C-21), 
68.3 (C-11), 94.6 (C-17), 122.6 (C-4), 155.8 (amide C=O), 171.0 (Ac- 
C=O), 172.0 (C-5), 199.6 (C-3), 200.4 (C-20). HPLC/MS purity – 98.6%. 

4.6. 17α-Acetoxy-11β-hydroxy-21-((octyloxycarbonothioyl)oxy)pregn- 
4-ene-3,20-dione (12) 

Compound 8 (405 mg, 1 mmol) was dissolved in anhydrous pyridine 
(5 ml) and chloro-thiocarbonic acid-octylester (312 mg, 1.5 mmol) was 
added dropwise cooling with ice. The reaction mixture was allowed to 
stand at room temperature for 6 h, and then was poured onto a mixture 
of ice (150 g) and H2SO4 (2 ml), and extracted with CH2Cl2. The CH2Cl2 
solution was washed with NaHCO3 solution and then with water, dried 
and evaporated. The residual oil was chromatographed on silica gel with 
CH2Cl2, yielding pure 12 (430 mg, 74%). Mp.: 140–141 ◦C, Rf = 0.80 (ss 
A), [α]D

20 + 93 (c 1, in CHCl3). Found: C, 66.42; H, 8.14. C32H48O7S 
(576.80) requires: C, 66.64; H, 8.39%. 1H NMR (CDCl3, 500 MHz): δ 
0.88 (t, 3 H, J = 7.0 Hz, ω-H3), 1.01 (s, 3 H, 18-H3), 1.45 (s, 3 H, 19-H3), 
2.07 (s, 3 H, Ac-H3), 2.84 (m, 2 H, O-H2), 4.49 (s, 1 H, 11-H), 4.79 (d, 
1 H, J = 16.5 Hz, 21-H2), 4.98 (d, 1 H, J = 16.5 Hz, 21-H2), 5.69 (s, 1 H, 
4-H). 13C NMR (CDCl3, 125 MHz): δ 14.2 (ω-Me), 16.6 (C-18), 21.2 (C- 
19), 21.3 (Ac-Me), 22.8 (CH2-Me), 24.0 (C-15), 28.8, 29.2, 29.3, 29.7, 
30.8, 31.4, 31.5 (C-8), 31.9, 32.1, 32.8, 34.0, 35.2, 39.4, 40.2, 47.2 (C- 
13), 52.4 (C-14), 56.0 (C-9), 68.3 (C-11), 69.4 (C-21), 94.3 (C-17), 122.6 
(C-4), 170.9 (Ac-C=O), 171.6 (C=S), 171.8 (C-5), 198.5 (C-3), 199.5 (C- 
20). HPLC/MS purity – 98.3%. 

4.7. 11β-Hydroxy-21-((octyloxycarbonothioyl)oxy)-17α- 
propionyloxypregn-4-ene-3,20-dione (13) 

Compound 9 (418 mg, 1 mmol) was dissolved in anhydrous pyridine 
(5 ml) and chloro-thiocarbonic acid-octylester (312 mg, 1.5 mmol) was 
added dropwise cooling with ice. The reaction mixture was allowed to 
stand at room temperature for 6 h, and then was poured onto a mixture 
of ice (150 g) and H2SO4 (2 ml), and extracted with CH2Cl2. The CH2Cl2 
solution was washed with NaHCO3 solution and then with water, dried 
and evaporated. The residue was chromatographed on silica gel with 
CH2Cl2, yielding pure 13 (445 mg, 75%). Mp.: 139–141 ◦C, Rf = 0.82 (ss 
A), [α]D

20 + 90 (c 1, in CHCl3). Found: 66.95; H, 8.32. C33H50O7S 
(590.81) requires: C, 67.09; H, 8.53%. 1H NMR (CDCl3, 500 MHz): δ 
0.88 (t, 3 H, J = 7.0 Hz, octyl ω-H3), 1.01 (s, 3 H, 18-H3), 1.45 (s, 3 H, 
19-H3), 2.84 (m, 2 H, O-H2), 4.49 (d, 1 H, J = 3.0 Hz, 11-H), 4.77 (d, 
1 H, J = 16.5 Hz, 21-H2), 4.98 (d, 1 H, J = 16.5 Hz, 21-H2), 5.69 (s, 1 H, 
4-H). 13C NMR (CDCl3, 125 MHz): δ 9.03 (Ac-Me), 14.2 (octyl ω-Me), 
16.6 (C-18), 21.2 (C-19), 22.8 (CH2-Me), 24.0 (C-15), 27.9, 28.8, 29.2, 
29.3 29.7, 30.8, 31.4, 31.5 (C-8), 31.9, 32.1, 32.8, 34.0, 35.2, 39.4, 40.3, 
47.3 (C-13), 52.5 (C-14), 56.1 (C-9), 68.3 (C-11), 69.3 (C-21), 94.1 (C- 
17), 122.6 (C-4), 171.6 (Ac-C=O), 171.8 (C-5), 174.2 (C=S), 198.5 (C- 
3), 199.5 (C-20). HPLC/MS purity – 100%. 

4.8. 17α-Butyryloxy-21-(N,N-diethylcarbamoyloxy)-11β-hydroxypregn- 
4-ene-3,20-dione (14) 

Compound 10 (432 mg, 1 mmol) was dissolved in anhydrous triethyl 
amine (5 ml) and N,N-diethylcarbamoyl chloride (205 mg, 1,5 mmol) 
was added dropwise cooling with ice. The reaction mixture was allowed 
to stand at room temperature for 6 h, and then was poured onto a 
mixture of ice (150 g) and H2SO4 (2 ml), and extracted with CH2Cl2. The 
CH2Cl2 solution was washed with NaHCO3 solution and then with water, 
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dried and evaporated. The residue was chromatographed on silica gel 
with CH2l2, yielding pure 14 (470 mg, 88%). Mp.: 159–160 ◦C, Rf 
= 0.75 (ss A), [α]D

20 + 78 (c 1 in CHCl3). Found: C, 67.52; H, 8.75. 
C30H45NO7 (531.70) requires: C, 67.77; H, 8.53%. 1H NMR (CDCl3, 
500 MHz): δ 0.96 (t, 3 H, J = 7.5 Hz, butyryl ω-H3), 1.02 (s, 3 H, 18-H3), 
1.44 (s, 3 H, 19-H3), 3.31 (m, 4 H, 2 x N-H2), 4.48 (d, 1 H, J = 3.0 Hz, 
11-H), 4.59 (d, 1 H, J = 16.5 Hz, 21-H2), 4.93 (d, 1 H, J = 16.5 Hz, 21- 
H2), 5.69 (s, 1 H, 4-H). 13C NMR (CDCl3, 125 MHz): δ 13.6 (N-Me), 13.8 
(butyryl ω-Me), 14.1 (N-Me), 16.4 (C-18), 18.5 (butyryl CH2-Me), 21.1 
(C-19), 23.9 (C-15), 30.7, 31.5 (C-8), 32.9, 34.0, 35.1, 36.6 (2 x N-CH2), 
39.4, 40.2, 41.8. 42.3, 47.2 (C-13), 52.7 (C-14), 56.1 (C-9), 67.8 (C-21), 
68.3 (C-11), 94.7 (C-17), 122.6 (C-4), 155.4 (amide C=O), 173.5 
(butyryl C=O), 172.1 (C-5), 199.6 (C-3), 200.2 (C-20). HPLC/MS purity 
– 100%. 

4.9. 17α-Butyryloxy-21-(N-buthylcarbamoyloxy)-11β-hydroxypregn-4- 
ene-3,20-dione (15) 

Compound 10 (432 mg, 1 mmol) was dissolved in toluene (15 ml) 
and the solution was refluxed with butyl isocyanate (990 mg, 10 mmol) 
for 2 h. The solution was diluted with hexane (100 ml). The precipitate 
was collected by filtration and recrystallised from a mixture of acetone/ 
hexane to obtain 15 (410 mg, 77%). Mp.: 99–102 ◦C, Rf = 0.65 (ss A), 
[α]D

20 + 86 (c 1 in CHCl3). Found: C, 67.31; H, 8.65. C30H45NO7 (531.69) 
requires: C, 67.77; H, 8.53%.1H NMR (CDCl3, 500 MHz): δ 0.93 (m, 6 H, 
2 x ω-H3), 1.02 (s, 3 H, 18-H3), 1.44 (s, 3 H, 19-H3), 3.19 (m, 2 H, N-H2), 
4.48 (d, 1 H, J = 3.0 Hz, 11-H), 4.60 (d, 1 H, J = 17.0 Hz, 21-H2), 4.80 
(d, 1 H, J = 17.0 Hz, 21-H2), 4.94 (brs, 1 H, NH), 5.69 (s, 1 H, 4-H). 13C 
NMR (CDCl3, 125 MHz): δ 13.8 (2 x ω-Me), 16.5 (C-18), 18.5 (N-CH2), 
20.0 (butyryl. CH2-Me), 21.1 (C-19), 24.0 (C-15), 30.7, 31.5 (C-8), 32.0, 
32.1, 32.9, 34.0, 35.1, 36.5, 39.4, 40.1, 41.1, 47.2 (C-13), 52.6 (C-14), 
56.1, 67.6, 68.3, 94.3, 122.6, 155.9, 172.0, 173.5 (butyryl C=O), 199.6 
(C-3), 200.4 (C-20). HPLC/MS purity – 100%. 

4.10. Cell lines 

The 22Rv1-ARE14 and AZ-GR reporter cell lines [24,25] were a kind 
gift from prof. Zdeněk Dvořák (Palacky University Olomouc, Czech 
Republic). 22Rv1, C4–2 and DU145 cell lines (all kindly gifted by dr. Jan 
Bouchal from Palacky University and University Hospital, Olomouc, 
Czech Republic) and 22Rv1-ARE14 were grown in RPMI-1640 medium. 
AZ-GR and LAPC-4 cells were grown in DMEM medium. All media were 
supplemented with 10% normal or charcoal-stripped foetal bovine 
serum (steroid-depleted serum), 100 IU/ml penicillin, 100 mg/ml 
streptomycin, 4 mM glutamine and 1 mM sodium pyruvate. Cells were 
cultivated in a humidified incubator at 37 ◦C and in 5% CO2 
atmosphere. 

4.11. AR and GR-transcriptional luciferase assay 

The Nunc™ MicroWell™ 96-well optical flat-bottom plate (Thermo 
Fisher Scientific) was used for luciferase assays, in which 22Rv1-ARE14 
or AZ-GR cells were seeded (40,000 or 20,000 cells/well, respectively). 
The second day, the cultivation medium (supplemented with FBS) was 
discarded and cells were washed with PBS. Cells were then incubated in 
the absence or presence of analysed compounds dissolved in medium 
supplemented with CSS and 1 nM R1881 or 100 nM dexamethasone in 
case of 22Rv1-ARE14 or AZ-GR, respectively. Upon 24 h of incubation, 
cells were washed with PBS again and lysed for 10 min in a lysis buffer 
(10 mM Tris pH = 7.4, 2 mM DCTA, 1% nonidet P40, 2 mM DTT) at 
37 ◦C. Next, reaction buffer (20 mM tricine pH = 7.8, 1.07 mM 
MgSO4⋅7H20, 5 mM ATP, 9.4 mM luciferin) was added and the lumi-
nescence of the samples was measured using a Tecan M200 Pro micro-
plate reader (Biotek). Assays were performed in duplicate. 

4.12. Cell viability assay 

In the viability assays, cells were seeded into the 96-well tissue 
culture plates. The other day, solutions of analysed compounds were 
added in different concentrations in duplicate for 72 h. Upon treatment, 
the resazurin solution (Sigma Aldrich) was added for 4 h, and then the 
fluorescence of resorufin was measured at 544 nm/590 nm (excitation/ 
emission) using a Fluoroskan Ascent microplate reader (Labsystems). 
Percentual viability was calculated and in the separate experiment, GI50 
value was calculated from the dose response curves that resulted from 
the measurements using GraphPad Prism 5. 

4.13. Colony formation assay 

Prostate cancer cells 22Rv1 and DU-145 (2000 cells per well) or 
LAPC-4 (5000 cells per well) were seeded into 6-well plates. The other 
day, the medium was replaced with fresh medium containing different 
concentrations of the compounds. Media containing compounds were 
replaced once within 10 days. After the treatment, the medium was 
discarded and colonies were fixed with 70% ethanol for 15 min, washed 
with PBS and stained with crystal violet (1% solution in 96% ethanol) 
for 1 h. Finally, wells were washed with PBS and colonies’ photograph 
was captured. 

4.14. Cellular thermal shift assay 

CETSA experiments were performed according to the general pro-
tocol [29]. LAPC-4 cells deprived of androgens (24 h in 
CSS-supplemented media) were harvested, washed twice with PBS and 
treated with 14 for 1 h at 37 ◦C in PBS with 5 mM glucose. After that, 
treated cells were washed with PBS, resuspended in fresh PBS with 
protease inhibitors and the suspension was aliquoted into PCR strips. 
Samples were heated at temperatures ranging from 40◦ to 53.2 ◦C for 
3 min in CFX96 Touch Real-time PCR detection system (BioRad), before 
they were snap-frozen in liquid nitrogen. All samples were lysed by 
freeze-thaw using liquid nitrogen. Supernatants containing soluble 
proteins were obtained by centrifugation at 14.000 g for 30 min, and 
mixed with SDS-loading buffer, separated by SDS-PAGE and immuno-
blotted as described below. 

4.15. Immunoblotting 

After all treatments, cells were harvested by centrifugation, washed 
twice with PBS, pelleted and kept frozen at − 80 ◦C. Pellets were 
thawed, resuspended in ice-cold RIPA lysis buffer supplemented with 
phosphatase and protease inhibitors. Ultrasound sonication (10 s with 
30% amplitude) of cells was performed on ice and soluble proteins in 
supernatants were obtained by centrifugation at 14.000 g for 30 min. 
Cellular fractionation experiments were performed using the Qproteome 
Cell Compartment Kit (Qiagen). Protein concentration in supernatants 
was measured and balanced within samples. Proteins were denatured by 
addition of SDS-loading buffer, separated by SDS-PAGE and electro-
blotted onto nitrocellulose membranes. Immunodetection of proteins 
was performed as usual, membranes were blocked in BSA solution, 
incubated overnight with primary antibodies, washed and incubated 
with secondary antibodies conjugated with peroxidase. Then, peroxi-
dase activity was detected by SuperSignal West Pico reagents (Thermo 
Scientific) using a CCD camera LAS-4000 (Fujifilm). Primary antibodies 
purchased from Merck (anti-α-tubulin, clone DM1A; anti- 
phosphorylated AR (S81)). Primary antibodies purchased from Santa 
Cruz Biotechnology (anti-GR, clone G-5; anti-SGK-1, clone H-4; anti-11- 
β-HSD, clone C-9). Specific antibodies purchased from Cell Signalling 
Technology (anti-AR, clone D6F11; anti-PSA/KLK3, clone D6B1; anti- 
Nkx3.1, clone D2Y1A; anti-phosphorylated GR (S211); anti-c-myc, 
clone D3N8F; anti-PDH, clone C54G1; anti-caspase 9; anti-caspase 7; 
anti-rabbit secondary antibody (porcine anti-rabit immunoglobulin 
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serum); anti-mouse secondary antibody (rabbit anti-mouse IgG, clone 
D3V2A)). All antibodies were diluted in 4% BSA and 0.1% Tween 20 in 
TBS. 

4.16. Molecular docking 

Molecular docking was performed with the crystal structure of GR- 
LBD with mifepristone (PDB ID:1NHZ) and AR-antagonist model [39]. 
The 3D structures of all compounds were obtained and their energy was 
minimised by molecular mechanics with Avogadro 1.90.0, a software 
used for the drawing and characterisation of chemical structures. Polar 
hydrogens were added to ligands and proteins with the AutoDock Tools 
program [46] and docking studies were performed using AutoDock Vina 
1.05 [47]. Interaction between ligand and amino acid residues were 
modelled in PLIP software [48]. Figures were generated in Pymol ver. 
2.0.4 (Schrödinger, LLC). 
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Figure S1. Transcriptional activity of AR after treatment with compounds in agonist mode (tested 

compounds alone) in CSS media (no androgens). The signal was normalised to the transcriptional activity 

of AR upon treatment with standard agonist, 1 nM R1881 (100 %). Measured in duplicate and repeated at 

least twice.  
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Figure S2. Transcriptional activity of AR after treatment with compounds in antagonist mode (tested 

compounds competing with 1 nM R1881) in CSS media. The signal was normalised to the transcriptional 

activity of AR upon treatment with standard agonist, 1 nM R1881 (100 %). Measured in duplicate and 

repeated at least twice. 
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Figure S3. Transcriptional activity of GR after treatment with compounds in agonist mode (tested 

compounds alone) in CSS media. The signal was normalised to the transcriptional activity of GR upon 

treatment with standard agonist, 100 nM dexamethasone (100 %). Measured in duplicate and repeated at 

least twice. 
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Figure S4. Transcriptional activity of GR after treatment with compounds in antagonist mode (tested 

compounds competing with 100 nM dexamethasone) in CSS media. The signal was normalised to the 
transcriptional activity of GR upon treatment with standard agonist, 100 nM dexamethasone (100 %). 

Measured in duplicate and repeated at least twice. 
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Figure S5. Expression pattern of AR, GR and their downstream proteins in PCa cell lines used for 

cellular experiments.  
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Figure S6. Viability of PCa cells upon treatment with two candidate compounds. Curves plotted from 

n=4, error bars represent SD.  
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Figure S7. Upper: Western blotting analysis of AR and GR levels in LAPC-4 and 22Rv1 cells after 3 days 

or 7 days of treatment. Cells were cultivated in presence of 10 µM compounds and standards. The level of 
α-tubulin served as a control of equal protein loading. Representative result from two replicates is shown. 

Lower: Western blotting analysis of AR and GR levels and pro-caspases (related to apoptosis) in 22Rv1 

cells after 3 days or 7 days of treatment with 10 µM 14 or enzalutamide or their combination.  
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Figure S8. Analysis of viability based on the CFA assay upon treatment with the lead compound 14 alone, 
enzalutamide alone and combination of both. Cells (A: LAPC-4, B: 22Rv1) were seeded in 12-well plate 

in low density and treated by compounds for 7 days to grow colonies. Then they were fixed and stained by 

crystal violet. Photograph of the plate was captured and colonies were dissolved in 1% SDS and the 

absorbance of the crystal violet was measured at 570 nm. Measured in hexaplicate and repeated twice. 
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Figure S9. Western blotting analysis of AR-regulated proteins in treated 22Rv1. The cells were deprived 

of androgens (cultivated in CSS medium) for 24 h and then treated with 1 nM R1881 alone or in 

combination with different concentrations of candidate compounds 14 and 15 or standards galeterone (Gal) 

or mifepristone (Mif) for 24 h. The level of α-tubulin was control of equal protein loading. Representative 

result from two replicates is shown. FBS, fetal bovine serum; CSS, charcoal stripped serum (no steroids). 

Figure S10. Cell cycle analysis of LAPC-4 and 22Rv1 upon treatment with 14 or standards enzalutamide 

(Enz) and mifepristone (Mif) for 48 h.  
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Synthesis and Biological Evaluation of New Isoxazolyl Steroids
as Anti-Prostate Cancer Agents
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Abstract: Steroids with a nitrogen-containing heterocycle in the side chain are known as effective
inhibitors of androgen signaling and/or testosterone biosynthesis, thus showing beneficial effects
for the treatment of prostate cancer. In this work, a series of 3β-hydroxy-5-ene steroids, containing
an isoxazole fragment in their side chain, was synthesized. The key steps included the preparation
of Weinreb amide, its conversion to acetylenic ketones, and the 1,2- or 1,4-addition of hydroxy-
lamine, depending on the solvent used. The biological activity of the obtained compounds was
studied in a number of tests, including their effects on 17α-hydroxylase and 17,20-lyase activity
of human CYP17A1 and the ability of selected compounds to affect the downstream androgen re-
ceptor signaling. Three derivatives diminished the transcriptional activity of androgen receptor
and displayed reasonable antiproliferative activity. The candidate compound, 24j (17R)-17-((3-(2-
hydroxypropan-2-yl)isoxazol-5-yl)methyl)-androst-5-en-3β-ol, suppressed the androgen receptor
signaling and decreased its protein level in two prostate cancer cell lines, LNCaP and LAPC-4. In-
teraction of compounds with CYP17A1 and the androgen receptor was confirmed and described by
molecular docking.

Keywords: prostate cancer; androgen signaling; androgen receptor; CYP17A1; isoxazoles; Weinreb
amide; LNCaP; LAPC-4; molecular docking

1. Introduction

Prostate cancer (PCa) is the most common cancer in men in developed countries. More
than 80 years have passed since Charles Huggins showed that a decrease in androgen levels
in patients with PCa causes tumor regression [1]. The androgenic pathway remains the main
target of prostate cancer therapies—it plays a major role in the formation and progression
of this type of cancer [2]. Therapy has aimed at reducing the content of testosterone in the
blood, which can significantly slow down the process of tumor development and alleviate
the patient’s condition. Therefore, a number of drugs are used to block the synthesis of
androgens in the testes or adrenal cortex as an accepted alternative to surgical intervention
(orchiectomy).

The most important step in the biosynthesis of androgens is the conversion of preg-
nenolone to 17α-OH-pregnenolone, and then to dehydroepiandrosterone (DHEA), secreted
by the testes and adrenal cortex [3]. Both reactions proceed with the participation of cy-
tochrome P450 CYP17A1, which combines the functions of 17α-hydroxylase and 17,20-lyase.
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In 2011, a new CYP17A1 inhibitor, abiraterone, was approved, effective for the treatment of
prostate cancer, insensitive to hormone therapy, and reducing the level of testosterone in
the blood [4]. Thus, abiraterone (Figure 1), which is a pyridine derivative of DHEA, inhibits
two key reactions in the androgen synthesis pathway. The optimal CYP17A1 inhibitor
should have significant effect on 17,20-lyase activity, with moderate or no effect towards
17α-hydroxylase activity of the enzyme, to modulate sex steroid biosynthesis with minimal
effect on glucocorticoid hormones biosynthesis [5].
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During the development of new inhibitors of CYP17A1, a large number of androstane
and pregnane derivatives have been introduced containing pyridyl-, picolidine-, pyrazolyl-,
imidazolyl-, triazolyl-, isoxazolinyl-, dihydrooxazolinyl-, tetrahydrooxazolinyl-, benzimidazolyl-,
and carbamoyl- substituents, mainly in positions 16, 17, and 22 [6–18]. Galeterone, the most
advanced among them and having a multiple mechanism of action, has reached phase III
clinical trials [19].

To date, previous studies have shown that steroids with 5-membered rings containing
one nitrogen and one oxygen (oxazole or isoxazole) are of great interest in the development of
drugs for the treatment of prostate cancer [6,11,12,14,20–25]. Thus, isoxazole 2 showed potent
and non-competitive inhibition of human microsomal 17β-hydroxylase/C17,20-lyase, with an
IC50 value of 59 nM, and demonstrated potent and competitive inhibition of 5α-reductase
in human prostate microsomes with an IC50 value of 33 nM [21]. It was also shown that 1,
at a concentration of 5 µM, exhibits antiandrogenic activity in human prostate cancer cell
lines (e.g., LNCaP), preventing the binding of labeled synthetic androgen R1881 (5 nM) to
the androgen receptor (AR). Compound 2 had a significant effect on the growth of LNCaP
and PC-3 cells, commensurate with that of galeterone [11]. It should be noted that 2 showed
no inhibitory potency towards CYP17A1, thus confirming that inhibition of this enzyme is
not the only mechanism of anticancer action of such steroids.

Obviously, further studies of new nitrogen-containing steroids, in particular the in-
vestigation of their effect on various signaling pathways involved in the pathological
processes of tumor development, are relevant and of great interest. In this regard, the
present paper aims (i) to develop synthesis of a series of novel steroidal isoxazoles 3a,b and
(ii) to carry out studies of their effects on the 17α-hydroxylase and 17,20-lyase activity of
human CYP17A1 and the ability of selected compounds to affect the downstream androgen
receptor signaling.
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2. Results and Discussion
2.1. Chemistry

One of the tasks of the present study was to develop an efficient route to regioisomeric
isoxazoles 9 and 10 (Scheme 1). We envisaged that both isoxazoles could be derived from the
same α,β-acetylenic ketones 6 via 1,4- or 1,2-cycloaddition of hydroxylamine followed by the
cyclization of intermediates 7 or 8. The regioselectivity of the addition of hydroxylamine to
acetylenic ketones can be controlled by the choice of solvent: in a mixture of tetrahydrofuran-
water, the reaction proceeds in a 1,4-manner [26], while in aqueous methanol, 1,2-addition
products are formed [27,28]. Ynones in 6 could be made available from the known esters in 5,
which in turn can be prepared from commercial 17-ketones in 4.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 3 of 34 
 

 

carry out studies of their effects on the 17α-hydroxylase and 17,20-lyase activity of human 
CYP17A1 and the ability of selected compounds to affect the downstream androgen re-
ceptor signaling. 

2. Results and Discussion 
2.1. Chemistry 

One of the tasks of the present study was to develop an efficient route to regioiso-
meric isoxazoles 9 and 10 (Scheme 1). We envisaged that both isoxazoles could be derived 
from the same α,β-acetylenic ketones 6 via 1,4- or 1,2-cycloaddition of hydroxylamine fol-
lowed by the cyclization of intermediates 7 or 8. The regioselectivity of the addition of 
hydroxylamine to acetylenic ketones can be controlled by the choice of solvent: in a mix-
ture of tetrahydrofuran-water, the reaction proceeds in a 1,4-manner [26], while in aque-
ous methanol, 1,2-addition products are formed [27,28]. Ynones in 6 could be made avail-
able from the known esters in 5, which in turn can be prepared from commercial 17-ke-
tones in 4. 

 
Scheme 1. Retrosynthetic analysis for the synthesis of isoxazoles 9, 10. 

The synthesis of target compounds was initiated with ester 11, obtained in two steps 
from androstenolone [29]. Initially, the possibility of a one-step conversion of 12 into 18, 
described for fluoroketones [26] and consisting in the addition of lithium acetylenides to 
esters in the presence of boron trifluoride etherate, was studied (Scheme 2). However, the 
reaction of 12 with a lithium salt of 13 resulted in the formation of a complex mixture of 
products. 

Next, an attempt was made to obtain ynone 18 using an approach based on the con-
version of ester 12 to aldehyde 16. Its reaction with the lithium salt of 13 gave a mixture 
of isomeric alcohols in 17, which was oxidized in the last stage to give the target ynone 18. 
The obvious disadvantage of this method was the necessity to accomplish a multistep re-
action procedure. In this connection, the possibility of using Weinreb amides was studied. 
This approach showed good results for the preparation of ynone 18 via amide 14 and was 
further used for the synthesis of all other α,β-acetylenic ketones. 

Scheme 1. Retrosynthetic analysis for the synthesis of isoxazoles 9, 10.

The synthesis of target compounds was initiated with ester 11, obtained in two steps
from androstenolone [29]. Initially, the possibility of a one-step conversion of 12 into 18,
described for fluoroketones [26] and consisting in the addition of lithium acetylenides to
esters in the presence of boron trifluoride etherate, was studied (Scheme 2). However, the
reaction of 12 with a lithium salt of 13 resulted in the formation of a complex mixture of
products.
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Next, an attempt was made to obtain ynone 18 using an approach based on the conversion
of ester 12 to aldehyde 16. Its reaction with the lithium salt of 13 gave a mixture of isomeric
alcohols in 17, which was oxidized in the last stage to give the target ynone 18. The obvious
disadvantage of this method was the necessity to accomplish a multistep reaction procedure.
In this connection, the possibility of using Weinreb amides was studied. This approach
showed good results for the preparation of ynone 18 via amide 14 and was further used for
the synthesis of all other α,β-acetylenic ketones.



Int. J. Mol. Sci. 2022, 23, 13534 4 of 32

Ynone 20b–i was prepared in a 78–90% yield by the addition of lithium salts ob-
tained in situ from BuLi and the corresponding acetylene 19b–i to the Weinreb amide 14
(Scheme 3). The unsubstituted ynone 20a was synthesized by using commercially available
ethynylmagnesium bromide as an organometallic reagent.
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The regioselectivity of hydroxylamine addition to α,β-acetylenic ketones is highly
dependent on the reaction conditions. The optimal conditions for the conjugated 1,4-
addition were found using a mixture of organic solvents with water [28]. The enamine,
formed as a result of conjugated addition, undergoes intramolecular cyclization to form
5-hydroxy-4,5-dihydroisoxazoles. We used the reaction conditions (water–THF, NaHCO3
as a base) proposed in [26]; in this case, the hydroxyisoxazoline 22a–i was obtained in a
56–88% yield.

The next stage involved the dehydration of 22a–i to form the corresponding isoxa-
zole 23a–i. The reaction proceeded relatively smoothly in the case of the derivative 22d–i;
however, isoxazoles 23b,c were obtained only in 9 and 45% yields, respectively. Simulta-
neously, compounds 26b,c (44–50%) were isolated from the reaction mixture (Scheme 4).
The possible mechanism of their formation can be explained as follows. 5-Hydroxy-4,5-
dihydroisoxazoles 22b,c are expected to exist in equilibrium with enehydroxylamines 21b,c.
The latter, as a result of reaction with CDI, can give derivatives 25b,c. It is known that
such derivatives can undergo 3,3-sigmatropic rearrangement [30,31]. In the case of 25b,c,
such a rearrangement resulted in the formation of substituted enaminoketones (26b,c).
Their structures were determined by spectral methods, including two-dimensional NMR
experiments. Signals at δ 197.1, 134.2, and 157.2 in the 13C NMR spectrum of 26c were
assigned to C-22, C-23, and C-24, respectively. The connectivity of the side chain was
established by the key HMBC correlations: H-20 and H-17 correlated to C-22; H-25, H-26,
and H-27 correlated to C-24; and H-20 correlated to C-23.

Another direction of the reaction of 5-hydroxy-4,5-dihydroisoxazoles with CDI was
found in the case of compound 22a. In addition to the target isoxazole 23a (51%), β-oxonitrile
31 was also isolated in 40% yield. A possible mechanism of its formation is shown in Scheme 5.
It is assumed that the enehydroxylamine 21a is converted to β-ketoxime 29, which then reacts
with CDI to form the imidazole derivative 30. The latter loses imidazole carboxylic acid in a
six-membered transition state [32] to form β-oxonitrile 31.
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Scheme 5. Possible mechanism for the formation of ketonitrile 31.

The removal of protective groups completed the synthesis of target isoxazoles 24
containing a steroid at C-5 of the isoxazole heterocycle. The reaction was carried out by
treating the esters 23a–i with TBAF or HF. The latter option is preferred for compound 24h,
additionally containing tetrahydropyranyl protection.

Attempts were made to carry out some transformations of the sigmatropic rearrange-
ment product 26c in order to obtain compounds suitable for biological testing (Scheme 4).
Removal of the silyl protective group proceeded smoothly, without affecting the functional
groups in the side chain, to form alcohol 27. Removal of the imidazole-carboxylic fragment
was expected to be achieved under alkaline hydrolysis conditions. However, the reaction
led to compound 28, containing an oxazolone heterocycle. An attempt to remove the silyl
group in 28 (Bu4NF/THF) gave a complex mixture of products.

Simultaneous removal of both protecting groups in 24i gave the diol 32 (Scheme 6).
Compound 24i contains a functional group in the isoxazole core that can be used for
the synthesis of other derivatives, which was demonstrated in the synthesis of azide 36.
Selective removal of the tetrahydropyranyl protecting group was achieved by reaction
of 24i with magnesium bromide diethyl etherate [33]. The tosylation reaction of 33 gave
chloride 37 instead of the expected tosylate. The desired product 35 was obtained via SN2
displacement of primary mesylate 34 with the azide group.

Ynone 20d was used as a model compound to study suitable conditions for the
preparation of isoxazoles 40. Its reaction with hydroxylamine in aqueous methanol in the
presence of NaHCO3 [27,28] gave oxime 39 as a mixture (1:1) of E/Z-isomers (Scheme 7).
The next step in the synthesis of isoxazole 40 was the gold-catalyzed cycloisomerization of
acetylenic oximes [34]. The desired product 40d was obtained from 39, but in a moderate
46% yield, as only the Z-isomer underwent the cyclization under these conditions. At the
same time, it was found that prolonged heating of the reaction mixture at the stage of
hydroxylamine addition led directly to the formation of isoxazoles without any catalysis.
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Scheme 7. Synthesis of the isoxazole 40d.

For this reason, the transformation of the remaining ynones 20a,e–i was carried out in
one step without the isolation of the intermediate acetylenic oximes (Scheme 8). The yield
of isoxazoles 40a,e–i was 40–82%, depending on the substituent R. Removal of the silyl
protective group was performed out by treatment with Bu4NF or, in the case of compounds
40h,i, containing additionally tetrahydropyranyl ether, with HF in a mixture of THF-MeCN.
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2.2. Biology

Biological studies included analysis of the interaction of the prepared compounds
with the CYP17A1 active site, testing their effect towards the AR-transcriptional activity
and evaluation of their ability to influence the downstream AR signaling. Compounds
used in one or more biological tests are shown in Table 1.
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Table 1. Compounds used for biological studies.

N Structure N Structure N Structure
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2.2.1. Effect of Compounds on 17α-hydroxylase and 17,20-lyase Activity of Human
CYP17A1

As the first step in the analysis of the interaction of compounds with the CYP17A1
active site, we performed spectrophotometric titration of selected compounds. Proges-
terone with Kdapp < 1 µM was used as a positive control for the substrate-like ligand
(type I). As a positive control for an inhibitor-like ligand (type II), abiraterone with a
Kdapp < 1 µM was used. DMSO or ethanol was used as a negative control. For the
negative controls, no type I or type II spectral responses were observed. Analysis of
binding of series of compounds (24a,d,g,j, 32, 36, 38) with human CYP17A1 showed that
only four compounds were able to bind to the active site of human CYP17A1 (32 with
Kdapp-13.41 ± 2.38 µM, 24j with Kdapp-1.90 ± 0.23 µM, 24d with Kdapp-1.50 ± 0.21 µM,
and 24a with Kdapp-0.13 ± 0.02 µM). However, all these compounds show type I (substrate-
like) spectral response, which indicates their potentially low inhibitory ability against this
enzyme.

To evaluate the effect of isoxazoles on a potential molecular target, CYP17A1, we
performed an inhibitory assay using an in vitro reconstituted system containing recombi-
nant human CYP17A1. We analyzed the inhibitory effect of the compounds (50 µM—final
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concentration) on two types of reactions catalyzed by CYP17A1: 17α-hydroxylase activity
and 17,20-lyase activity. There was almost no inhibition of 17,20-lyase activity of human
CYP17A1 with the compound 24j (11% of enzyme inhibition at 50 µM of compound 24j).
Most isoxazoles were shown to have a moderate inhibitory effect on human CYP17A1
activity (Table 2). The maximum inhibition of 17,20-lyase activity was found for isoxazole
41a containing no substituent at C-5 of the heterocyclic ring. A similar inhibitory effect
was observed for pyridine derivative 41f. It should be noted that compound 41a showed
a minimal inhibitory capacity for 17α-hydroxylase activity, being the most 17,20 lyase
selective, which is important for the development of the next generation CYP17 targeted
drugs [35].

Table 2. Inhibitory effect of compounds on human CYP17A1-catalyzed reaction.

Compound 17α-Hydroxylase Activity 17,20-Lyase Activity

Activity, min−1 Inhibition, % Activity, min−1 Inhibition, %

Control 1.95 ± 0.10 - 1.98 ± 0.10 -
24b 1.07 ± 0.19 45.0 1.64 ± 0.08 17.4
24c 1.06 ± 0.10 45.7 1.86 ± 0.08 6.3
41a 1.89 ± 0.05 3.1 1.14 ± 0.10 42.3
41e 1.30 ± 0.16 33.3 1.30 ± 0.16 34.4
41k 1.84 ± 0.03 5.5 1.58 ± 0.07 20.4
41g 1.68 ± 0.36 13.6 1.46 ± 0.33 26.4
41j 1.73 ± 0.24 10.9 1.39 ± 0.47 29.7
41f 1.43 ± 0.17 26.5 1.17 ± 0.13 41.1

2.2.2. The Effect of Derivatives on AR Transcriptional Activity and Viability of PCa Cells

Based on the structural similarity of novel derivatives with galeterone and other pub-
lished compounds (abiraterone, 3, and [6]), we tested the effect of our compounds towards
the AR-transcriptional activity. Compounds were evaluated using an AR-dependent re-
porter cell line (ARE14) with a firefly-luciferase gene under the control of an androgen
response element [36].

As shown in Table 3, within the studied isoxazoles, three AR antagonists with moder-
ate activity were found (reduced R1881-stimulated AR transcriptional activity to ≤ 50%
at 50 µM concentration), namely 24j, 32, and 41a. Despite that, these derivatives acted as
AR-antagonists in dose-dependent manner, and none of them were able to overcome the
activity of the standard steroidal antagonist galeterone (≈35% of activity at 10 µM con-
centration). Based on the obtained results, it is evident that derivatives bearing only
unsubstituted isoxazole (41a), or isoxazoles substituted with small polar substituent
(-CH3-OH in 32, t-butyl in 24j), were able to decrease the AR-transcriptional activity,
while isoxazoles bearing longer unsaturated (24d), or bulky aromatic substituents (24e,
24g), were inactive. Importantly, none of novel derivatives displayed AR-agonist activity
in the chosen concentrations (Table 3).

Antiproliferative properties of all novel steroids were tested in two AR-positive
prostate cancer cell lines (LNCaP and LAPC-4) and one AR-negative cell line (DU145)
using the Alamar-blue assay after 72 h treatment. Antiproliferative activities of the most
potent derivatives 24j and 32 displayed mid-micromolar values (in agreement to AR-
antagonist assay) in both AR-positive PCa cell lines, while no targeting of the AR-negative
DU145 cells was observed. Compound 36 displayed reasonable antiproliferative activity
only in LAPC-4 cell line.

We further evaluated the potency of the most active derivative 24j. We analyzed
its effect on AR transcriptional activity in a broad concentration range and found the
IC50 value = 21.11 ± 1.07 µM (Figure 2A) while IC50 = 7.59 µM for galeterone. On the
other hand, galeterone displayed worse antiproliferative activities and effects related
to AR signaling. Importantly, no clear agonist activity was observed for 24j in tested
concentrations (Figure 2A).
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Table 3. AR transcriptional and antiproliferative activities of novel derivatives a.

AR Transcriptional Activity (%)
Viability after 72 h (GI50) d

Cmp. ANTAGONIST MODE b AGONIST MODE c

50 µM 10 µM 2 µM 50 µM 10 µM 2 µM LNCaP LAPC-4 DU145

24d 103.6 112.8 109.0 18.6 21.1 17.8 >50 >50 >50
24e 125.3 101.1 101.3 12.8 14.2 14.7 >50 >50 >50
24g 111.6 112.5 112.9 19.7 17.5 15.6 >50 >50 >50
24j 21.6 84.8 100.2 6.1 12.6 14.4 25.8 18.2 >50
27 63.5 62.0 89.7 20.4 20.9 17.4 >50 >50 >50
32 31.1 87.8 99.7 14.6 12.1 14.0 19.5 18.9 >50
36 67.4 72.5 101.1 16.3 12.0 14.7 >50 19.0 >50
38 78.2 92.6 96.1 7.3 13.0 14.6 >50 >50 >50

41a 50.8 73.7 98.2 12.1 14.7 14.5 >50 >50 >50
Gal 3.0 35.1 65.2 2.4 10.8 15.4 46.8 28.6 47.6

a raw data from all assays and standard errors are included in the Supplementary Materials, Table S1. b Measured
in the presence of compound and 1 nM R1881 and normalized to a signal of 1 nM R1881 = 100%, determined
in duplicate and repeated twice. c Measured in the presence of compound only, normalized to signal of 1 nM
R1881 = 100% and measured in duplicate and repeated twice. d Measured at least in duplicate.
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ylation in both LAPC-4 and LNCaP cell lines after 24 h. Observed effects were accompa-
nied by a profound decrease in Nkx3.1 and PSA protein levels in LAPC-4, while were only 
limited in LNCaP cells (Figure 3). 

Candidate compounds were further tested in the same PCa cell lines (without R1881 
activation) for a longer period to monitor the effects on AR stability. Compounds 24j and 
32 (12.5 μM) induced a significant decrease in Nkx3.1 and PSA levels in both LAPC-4 and 
LNCaP after 48 h. Moreover, they both induced a significant decrease in AR protein level 
that was comparable to galeterone’s effect. 

Figure 2. (A) Transcriptional activity of AR measured in reporter cell line in both antagonist (com-
petition with 1 nM R1881) and agonist (presence of compound alone) mode upon treatment with
different concentration of 24j. Mean and SD was plotted from n = 4. Raw data are available in the
Supplementary Materials, Table S2. (B) Colony formation assay of PCa cells LAPC-4 after treatment
with 24j for 10 days. The raw picture and comparison with the activity of standards abiraterone and
galeterone is presented in Supplementary Materials, Figures S1 and S2.

We also performed colony formation assay (CFA) within 10 days to evaluate the
prolonged antiproliferative potency of 24j in the LAPC-4 cell line. CFA is frequently
used for the validation of PCa cell lines growth because of their high doubling time in
culture. Our compound, 24j, significantly inhibited the formation of cell colonies in a
dose-dependent manner after 10 days in LAPC-4, already from a 1.56 µM concentration
(Figure 2B).

2.2.3. Targeting the AR Signaling Pathway

Further, we evaluated the ability of compounds 24j, 32, and 41a to influence the down-
stream AR signaling (levels of known transcriptional targets PSA and Nkx3.1) in LAPC-4
and LNCaP cell lines after R1881 stimulation. Western blot analysis (Figure 3) showed that
24j and 32 were able to markedly suppress R1881 stimulated S81-phosphorylation in both
LAPC-4 and LNCaP cell lines after 24 h. Observed effects were accompanied by a profound
decrease in Nkx3.1 and PSA protein levels in LAPC-4, while were only limited in LNCaP
cells (Figure 3).
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Figure 3. Western blotting analysis of AR and AR-regulated proteins after being treated with LAPC-
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galeterone (Gal), combined with 1 nM R1881 for 24 h. (B) PCa cells were cultivated in FBS-supple-
mented media and treated with candidate compounds or galeterone (Gal) for 48 h. The level of β-
actin serves as a control for equal protein loading. Raw pictures are presented in Supplementary 
Materials Figures S3 and S4. 
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Figure 3. Western blotting analysis of AR and AR-regulated proteins after being treated with LAPC-4
and LNCaP. (A) PCa cells were deprived of androgens (cultivated in CSS-supplemented medium) for
24 h and then treated with different concentrations of candidate compounds or standard galeterone
(Gal), combined with 1 nM R1881 for 24 h. (B) PCa cells were cultivated in FBS-supplemented media
and treated with candidate compounds or galeterone (Gal) for 48 h. The level of β-actin serves as a
control for equal protein loading. Raw pictures are presented in Supplementary Materials Figures S3
and S4.

Candidate compounds were further tested in the same PCa cell lines (without R1881
activation) for a longer period to monitor the effects on AR stability. Compounds 24j and
32 (12.5 µM) induced a significant decrease in Nkx3.1 and PSA levels in both LAPC-4 and
LNCaP after 48 h. Moreover, they both induced a significant decrease in AR protein level
that was comparable to galeterone’s effect.

2.2.4. Molecular Docking into the Active Site of CYP17A1 and into the AR-LBD

The binding of candidate compounds into their cellular targets was evaluated by
rigid molecular docking into the crystal structure of human CYP17A1 co-crystalized with
abiraterone and heme (PDB:3RUK) and by flexible docking into the AR ligand-binding
domain (LBD) from the crystal structure with DHT (PDB:2PIV).

The best binding pose of 41a in the active site of CYP17A1 was oriented in nearly the
same pose as abiraterone and showed similar binding energy (∆GVina = −12.6 kcal/mol
and −13.0 kcal/mol, respectively) (Figure 4A,B). The isoxazole ring is oriented towards the
Fe2+ central ion of heme, similar to the pyridine ring in abiraterone. The most promising
compound, 24j, was modelled into the CYP17A1 as well, with a similar pose as abiraterone
and 41a, but with lower binding energy (∆GVina = −10.1 kcal/mol, picture not shown).
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Figure 4. (A) Model of the binding pose of 41a (green) in CYP17A1 (rigid docking into the 
PDB:3RUK) and (B) alignment of the binding pose with abiraterone (brown) from the original crys-
tal structure. Heme is shown in magenta. (C) Model of the binding pose of 24j (green) in AR-LBD 
(flexible docking into the PDB:2PIV) with the interacting amino acid residues. Hydrogen bonds are 
shown as blue lines, and hydrophobic bonds are shown by gray dashed lines. (D) Alignment of 
binding pose of 24j with the galeterone (orange) binding pose from flexible docking. 
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and (B) alignment of the binding pose with abiraterone (brown) from the original crystal structure.
Heme is shown in magenta. (C) Model of the binding pose of 24j (green) in AR-LBD (flexible docking
into the PDB:2PIV) with the interacting amino acid residues. Hydrogen bonds are shown as blue
lines, and hydrophobic bonds are shown by gray dashed lines. (D) Alignment of binding pose of 24j
with the galeterone (orange) binding pose from flexible docking.

In the case of the AR-LBD structure, two key amino acid residues in both extremities
of the cavity (Arg752 and Thr877) were set as flexible. The docking of 24j revealed a
pose with extensive binding in AR-LBD, with binding energy comparable to galeterone
(∆GVina = −10.5 kcal/mol and −10.8 kcal/mol, respectively (Figure 4C,D). The position of
the steroid core is conserved. C3-OH on the A-ring forms a typical hydrogen bond with
Arg752, while the oxygen atom of the isoxazole ring forms a hydrogen bond with Thr877 at
the other extremity of the LBD-cavity. The steroid core is further positioned by hydrophobic
interactions with Gln711, Met745, Met746, and Leu 704. The tert-butyl substituent could be
hydrophobically binded with Leu701, Phe647, and Leu880, which could be a key for the
activity and selectivity of 24j (Figure 4C).

3. Materials and Methods
3.1. Chemistry

Commercially available reagents were used without further purification. If necessary,
solvents were distilled and dried before use by standard methods. Column chromatog-
raphy was performed through silica gel (200–300 mesh). Thin layer chromatography
(TLC) was performed using Silica gel 60 F254 plates and visualized using UV light or
phosphomolybdic acid. 1H and 13C NMR spectra were recorded in CDCl3, on a Bruker
AVANCE 500 spectrometer. Chemical shifts in 1H NMR spectra are reported in parts per
million (ppm) on the δ scale from an internal standard of residual non-deuterated solvent
in CDCl3 (7.26 ppm). Data for 1H NMR are reported as follows: chemical shift, multiplicity
(s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad), coupling con-
stant in Hertz (Hz), and integration. Data for 13C NMR spectra are reported in terms of
chemical shift in ppm from the central peak of CDCl3 (77.16 ppm). High resolution mass
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spectrometry (HRMS) analysis was performed using a Q Exactive HFX (Thermo Scientific)
mass spectrometer in ESI ionization mode.

3.1.1. Methyl 2-(3β-((tert-butyldimethylsilyl)oxy)-androst-5-en-17-yl)acetate (12)

A solution of alcohol 11 (prepared from androstenolone in two steps according to [29])
(1.92 g, 5.55 mmol), TBSCl (1.25 g, 8.29 mmol), and imidazole (838 mg, 12.3 mmol) in dry
DMF (8 mL) was stirred at 90 ◦C for 12 h. After the reaction was completed, the mixture
was diluted with water, the organic layer was separated, and the reaction product was
extracted from the aqueous layer with PE. The combined organic extracts were dried with
sodium sulfate. Then, the solvent was removed under reduced pressure, and the resulting
residue was purified by column chromatography on SiO2 (PE/EtOAc, 20:1) to yield ether
12 (2.35 g, 92%) as an oil. 1H NMR (500 MHz, CDCl3) δ 5.31 (dt, J = 5.4, 2.1 Hz, 1H), 3.65 (s,
3H), 3.47 (tt, J = 11.0, 4.7 Hz, 1H), 2.37 (dd, J = 14.7, 5.1 Hz, 1H), 2.26 (ddd, J = 13.5, 10.6,
2.7 Hz, 1H), 2.20–2.13 (m, 1H), 2.12 (dd, J = 14.7, 9.8 Hz, 1H), 1.00 (s, 3H), 0.88 (s, 9H), 0.60
(s, 3H), 0.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 174.5, 141.8, 121.2, 72.7, 55.8, 51.6, 50.6,
47.0, 43.0, 42.1, 37.6, 37.4, 36.8, 35.1, 32.2, 32.1, 32.1, 28.3, 26.1 (x3), 24.7, 20.9, 19.6, 18.4, 12.5,
−4.4 (x2).

3.1.2. 3β-((tert-Butyldimethylsilyl)oxy)-pregn-5-en-21-ol (15)

A mixture of ester 12 (95 mg, 0.27 mmol), LiAlH4 (20 mg, 0.53 mmol), and THF (2 mL)
was stirred at 0 ◦C for 30 min. Then saturated Na2SO4 (1 mL) and PE (3 mL) were added,
and the precipitate was filtered off and washed with PE. The organic layer was evaporated
to give alcohol 15 (89 mg, 99%) as an oil. 1H NMR (500 MHz, CDCl3) δ 5.31 (dt, J = 5.0,
2.0 Hz, 1H), 3.68 (ddd, J = 10.4, 8.3, 4.6 Hz, 1H), 3.60 (dt, J = 10.3, 6.9 Hz, 1H), 3.48 (tt,
J = 11.1, 4.8 Hz, 1H), 2.26 (tq, J = 11.0, 2.7 Hz, 1H), 2.16 (ddd, J = 13.3, 5.0, 2.3 Hz, 1H), 1.98
(dtd, J = 17.1, 5.1, 2.7 Hz, 1H), 1.00 (s, 3H), 0.88 (s, 9H), 0.60 (s, 3H), 0.05 (s, 6H). 13C NMR
(126 MHz, CDCl3) δ 141.8, 121.2, 72.8, 62.8, 56.1, 50.8, 47.2, 43.0, 42.1, 37.8, 37.6, 36.8, 33.7,
32.2, 32.2, 32.1, 28.5, 26.1 (x3), 25.0, 21.0, 19.6, 18.4, 12.6, −4.4 (x2).

3.1.3. 3β-((tert-Butyldimethylsilyl)oxy)-pregn-5-en-21-al (16)

A mixture of alcohol 15 (100 mg, 0.23 mmol), Dess-Martin reagent (850 mg, 2.0 mmol),
and DCM (4.6 mL) was stirred under argon at 0 ◦C for 30 min. Then it was diluted with
water and extracted with a mixture of PE/EtOAc (3:1). The residue after evaporation of
the solvents was chromatographed on SiO2 (PE/EtOAc, 90:1→70:30) to afford aldehyde 16
(64 mg, 65%) as an oil. 1H NMR (500 MHz, CDCl3) δ 9.76 (t, J = 2.4 Hz, 1H), 5.31 (dd, J = 5.0,
2.5 Hz, 1H), 3.47 (tt, J = 11.1, 4.7 Hz, 1H), 1.00 (s, 3H), 0.88 (s, 9H), 0.61 (s, 3H), 0.05 (s, 6H).

3.1.4. 5-((tert-Butyldimethylsilyl)oxy)-1-((17R)-3β-((tert-butyldimethylsilyl)oxy)-androst-
5-en-17-yl)pent-3-yn-2-one (18)

A 2M solution of BuLi in hexanes (0.7 mL, 1.4 mmol) was added to a cooled −70 ◦C
solution of tert-butyldimethyl(prop-2-yn-1-yloxy)silane (13) (prepared according to [37],
211 mg, 1.24 mmol) in THF (4 mL). After 15 min, a solution of aldehyde 16 (380 mg,
0.88 mmol) in THF (2.5 mL) was added to the reaction mixture. It was stirred for 20 min at
−70 ◦C, then the cooling bath was removed, and the mixture was allowed to get ambient
temperature. NH4Cl (150 mg) was added, then the mixture was diluted with water and
extracted with EtOAc. The organic layers were dried over Na2SO4, then evaporated, and
the residue was chromatographed on SiO2 to give a mixture of isomeric at C-22 alcohol 17
(467 mg), which was used in the next step without further purification.

A mixture of alcohol 17 (467 mg, 0.78 mmol), Dess-Martin reagent (2.30 g, 5.42 mmol),
and DCM (15 mL) was stirred under argon at 0 ◦C for 3 h. Then it was diluted with
water and extracted with DCM. The residue after evaporation of the extracts was chro-
matographed on SiO2 (PE/EtOAc, 98:2) to give ketone 18 (388 mg, 73% from 16) as an oil.
1H NMR (500 MHz, CDCl3) δ 5.32 (dt, J = 5.3, 2.1 Hz, 1H), 4.47 (s, 1H), 3.48 (tt, J = 11.1,
4.7 Hz, 1H), 2.63 (dd, J = 15.2, 4.0 Hz, 1H), 2.43–2.33 (m, 1H), 2.26 (ddd, J = 13.8, 10.8, 2.8 Hz,
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1H), 2.17 (ddd, J = 13.3, 5.1, 2.3 Hz, 1H), 2.04–1.87 (m, 1H), 1.81 (dt, J = 13.3, 3.6 Hz, 1H), 1.00
(s, 3H), 0.92 (s, 9H), 0.89 (s, 9H), 0.61 (s, 3H), 0.14 (s, 6H), 0.05 (s, 6H). 13C NMR (126 MHz,
CDCl3) δ 188.1, 141.8, 121.1, 90.3, 84.3, 72.7, 55.7, 51.7, 50.6, 46.7, 46.2, 43.0, 42.3, 37.6, 37.5,
36.8, 32.2, 32.1, 32.1, 28.2, 26.1 (x3), 25.9 (x3), 24.8, 20.9, 19.6, 18.4, 12.7, −4.4 (x2), −5.0 (x2).

3.1.5. 2-(3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)-N-methoxy-N-methylacetamide (14)

To a stirred suspension of Weinreb salt (555 mg, 5.72 mmol) in dry toluene (10 mL), a
1M solution of Me3Al in heptane (5.7 mL, 5.7 mmol) was added dropwise at 0 ◦C. After
stirring for 40 min at this temperature, a solution of ester 12 (1.00 g, 2.17 mmol) in toluene
(10 mL) was added dropwise. The cooling bath was removed, and the reaction mixture was
allowed to stir overnight at room temperature. A 2N solution of HCl was added on cooling
until pH 2 was reached. the mixture was diluted with water and extracted with EtOAc.
The combined organic extracts were washed with saturated aqueous NaHCO3, saturated
NaCl, dried over anhydrous Na2SO4, and evaporated to dryness. The residue was purified
by silica gel column chromatography (PE/EtOAc, 100:0→70:30) to give the Weinreb amide
14 (650 mg, 61%) as an off-white solid. 1H NMR (500 MHz, CDCl3) δ 5.31 (dt, J = 5.3, 2.0 Hz,
1H), 3.68 (s, 3H), 3.47 (tt, J = 10.9, 4.7 Hz, 1H), 3.16 (s, 3H), 2.48 (dd, J = 15.1, 4.2 Hz, 1H),
2.25 (qd, J = 13.3, 6.4 Hz, 2H), 2.16 (ddd, J = 13.3, 5.0, 2.3 Hz, 1H), 1.00 (s, 3H), 0.88 (s, 9H),
0.63 (s, 3H), 0.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 174.9, 141.7, 121.2, 61.3, 55.7, 50.6,
46.4, 43.0, 42.1, 37.6, 37.4, 36.8, 32.6, 32.2, 32.1, 32.1, 28.5, 26.1 (x3), 24.8, 20.9, 19.6, 18.4, 12.7,
−4.4 (x2).

3.1.6. 1-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)but-3-yn-2-one (20a)

To a solution of 14 (300 mg, 0.61 mmol) in THF (0.6 mL), a 0.5M THF solution of
ethynylmagnesium bromide (2.8 mL, 1.4 mmol) was added at 0 ◦C. The reaction mixture
was left to warm to room temperature for 1 h, then quenched with saturated NH4Cl,
and extracted with EtOAc. Combined organics were washed with water, brine, dried
over Na2SO4, and concentrated in vacuo. The crude product was purified by silica gel
chromatography (PE:EtOAc, 100:0 to 85:15) to give ynone 20a (221 mg, 79%) as a white
solid. 1H NMR (500 MHz, CDCl3) δ 5.31 (dt, J = 5.1, 2.1 Hz, 1H), 3.48 (tt, J = 11.0, 4.8 Hz,
1H), 3.20 (s, 1H), 2.66 (dd, J = 15.4, 4.1 Hz, 1H), 2.45–2.33 (m, 1H), 2.26 (ddd, J = 13.6, 10.9,
2.7 Hz, 1H), 2.17 (ddd, J = 13.3, 5.0, 2.3 Hz, 1H), 2.03–1.86 (m, 2H), 1.81 (dt, J = 13.3, 3.6 Hz,
1H), 1.00 (s, 3H), 0.88 (s, 9H), 0.61 (s, 3H), 0.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ
187.9, 141.8, 121.1, 81.9, 78.4, 72.7, 55.7, 50.6, 46.9, 46.1, 43.0, 42.3, 37.6, 37.5, 36.8, 32.2, 32.1,
32.1, 28.2, 26.1 (x3), 24.8, 20.9, 19.6, 12.7, −4.4 (x2). HRMS (ESI): m/z calcd for C29H47O2Si
[M+H]+: 455.3340, found 455.3350.

3.1.7. General Procedure for the Synthesis of Ynones (20b–i)

To a solution of an appropriate terminal alkyne 19b–i (2.5 eq) in dry THF (1.5M),
n-BuLi (2.3M in hexane, 2.5 eq) was added dropwise at −78 ◦C. The resulting solution was
stirred at −50 ◦C for 40 min, then a 2M solution of the Weinreb amide 14 (1 eq) in THF was
added dropwise at −78 ◦C. The reaction mixture was slowly warmed to room temperature
over 0.5 h and stirred for additional 1–1.5 h (monitored by TLC). Upon completion of the
reaction, the mixture was quenched with saturated aq. NH4Cl and extracted with EtOAc.
The organic layers were washed with water and saturated NaCl, dried over Na2SO4, and
concentrated and purified by silica gel chromatography (PE:EtOAc), thus affording ynones
(20b–i).

1-((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)-5-methylhex-3-yn-2-
one (20b)

The title compound 20b (130 mg) was prepared as a white solid in 85% yield using
3-methylbut-1-yne (19b) as an alkyne. 1H NMR (500 MHz, CDCl3) δ 5.31 (dt, J = 5.5, 2.1 Hz,
1H), 3.47 (tt, J = 11.0, 4.7 Hz, 1H), 2.71 (hept, J = 7.0 Hz, 1H), 2.60 (dd, J = 15.3, 4.3 Hz, 1H),
2.35 (dd, J = 15.3, 9.7 Hz, 1H), 2.26 (tq, J = 11.1, 2.8 Hz, 1H), 2.17 (ddd, J = 13.3, 5.0, 2.4 Hz,
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1H), 1.24 (s, 3H), 1.22 (s, 3H), 1.00 (s, 3H), 0.88 (s, 9H), 0.60 (s, 3H), 0.05 (s, 3H). 13C NMR
(126 MHz, CDCl3) δ 189.0, 141.8, 121.2, 98.8, 80.5, 72.7, 55.7, 50.6, 47.0, 46.4, 43.0, 42.3, 37.6,
37.5, 36.8, 32.2, 32.1, 32.1, 28.3, 26.1 (x3), 24.9, 22.1 (x2), 20.9, 20.9, 19.6, 18.4, 12.7, −4.4 (x2).

1-((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)-4-cyclopropylbut-3-yn-2-
one (20c)

The title compound 20c (235 mg) was prepared as a white solid in 78% yield using
ethynylcyclopropane (19c) as an alkyne. 1H NMR (500 MHz, CDCl3) δ 5.32 (dd, J = 4.9,
2.5 Hz, 1H), 3.48 (tt, J = 11.0, 4.7 Hz, 1H), 2.58 (dd, J = 15.2, 4.3 Hz, 1H), 2.37–2.21 (m, 2H),
2.17 (ddd, J = 13.4, 5.1, 2.3 Hz, 1H), 1.00 (s, 3H), 0.89 (s, 9H), 0.60 (s, 3H), 0.05 (s, 6H). 13C
NMR (126 MHz, CDCl3) δ 188.6, 141.8, 121.2, 98.5, 72.7, 55.7, 50.6, 46.7, 46.4, 43.0, 42.3, 37.6,
37.5, 36.8, 32.2, 32.2, 32.1, 28.3, 26.1 (x3), 24.9, 20.9, 19.6, 18.4, 12.7, 9.8 (x2), −0.1, −4.4 (x2).
HRMS (ESI): m/z calcd for C32H51O2Si [M+H]+: 495.3653, found 495.3665.

1-((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)oct-3-yn-2-one (20d)

The title compound 20d (290 mg) was prepared as a white solid in 89% yield using
hex-1-yne 3-2c as an alkyne. 1H NMR (500 MHz, CDCl3) δ 5.31 (dt, J = 4.9, 2.0 Hz, 1H), 3.48
(tt, J = 11.0, 4.7 Hz, 1H), 2.60 (dd, J = 15.2, 4.2 Hz, 1H), 2.39–2.31 (m, 3H), 2.26 (tq, J = 11.2,
2.8 Hz, 1H), 2.17 (ddd, J = 13.3, 5.0, 2.3 Hz, 1H), 1.00 (s, 3H), 0.93 (t, J = 7.4 Hz, 3H), 0.88
(s, 9H), 0.60 (s, 3H), 0.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 188.8, 141.7, 121.1, 94.2,
81.3, 72.6, 55.6, 50.5, 46.8, 46.3, 42.9, 42.1, 37.5, 37.4, 36.7, 32.1, 32.0, 32.0, 29.8, 28.1, 26.0 (x3),
24.7, 22.0, 20.8, 19.5, 18.7, 18.3, 13.5, 12.6, −4.5 (x2). HRMS (ESI): m/z calcd for C33H55O2Si
[M+H]+: 511.3966, found 511.3979.

1-((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)-4-phenylbut-3-yn-2-one (20e)

The title compound 20e (850 mg) was prepared as a white solid in 89% yield using
ethynylbenzene (19e) as an alkyne. 1H NMR (500 MHz, CDCl3) δ 7.57 (dt, J = 6.9, 1.4 Hz,
2H), 7.49–7.42 (m, 1H), 7.42–7.34 (m, 2H), 5.32 (dd, J = 4.8, 2.4 Hz, 1H), 3.48 (tt, J = 11.0,
4.7 Hz, 1H), 2.75 (dd, J = 15.2, 4.0 Hz, 1H), 2.49 (dd, J = 15.1, 9.4 Hz, 1H), 2.27 (ddt, J = 13.5,
11.0, 2.7 Hz, 1H), 2.17 (ddd, J = 13.3, 5.0, 2.3 Hz, 1H), 1.01 (s, 3H), 0.89 (s, 9H), 0.65 (s, 3H),
0.06 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 188.6, 141.8, 133.2 (x2), 130.8, 128.8 (x2), 121.2,
120.3, 90.6, 88.4, 72.7, 55.7, 50.6, 47.0, 46.5, 43.0, 42.4, 37.6 (x2), 36.8, 32.2, 32.2, 32.1, 28.3, 26.1
(x3), 24.9, 21.0, 19.6, 18.4, 12.8, −4.4 (x2).

1-((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)-4-(pyridin-3-yl)but-3-yn-2-
one (20f)

The title compound 20f (360 mg) was prepared as a white solid in 90% yield using
3-ethynylpyridine (19f) as an alkyne. 1H NMR (500 MHz, CDCl3) δ 8.82–8.76 (m, 1H), 8.66
(dd, J = 5.0, 1.6 Hz, 1H), 7.85 (dt, J = 7.9, 1.9 Hz, 1H), 7.33 (ddd, J = 7.9, 5.0, 0.9 Hz, 1H), 5.32
(dt, J = 4.5, 2.0 Hz, 1H), 3.48 (tt, J = 11.0, 4.7 Hz, 1H), 2.76 (dd, J = 15.4, 4.1 Hz, 1H), 2.51
(dd, J = 15.4, 9.4 Hz, 1H), 2.26 (tq, J = 11.2, 2.6 Hz, 1H), 2.17 (ddd, J = 13.3, 5.0, 2.3 Hz, 1H),
2.05–1.92 (m, 3H), 1.81 (dt, J = 13.3, 3.5 Hz, 1H), 1.01 (s, 3H), 0.88 (s, 8H), 0.65 (s, 3H), 0.05 (s,
6H). 13C NMR (126 MHz, CDCl3) δ 188.1, 153.4, 150.8, 141.8, 139.9, 123.4, 121.1, 117.6, 90.8,
86.5, 72.7, 55.7, 50.6, 47.0, 46.4, 43.0, 42.4, 37.6 (x2), 36.8, 32.2, 32.2, 32.1, 28.3, 26.1 (x3), 24.9,
20.9, 19.6, 18.4, 12.8, −4.4 (x2).

1-((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)-4-(2-fluorophenyl)but-3-
yn-2-one (20g)

The title compound 20g (160 mg) was prepared as a white solid in 85% yield using
1-ethynyl-2-fluorobenzene (19g) as an alkyne. 1H NMR (500 MHz, CDCl3) δ 7.55 (ddd,
J = 7.7, 6.8, 1.8 Hz, 1H), 7.44 (dddd, J = 8.4, 7.3, 5.3, 1.8 Hz, 1H), 7.20–7.10 (m, 2H), 5.32 (dt,
J = 5.5, 2.1 Hz, 1H), 3.48 (tt, J = 10.9, 4.7 Hz, 1H), 2.76 (dd, J = 15.1, 3.9 Hz, 1H), 2.50 (dd,
J = 15.3, 9.1 Hz, 1H), 2.32–2.22 (m, 1H), 2.17 (ddd, J = 13.3, 5.0, 2.3 Hz, 1H), 2.07–1.95 (m,
3H), 1.81 (dt, J = 13.3, 3.6 Hz, 1H), 1.77–1.64 (m, 3H), 1.01 (s, 3H), 0.89 (s, 9H), 0.65 (s, 3H),
0.06 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 188.4, 163.7 (d, J = 255.3 Hz), 141.8, 134.8, 132.8
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(d, J = 8.0 Hz), 124.5 (d, J = 3.6 Hz), 121.2, 116.0 (d, J = 20.4 Hz), 92.7, 83.9, 72.8, 55.7, 50.6,
47.1, 46.5, 43.0, 42.4, 37.6, 37.5, 36.9, 32.2, 32.2, 32.1, 28.3, 26.1 (x3), 24.9, 21.0, 19.6, 18.4, 12.8,
−4.4 (x2).

1-((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)-5-methyl-5-((tetrahydro-
2H-pyran-2-yl)oxy)hex-3-yn-2-one (20h)

The title compound 20h (570 mg) was prepared as a white solid in 83% yield using
2-((2-methylbut-3-yn-2-yl)oxy)tetrahydro-2H-pyran (19h) as an alkyne. 1H NMR (500 MHz,
CDCl3) δ 5.31 (dt, J = 4.4, 2.0 Hz, 1H), 5.04–4.96 (m, 1H), 4.00–3.90 (m, 1H), 3.54–3.43 (m,
2H), 2.62 (dd, J = 15.3, 4.3 Hz, 1H), 2.38 (dd, J = 9.7, 2.3 Hz, 1H), 2.35 (dd, J = 9.6, 2.3 Hz,
0H), 2.26 (tq, J = 11.2, 2.8 Hz, 1H), 2.16 (ddd, J = 13.4, 5.0, 2.3 Hz, 1H), 1.58 (s, 3H), 1.54 (s,
6H), 1.00 (s, 3H), 0.88 (s, 9H), 0.61 (s, 3H), 0.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 188.4,
141.8, 121.1, 96.5, 94.1, 83.3, 72.7, 70.8, 63.5, 55.7, 50.6, 47.0, 46.4, 43.0, 42.3, 37.6, 36.8, 32.2,
32.1, 32.1, 32.0, 29.8, 29.4, 28.2, 26.1, 25.4, 24.8, 20.9, 20.4, 19.6, 18.4, 12.7, −4.4.

1-((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)-5-((tetrahydro-2H-pyran-
2-yl)oxy)pent-3-yn-2-one (20i)

The title compound 20i (540 mg) was prepared as a white solid in 84% yield using
2-(prop-2-yn-1-yloxy)tetrahydro-2H-pyran (19i) as an alkyne. 1H NMR (500 MHz, CDCl3)
δ 5.31 (dt, J = 4.8, 2.0 Hz, 1H), 4.81 (t, J = 3.4 Hz, 1H), 4.42 (s, 2H), 3.83 (ddd, J = 11.9, 9.3,
3.0 Hz, 1H), 3.55 (dtd, J = 11.3, 4.3, 1.5 Hz, 1H), 3.48 (tt, J = 11.0, 4.7 Hz, 1H), 2.64 (dd,
J = 15.4, 4.2 Hz, 1H), 2.39 (dd, J = 15.4, 9.6 Hz, 1H), 2.26 (tq, J = 11.1, 2.8 Hz, 1H), 2.17
(ddd, J = 13.3, 5.0, 2.3 Hz, 1H), 1.00 (s, 3H), 0.88 (s, 9H), 0.60 (s, 3H), 0.05 (s, 6H). 13C NMR
(126 MHz, CDCl3) δ 188.0, 141.8, 121.1, 97.3, 87.9, 85.3, 72.7, 62.2, 55.7, 54.0, 50.6, 46.8, 46.2,
43.0, 42.3, 37.6, 37.5, 36.8, 32.2, 32.1, 32.1, 30.3, 28.2, 26.1 (x3), 25.4, 24.8, 20.9, 19.6, 19.0, 18.4,
12.8, −4.4 (x2). HRMS (ESI): m/z calcd for C35H57O4Si [M+H]+: 569.4021, found 569.4028.

3.1.8. General Procedure for the Synthesis of Hydroxyisoxazolines (22a–i)

An aqueous 4M solution of hydroxylamine hydrochloride (2 equiv.) and NaHCO3
(2 equiv.) was stirred at room temperature until gas evolution ceased (30 min). Then,
a 0.4M THF solution of an appropriate ynone, 20a–i (1 eq.), was added. The biphasic
mixture was stirred overnight at room temperature, then partitioned between a saturated
aqueous NaCl and EtOAc. The aqueous phase was further extracted with EtOAc. The
combined organic washings were dried over Na2SO4, and the solvent was concentrated
under reduced pressure. The residue was purified by silica gel chromatography (PE:EtOAc)
to give hydroxyisoxazolines 22a–i.

5-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)-4,5-dihydroisoxazol-
5-ol (22a)

The title compound 22a (325 mg) was prepared as a white solid in 88% yield from
ynone 20a. 1H NMR (500 MHz, CDCl3) δ 7.22 (d, J = 5.6 Hz, 1H), 5.32 (dd, J = 5.1, 2.6 Hz,
1H), 3.49 (ddq, J = 15.7, 10.7, 4.7 Hz, 1H), 2.97–2.83 (m, 2H), 2.31–2.22 (m, 1H), 2.17 (ddd,
J = 13.3, 5.1, 2.3 Hz, 1H), 1.01 (s, 3H), 0.89 (s, 9H), 0.60 (s, 3H), 0.05 (s, 6H). 13C NMR
(126 MHz, CDCl3) δ 147.5, 147.1, 141.8, 121.2, 107.2, 106.8, 72.7, 55.6, 55.5, 50.7, 46.9, 46.6,
46.0, 45.7, 43.0, 38.9, 38.5, 37.6, 37.3, 36.8, 32.2, 32.1, 32.1, 29.8, 29.2, 26.1 (x3), 25.2, 20.9, 19.6,
18.4, 12.5, 12.4, −4.4 (x2). HRMS (ESI): m/z calcd for C29H50NO3Si [M-H2O+H]+: 488.3554,
found 488.3564.

5-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)-3-isopropyl-4,5-
dihydroisoxazol-5-ol (22b)

The title compound 22b (170 mg) was prepared as a white solid in 84% yield from
ynone 20b. 1H NMR (500 MHz, CDCl3) δ 5.31 (d, J = 5.4 Hz, 1H), 3.47 (tt, J = 10.7, 4.7 Hz,
1H), 2.89–2.66 (m, 3H), 2.26 (ddd, J = 13.8, 10.9, 2.8 Hz, 1H), 2.17 (ddd, J = 13.3, 5.0, 2.3 Hz,
1H), 1.18 (s, 3H), 1.17 (s, 3H), 1.00 (s, 3H), 0.88 (s, 9H), 0.59 (s, 3H), 0.05 (s, 6H). 13C NMR
(126 MHz, CDCl3) δ 165.1, 164.7, 141.8, 121.2, 121.2, 108.4, 107.9, 72.7, 55.6, 55.5, 50.7, 47.1,
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46.6, 45.5, 45.3, 43.0, 42.7, 42.6, 39.1, 38.7, 37.6, 37.3, 36.8, 32.2, 32.1, 32.1, 29.8, 29.2, 28.4, 26.1
(x3), 25.3, 25.2, 20.9, 20.3, 20.0, 19.6, 18.4, 12.5, 12.4, −4.4 (x2).

5-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)-3-cyclopropyl-4,5-
dihydroisoxazol-5-ol (22c)

The title compound 22c (130 mg) was prepared as a white solid in 55% yield from
ynone 20c. 1H NMR (500 MHz, CDCl3) δ 5.32 (dd, J = 5.3, 2.5 Hz, 1H), 3.48 (tt, J = 10.5,
4.7 Hz, 1H), 2.74 (dd, J = 17.2, 9.0 Hz, 1H), 2.61 (dd, J = 28.2, 17.2 Hz, 1H), 2.26 (tq, J = 11.2,
2.8 Hz, 1H), 2.17 (ddd, J = 13.3, 5.0, 2.2 Hz, 1H), 1.00 (s, 3H), 0.88 (s, 9H), 0.77–0.74 (m, 2H),
0.58 (s, 3H), 0.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 162.5, 162.1, 141.8, 121.2, 108.3, 107.9,
72.7, 55.6, 55.5, 50.7, 47.0, 46.6, 45.6, 45.3, 43.0, 42.7, 42.6, 39.0, 38.6, 37.6, 37.3, 37.3, 36.8, 32.2,
32.1, 32.1, 29.8, 29.2, 26.1 (x3), 25.3, 25.2, 20.9, 19.6, 18.4, 12.5, 12.4, 9.5, 6.8, 6.8, 6.0, −4.4 (x2).
HRMS (ESI): m/z calcd for C32H52NO2Si [M-H2O+H]+: 510.3762, found 510.3776.

3-Butyl-5-(((17R)-3β-((tert-butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)-4,5-
dihydroisoxazol-5-ol (22d)

The title compound 22d (203 mg) was prepared as a white solid in 68% yield from
ynone 20d. 1H NMR (500 MHz, CDCl3) δ 5.31 (dt, J = 4.9, 2.2 Hz, 1H), 3.48 (tt, J = 10.9,
4.7 Hz, 1H), 2.90–2.72 (m, 2H), 2.36 (ddd, J = 11.5, 6.6, 3.0 Hz, 2H), 2.26 (tq, J = 11.1, 2.7 Hz,
1H), 2.17 (ddd, J = 13.3, 5.0, 2.2 Hz, 1H), 1.00 (s, 3H), 0.93 (t, J = 7.4 Hz, 3H), 0.88 (s, 9H), 0.59
(s, 3H), 0.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 160.7, 160.3, 141.8, 121.2, 121.2, 108.4,
107.9, 72.7, 55.6, 55.6, 50.7, 47.5, 47.2, 47.1, 46.6, 43.0, 42.7, 42.6, 39.1, 38.7, 37.6, 37.3, 36.8,
32.2, 32.1, 32.1, 29.9, 29.2, 28.6, 27.9, 26.1 (x3), 25.3, 25.2, 22.5, 20.9, 19.6, 18.4, 13.9, 12.5, 12.4,
−4.4 (x2).

5-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)-3-phenyl-4,5-
dihydroisoxazol-5-ol (22e)

The title compound 22e (220 mg) was prepared as a white solid in 61% yield from
ynone 20e. 1H NMR (500 MHz, CDCl3) δ 7.65 (ddd, J = 6.0, 3.1, 1.4 Hz, 2H), 7.45–7.29 (m,
3H), 5.36–5.26 (m, 1H), 3.49 (tt, J = 10.9, 4.6 Hz, 1H), 1.01 (s, 3H), 0.89 (d, J = 1.4 Hz, 9H),
0.61 (s, 3H), 0.06 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 157.8, 157.4, 141.8, 132.2, 132.0,
130.3, 129.8, 128.8, 128.5, 128.5, 126.8, 126.8, 121.2, 109.6, 109.2, 72.7, 55.6, 55.5, 50.7, 50.6,
46.9, 46.6, 45.4, 45.1, 42.9, 42.7, 42.6, 39.2, 38.7, 37.6, 37.3, 36.8, 32.2, 32.2, 32.1, 32.1, 29.9, 29.8,
29.3, 26.1 (x3), 25.3, 25.2, 20.9, 19.6, 18.4, 12.5, 12.4, −4.4 (x2). HRMS (ESI): m/z calcd for
C35H52NO2Si [M-H2O+H]+: 546.3762, found 546.3773.

5-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)-3-(pyridin-3-yl)-4,5-
dihydroisoxazol-5-ol (22f)

The title compound 22f (200 mg) was prepared as a white solid in 56% yield from
ynone 20f. 1H NMR (500 MHz, CDCl3) δ 8.76 (t, J = 2.8 Hz, 1H), 8.61 (dd, J = 5.0, 1.6 Hz,
1H), 8.06–7.99 (m, 1H), 7.36–7.30 (m, 1H), 5.32 (dt, J = 5.2, 1.7 Hz, 1H), 3.89 (s, 1H), 3.48 (tt,
J = 10.6, 4.7 Hz, 1H), 3.31–3.19 (m, 2H), 2.27 (tq, J = 11.2, 2.7 Hz, 1H), 2.17 (ddd, J = 15.1, 6.0,
1.9 Hz, 2H), 2.04–1.92 (m, 1H), 1.01 (s, 3H), 0.88 (s, 9H), 0.62 (s, 3H), 0.05 (s, 6H). 13C NMR
(126 MHz, CDCl3) δ 155.2, 154.8, 151.0, 147.7, 141.8, 133.9, 133.8, 126.2, 123.8, 121.2, 110.1,
109.7, 72.7, 55.6, 55.5, 50.7, 46.9, 46.6, 44.8, 44.4, 43.0, 42.8, 42.7, 39.2, 38.7, 37.6, 37.4, 36.8,
32.2, 32.1, 29.9, 29.3, 26.1 (x3), 25.3, 25.2, 20.9, 19.6, 18.4, 12.5, 12.5, −4.4 (x2).

5-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)-3-(2-fluorophenyl)-4,5-
dihydroisoxazol-5-ol (22g)

The title compound 22g (60 mg) was prepared as a white solid in 68% yield from
ynone 20g. 1H NMR (500 MHz, CDCl3) δ 7.88 (tt, J = 7.6, 1.6 Hz, 1H), 7.39 (dddd, J = 8.6,
7.1, 5.1, 1.8 Hz, 1H), 7.18 (td, J = 7.6, 1.2 Hz, 1H), 7.15–7.06 (m, 1H), 5.32 (dt, J = 5.4, 1.9 Hz,
1H), 3.48 (td, J = 10.9, 5.1 Hz, 1H), 3.42–3.27 (m, 2H), 2.27 (tq, J = 11.0, 2.7 Hz, 1H), 1.01 (s,
3H), 0.89 (s, 9H), 0.63–0.61 (m, 3H), 0.06 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 160.5 (d,
J = 252.3 Hz), 154.2 (d, J = 48.4 Hz), 141.8, 132.0 (d, J = 8.8 Hz), 129.0, 124.6, 121.2, 117.9
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(d, J = 11.6 Hz), 116.5 (d, J = 21.9 Hz), 109.4 (d, J = 52.4 Hz), 72.8, 55.6, 55.5, 50.7, 47.3, 47.0,
46.9, 46.6, 43.0, 42.8, 42.7, 39.1, 38.7, 37.6, 37.3, 36.9, 32.2, 32.1, 30.2, 29.9, 29.3, 26.1 (x3), 25.6,
25.3, 25.2, 20.9, 19.6, 18.4, 12.5, 12.5, −4.4 (x2). HRMS (ESI): m/z calcd for C35H51FNO2Si
[M-H2O+H]+: 564.3668, found 564.3680.

5-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)-3-(2-((tetrahydro-2H-
pyran-2-yl)oxy)propan-2-yl)-4,5-dihydroisoxazol-5-ol (22h)

The title compound 22h (520 mg) was prepared as a white solid in 83% yield from
ynone 20h. 1H NMR (500 MHz, CDCl3) δ 5.33–5.30 (m, 1H), 5.29 (s, 1H), 5.25 (s, 0.5H), 5.20
(s, 0.5H), 4.83 (dt, J = 5.9, 3.0 Hz, 1H), 3.89 (ddd, J = 11.2, 7.4, 3.0 Hz, 1H), 3.48 (ddt, J = 15.7,
10.9, 4.6 Hz, 2H), 2.91–2.74 (m, 2H), 2.26 (tq, J = 11.0, 2.7 Hz, 1H), 2.21–2.10 (m, 2H), 1.38
(s, 3H), 1.00 (s, 3H), 0.88 (m, 12H), 0.59 (s, 3H), 0.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ
162.6, 162.2, 141.8, 141.8, 121.3, 121.2, 109.5, 109.2, 94.3, 94.2, 73.8, 73.8, 72.8, 63.4, 63.2, 55.7,
55.6, 50.8, 47.0, 46.6, 43.9, 43.5, 43.0, 42.6, 42.5, 37.6, 37.4, 37.3, 36.9, 36.9, 36.6, 32.2, 32.2, 32.1,
32.0, 31.9, 29.6, 29.1, 26.9, 26.1 (x3), 25.3, 25.2, 22.7, 20.9, 19.9, 19.8, 19.6, 18.4, 12.5, 12.5, −4.4
(x2). HRMS (ESI): m/z calcd for C32H54NO3Si [M-OTHP]+: 528.3867, found 528.3856.

5-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)-3-(((tetrahydro-
2H-pyran-2-yl)oxy)methyl)-4,5-dihydroisoxazol-5-ol (22i)

The title compound 22i (630 mg) was prepared as a white solid in 86% yield from
ynone 20i. 1H NMR (500 MHz, CDCl3) δ 5.32 (dt, J = 5.0, 2.1 Hz, 1H), 4.65 (ddt, J = 7.3,
5.0, 2.7 Hz, 1H), 4.51–4.40 (m, 1H), 4.33 (ddd, J = 12.7, 8.5, 3.8 Hz, 1H), 3.93–3.79 (m, 1H),
3.58–3.43 (m, 2H), 3.03–2.76 (m, 2H), 2.27 (tq, J = 11.3, 2.8 Hz, 1H), 1.00 (s, 3H), 0.88 (s, 9H),
0.60 (s, 3H), 0.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 158.3, 141.8, 121.2, 109.4, 109.3,
109.0, 108.8, 99.8, 99.6, 98.8, 63.4, 63.3, 63.3, 63.1, 62.7, 62.2, 55.6, 50.7, 46.9, 46.6, 45.9, 45.6,
45.5, 45.2, 43.0, 42.6, 39.1, 38.6, 38.3, 37.8, 37.6, 37.3, 36.8, 32.2, 32.1, 32.1, 30.8, 30.5, 29.8,
29.2, 26.1, 25.4, 25.3, 20.9, 19.8, 19.7, 19.6, 19.5, 18.4, 12.5, 12.4, −4.4. HRMS (ESI): m/z calcd
for C35H60NO5Si [M+H]+: 602.4235, found 602.4242; calcd for C35H58NO4Si [M-H2O+H]+:
584.4130, found 584.4136.

3.1.9. General Procedure for the Synthesis of Isoxazoles (23a–i)

CDI (1.7 eq.) was added to a 0.4M solution of dihydroisoxazololes 22a–i (1 eq.) in dry
CH2Cl2, and the mixture was stirred at room temperature for 16 h. Upon completion of
the reaction, the mixture was concentrated under reduced pressure, and the residue was
chromatographed on silica gel (PE:EtOAc) to afford isoxazoles 23a–i.

5-(((17R)-3β-((tert-butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)isoxazole (23a)

The title compound 23a (110 mg) was prepared as a white solid in 51% yield from
hydroxyisoxazoline 22a together with 4-(3β-((tert-butyldimethylsilyl)oxy)-androst-5-en-17-
yl)-3-oxobutanenitrile (31) (85 mg, 40%) isolated as a slightly yellow solid.

Isoxazole 23a: 1H NMR (500 MHz, CDCl3) δ 8.12 (d, J = 1.7 Hz, 1H), 5.96 (d, J = 1.7 Hz,
1H), 5.31 (dt, J = 5.5, 2.0 Hz, 1H), 3.48 (tt, J = 10.9, 4.7 Hz, 1H), 2.85 (dd, J = 15.0, 5.0 Hz, 1H),
2.59 (dd, J = 15.0, 9.7 Hz, 1H), 2.26 (ddd, J = 13.6, 10.8, 2.7 Hz, 1H), 2.17 (ddd, J = 13.3, 5.0,
2.4 Hz, 1H), 1.99 (dtd, J = 16.9, 5.0, 2.6 Hz, 1H), 1.00 (s, 3H), 0.89 (s, 9H), 0.69 (s, 3H), 0.05
(s, 6H). 13C NMR (126 MHz, CDCl3) δ 173.0, 150.3, 141.8, 121.1, 100.3, 72.7, 55.9, 50.6, 49.1,
43.0, 42.3, 37.6, 37.5, 36.8, 32.2, 32.1, 32.1, 28.6, 27.6, 26.1 (x3), 24.7, 20.9, 19.6, 18.4, 12.4, −4.4
(x2). HRMS (ESI): m/z calcd for C29H48NO2Si [M+H]+: 470.3449, found 470.3460.

β-Oxonitrile 31: 1H NMR (500 MHz, CDCl3) δ 5.31 (dq, J = 5.5, 3.3, 2.7 Hz, 1H), 3.52–3.41
(m, 3H), 2.69 (dd, J = 16.4, 3.9 Hz, 1H), 2.41 (dd, J = 16.5, 10.1 Hz, 1H), 2.26 (tq, J = 11.1, 2.8 Hz,
1H), 2.17 (ddd, J = 13.3, 5.0, 2.3 Hz, 1H), 1.00 (s, 3H), 0.89 (s, 9H), 0.61 (s, 3H), 0.05 (s, 6H). 13C
NMR (126 MHz, CDCl3) δ 197.8, 141.7, 121.1, 114.0, 72.7, 55.6, 50.5, 45.6, 43.4, 42.9, 42.2, 37.6,
37.4, 36.8, 32.3, 32.2, 32.1, 32.0, 28.4, 26.1, 24.8, 20.9, 19.6, 18.4, 12.8, −4.4.
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5-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)-3-
isopropylisoxazole (23b)

The title compound 23b (45 mg) was prepared as a white solid in 27% yield from hy-
droxyisoxazoline 22b together with (E)-4-amino-1-((17R)-3β-((tert-butyldimethylsilyl)oxy)-
androst-5-en-17-yl)-5-methyl-2-oxohex-3-en-3-yl 1H-imidazole-1-carboxylate (26b) (103 mg,
50%) isolated as a white solid.

Isoxazole 23b: 1H NMR (500 MHz, CDCl3) δ 5.81 (s, 1H), 5.31 (dt, J = 5.5, 2.0 Hz, 1H),
3.00 (hept, J = 6.9 Hz, 1H), 2.78 (dd, J = 15.1, 4.9 Hz, 1H), 2.50 (dd, J = 15.1, 10.0 Hz, 1H),
2.26 (tq, J = 11.1, 2.7 Hz, 1H), 2.16 (ddd, J = 13.4, 5.0, 2.3 Hz, 1H), 1.26 (s, 3H), 1.25 (s, 3H),
1.00 (s, 3H), 0.88 (s, 9H), 0.67 (s, 3H), 0.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 173.2, 169.4,
141.8, 121.1, 99.0, 56.0, 50.6, 49.1, 43.0, 42.3, 37.6, 37.5, 36.8, 32.2, 32.1, 32.1, 28.6, 27.7, 26.6,
26.1 (x3), 24.7, 21.9 (x2), 20.9, 19.6, 18.4, 12.4, −4.4 (x2).

Imidazolecarboxylate 26b: 1H NMR (500 MHz, CDCl3) δ 8.21 (d, J = 1.1 Hz, 1H), 7.56
(t, J = 1.4 Hz, 1H), 7.20 (t, J = 1.2 Hz, 1H), 5.31 (dt, J = 5.6, 2.0 Hz, 1H), 3.82 (hept, J = 7.0 Hz,
1H), 3.47 (tt, J = 10.9, 4.7 Hz, 1H), 3.01 (dd, J = 15.7, 3.6 Hz, 1H), 2.72 (dd, J = 15.7, 9.1 Hz,
1H), 2.26 (ddd, J = 13.7, 10.8, 2.8 Hz, 2H), 2.17 (ddd, J = 13.3, 5.0, 2.3 Hz, 1H), 1.32 (d,
J = 2.1 Hz, 3H), 1.31 (d, J = 2.2 Hz, 3H), 1.01 (s, 3H), 0.88 (s, 9H), 0.69 (s, 3H), 0.05 (s, 6H).
13C NMR (126 MHz, CDCl3) δ 197.4, 160.4, 147.7, 141.8, 135.3, 132.7, 131.0, 121.2, 116.6, 72.7,
55.8, 50.6, 46.1, 43.0, 42.3, 41.4, 37.6, 37.5, 36.8, 32.2, 32.2, 32.1, 28.4, 26.3, 26.1 (x3), 24.9, 21.0,
20.6, 20.5, 19.6, 18.4, 12.8, −4.4 (x2).

5-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)-3-
cyclopropylisoxazole (23c)

The title compound 23c (11 mg) was prepared as a white solid in 9% yield from hydroxy-
isoxazoline 22c together with (E)-1-amino-4-((17R)-3β-((tert-butyldimethylsilyl)oxy)-androst-
5-en-17-yl)-1-cyclopropyl-3-oxobut-1-en-2-yl 1H-imidazole-1-carboxylate 26c (35 mg, 44%)
isolated as a white solid.

Isoxazole 23c: 1H NMR (500 MHz, CDCl3) δ 5.60 (s, 1H), 5.31 (dt, J = 5.0, 2.0 Hz, 1H),
3.47 (tt, J = 11.0, 4.7 Hz, 1H), 2.75 (dd, J = 15.0, 5.0 Hz, 1H), 2.47 (dd, J = 15.0, 10.0 Hz, 1H),
2.31–2.22 (m, 1H), 2.16 (ddd, J = 13.4, 5.1, 2.3 Hz, 1H), 1.00 (s, 3H), 0.88 (s, 9H), 0.66 (s, 3H),
0.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 173.3, 166.4, 141.8, 121.1, 98.4, 72.7, 55.9, 50.6,
49.0, 43.0, 42.3, 37.6, 37.5, 36.8, 32.2, 32.1, 32.1, 28.6, 27.7, 26.1 (x3), 24.7, 20.9, 19.6, 18.4, 12.4,
8.0 (x2), 7.5, −4.4 (x2).

Imidazolecarboxylate 26c: 1H NMR (500 MHz, CDCl3) δ 8.10 (s, Im-2, 1H), 7.46 (t,
J = 1.5, 1H), 7.14 (s, Im-4, 1H), 5.29 (dt, H-6, J = 5.6, 2.0 Hz, 1H), 3.45 (tt, H-3, J = 10.9, 4.7,
1H), 2.98 (dd, H-20, J = 15.6, 3.4 Hz, 1H), 2.83 (tt, H-25, J = 8.5, 5.2 Hz, 1H), 2.70 (dd, H-20,
J = 15.6, 9.1 Hz, 1H), 2.24 (tq, H-4, J = 11.0, 2.6 Hz, 1H), 2.14 (ddd, H-4, J = 13.4, 5.1, 2.3 Hz,
1H), 1.96 (m, H-2, 1H), 1.93 (m, H-17, 1H), 1.93 (m, H-16, 1H), 1.80 (m, H-1, 1H), 1.74 (m,
H-12, 1H), 1.74 (m, H-1, 1H), 1.67 (m, H-7, 1H), 1.63 (m, H-15, 1H), 1.50 (m, H-2, 1H), 1.44
(m, H-8, 1H), 1.43 (m, H-11, 1H), 1.30 (m, H-16, 1H), 1.18 (m, H-26 and H-27, 2H), 1.15
(m, H-15, 1H), 1.08 (m, H-26 and H-27, 2H), 1.06 (m, H-12, 1H), 1.01 (m, H-14, 1H), 0.98 (s,
H-19, 3H), 0.93 (m, H-9, 1H), 0.85 (s, SiCMe3, 9H), 0.67 (s, H-18, 3H), 0.02 (s, SiMe2, 6H).
13C NMR (126 MHz, CDCl3) δ 197.1 (s, C-22), 157.2 (s, C-24), 146.4 (s, >C=O), 141.6 (s, C-5),
135.1 (s, Im-2), 134.2 (s, C-23), 130.9 (s, Im-4), 121.1 (d, C-6), 116.5 (s, Im-5), 72.6 (d, C-3),
55.7 (d, C-14), 50.6 (d, C-9), 46.0 (d, C-17), 42.9 (t, C-4), 42.3 (s, C-13), 41.1 (d, C-20), 37.5 (t,
C-12), 37.4 (t, C-1), 36.8 (s, C-10), 32.2 (t, C-7), 32.1 (d, C-8), 32.0 (t, C-2), 28.4 (t, C-16), 26.0
(s, SiCMe3, x3), 24.8 (t, C-15), 20.9 (t, C-11), 19.5 (s, C-19), 18.3 (s, SiCMe3), 12.8 (s, C-18),
9.5 (t, C-26 and C-27, x2), 8.2 (d, C-25), −4.5 (s, SiMe2, x2). Selected HMBC correlations are
between δ 2.98, 2.70 (H-20), 1.93 (H-17) and 197.1 (C-22), between δ 2.83 (H-25), 1.18, 1.08
(H-26, H-27) and 157.2 (C-24), between δ 2.70 (H-20) and 134.2 (C-23).
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3-Butyl-5-(((17R)-3β-((tert-butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)
isoxazole (23d)

The title compound 23d (100 mg) was prepared as a white solid in 58% yield from
hydroxyisoxazoline 22d. 1H NMR (500 MHz, CDCl3) δ 5.79 (s, 1H), 5.31 (dt, J = 4.8, 2.1 Hz,
1H), 3.47 (tt, J = 11.1, 4.7 Hz, 1H), 2.78 (dd, J = 15.0, 5.1 Hz, 1H), 2.61 (t, J = 7.7 Hz, 2H), 2.51
(dd, J = 15.0, 9.9 Hz, 1H), 2.26 (ddd, J = 13.6, 10.9, 2.7 Hz, 1H), 2.17 (ddd, J = 13.4, 5.1, 2.3 Hz,
1H), 1.98 (dtd, J = 16.9, 5.0, 2.6 Hz, 1H), 1.00 (s, 3H), 0.93 (t, J = 7.3 Hz, 4H), 0.88 (s, 9H), 0.67
(s, 3H), 0.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 173.2, 164.1, 141.8, 121.1, 100.7, 72.7, 56.0,
50.6, 49.1, 43.0, 42.3, 37.6, 37.5, 36.8, 32.2, 32.1, 32.1, 30.6, 28.6, 27.7, 26.1 (x3), 25.9, 24.7, 22.4,
20.9, 19.6, 18.4, 13.9, 12.4, −4.4 (x2).

5-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)-3-
phenylisoxazole (23e)

The title compound 23e (105 mg) was prepared as a white solid in 61% yield from
hydroxyisoxazoline 22e. 1H NMR (500 MHz, CDCl3) δ 7.83–7.75 (m, 2H), 7.48–7.38 (m, 3H),
6.28 (s, 1H), 5.32 (dt, J = 5.5, 2.0 Hz, 1H), 3.48 (tt, J = 11.0, 4.7 Hz, 1H), 2.87 (dd, J = 15.0,
5.1 Hz, 1H), 2.61 (dd, J = 15.0, 9.7 Hz, 1H), 2.32–2.23 (m, 1H), 2.18 (ddd, J = 13.3, 5.0, 2.3 Hz,
1H), 1.01 (s, 3H), 0.89 (s, 9H), 0.71 (s, 3H), 0.06 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 174.2,
162.4, 141.7, 129.9, 129.6, 128.9 (x2), 126.9 (x2), 121.1, 99.2, 72.7, 55.9, 50.6, 49.1, 43.0, 42.3,
37.5, 37.5, 36.8, 32.2, 32.1, 32.1, 28.6, 27.8, 26.1 (x3), 24.7, 20.9, 19.6, 18.4, 12.4, −4.4 (x2).
HRMS (ESI): m/z calcd for C35H52NO2Si [M+H]+: 546.3762, found 546.3767.

5-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)-3-(pyridin-3-
yl)isoxazole (23f)

The title compound 23f (54 mg) was prepared as a white solid in 60% yield from
hydroxyisoxazoline 22f. 1H NMR (500 MHz, CDCl3) δ 8.98 (d, J = 2.3 Hz, 1H), 8.66 (dd,
J = 4.8, 1.7 Hz, 1H), 8.13 (dt, J = 7.9, 2.0 Hz, 1H), 7.38 (dd, J = 7.9, 4.8 Hz, 1H), 6.33 (s, 1H),
5.32 (dd, J = 4.8, 2.4 Hz, 1H), 3.48 (tt, J = 11.0, 4.7 Hz, 1H), 2.90 (dd, J = 15.1, 5.0 Hz, 1H),
2.63 (dd, J = 15.1, 9.7 Hz, 1H), 2.27 (ddd, J = 13.6, 11.0, 3.0 Hz, 1H), 2.17 (ddd, J = 13.4, 5.1,
2.3 Hz, 1H), 1.01 (s, 3H), 0.88 (s, 9H), 0.71 (s, 2H), 0.05 (s, 6H). 13C NMR (126 MHz, CDCl3)
δ 175.0, 159.9, 150.9, 148.1, 141.8, 134.1, 125.8, 123.9, 121.1, 98.9, 72.7, 56.0, 50.6, 49.1, 43.0,
42.4, 37.6 (x2), 36.8, 32.2, 32.1, 32.1, 28.6, 27.9, 26.1 (x3), 24.7, 20.9, 19.6, 18.4, 12.5, −4.4 (x2).
HRMS (ESI): m/z calcd for C34H51N2O2Si [M+H]+: 547.3714, found 547.3717.

5-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)-3-(2-fluorophenyl)
isoxazole (23g)

The title compound 23g (20 mg) was prepared as a white solid in 71% yield from
hydroxyisoxazoline 22g. 1H NMR (500 MHz, CDCl3) δ 7.98 (td, J = 7.6, 1.8 Hz, 1H), 7.40
(dddd, J = 8.4, 7.1, 5.2, 1.8 Hz, 1H), 7.22 (td, J = 7.6, 1.2 Hz, 1H), 7.16 (ddd, J = 11.1, 8.3,
1.2 Hz, 1H), 6.43 (d, J = 3.7 Hz, 1H), 5.32 (dt, J = 5.5, 2.0 Hz, 1H), 3.48 (tt, J = 11.0, 4.7 Hz, 1H),
2.89 (dd, J = 15.1, 5.0 Hz, 1H), 2.63 (dd, J = 15.1, 9.7 Hz, 1H), 2.27 (ddd, J = 13.6, 10.8, 2.7 Hz,
1H), 2.17 (ddd, J = 13.3, 5.0, 2.3 Hz, 1H), 1.99 (dtd, J = 16.9, 5.0, 2.6 Hz, 1H), 1.01 (s, 3H), 0.89
(s, 9H), 0.71 (s, 3H), 0.06 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 174.1, 160.4 (d, J = 251.3 Hz),
157.8, 141.8, 131.5 (d, J = 8.6 Hz), 129.2 (d, J = 3.0 Hz), 124.7 (d, J = 3.5 Hz), 121.1, 117.7 (d,
J = 12.0 Hz), 116.4 (d, J = 22.0 Hz), 101.8 (d, J = 9.0 Hz), 56.0, 50.6, 49.1, 43.0, 42.3, 37.6, 37.5,
36.8, 32.2, 32.1, 32.1, 28.6, 27.8, 26.1 (x3), 24.7, 20.9, 19.6, 18.4, 12.5, 1.2, −4.4 (x2).

5-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)-3-(2-((tetrahydro-2H-
pyran-2-yl)oxy)propan-2-yl)isoxazole (23h)

The title compound 23h (384 mg) was prepared as a white solid in 78% yield from
hydroxyisoxazoline 22h. 1H NMR (500 MHz, CDCl3) δ 5.97 (s, 1H), 5.31 (dt, J = 5.1, 2.1 Hz,
1H), 4.50 (dt, J = 6.1, 2.8 Hz, 1H), 3.91 (dd, J = 11.0, 4.9 Hz, 1H), 3.47 (tt, J = 8.4, 3.5 Hz, 1H),
3.39 (dddd, J = 9.4, 7.0, 4.2, 2.2 Hz, 1H), 2.82–2.76 (m, 1H), 2.54 (ddd, J = 15.0, 9.5, 3.6 Hz,
1H), 2.26 (tt, J = 14.0, 2.9 Hz, 1H), 2.16 (ddd, J = 13.4, 5.0, 2.2 Hz, 1H), 1.98 (dtd, J = 16.7, 5.0,
2.5 Hz, 1H), 1.65 (s, 2H), 1.54 (s, 4H), 1.00 (s, 4H), 0.88 (s, 9H), 0.68, 0.67 (s, 3H), 0.05 (s, 6H).
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13C NMR (126 MHz, CDCl3) δ 173.5, 173.4, 168.9, 168.8, 141.8, 121.1, 99.5, 99.4, 95.8, 95.7,
74.4, 72.7, 63.9, 63.9, 56.0, 50.6, 49.2, 48.9, 43.0, 42.3, 37.6, 37.5, 36.8, 32.3, 32.2, 32.1, 32.1, 29.2,
29.1, 28.6, 28.6, 27.8, 27.7, 26.1 (x3), 25.9, 25.8, 25.4, 24.7, 20.9, 19.6, 18.4, 12.4, −4.4 (x2).

5-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)-3-(((tetrahydro-2H-pyran-
2-yl)oxy)methyl)isoxazole (23i)

The title compound 23i (530 mg) was prepared as a white solid in 87% yield from
hydroxyisoxazoline 22i. 1H NMR (500 MHz, CDCl3) δ 6.03 (s, 1H), 5.31 (dt, J = 5.5, 2.0 Hz,
1H), 4.73 (d, J = 12.8 Hz, 1H), 4.70 (t, J = 3.6 Hz, 1H), 4.57 (d, J = 12.8 Hz, 1H), 3.88 (ddd,
J = 11.4, 8.3, 2.9 Hz, 1H), 3.58–3.52 (m, 2H), 3.47 (tt, J = 11.0, 4.7 Hz, 1H), 2.81 (dd, J = 15.0,
4.9 Hz, 1H), 2.54 (dd, J = 15.1, 10.0 Hz, 1H), 2.26 (tq, J = 11.0, 2.7 Hz, 1H), 2.16 (ddd, J = 13.3,
5.0, 2.3 Hz, 1H), 1.98 (dtd, J = 16.8, 5.0, 2.6 Hz, 1H), 1.00 (s, 3H), 0.88 (s, 9H), 0.68 (s, 3H),
0.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 173.9, 161.6, 141.8, 121.1, 100.6, 100.6, 98.4, 72.7,
62.4, 60.7, 55.9, 50.6, 49.0, 43.0, 42.3, 37.6, 37.5, 36.8, 32.2, 32.1, 32.1, 30.5, 28.6, 27.7, 26.1 (x3),
25.5, 24.7, 20.9, 19.6, 19.4, 18.4, 12.4, −4.4 (x2). HRMS (ESI): m/z calcd for C35H58NO4Si
[M+H]+: 584.4130, found 584.4143.

3.1.10. (E)-1-Amino-4-((17R)-3β-hydroxy-androst-5-en-17-yl)-1-cyclopropyl-3-oxobut-
1-en-2-yl 1H-imidazole-1-carboxylate (27)

The title compound 27 (35 mg) was obtained from 26c in a similar manner for the
preparation of 24j as a white solid in 87% yield. 1H NMR (500 MHz, CDCl3) δ 8.13 (s, 1H),
7.52–7.45 (m, 1H), 7.17 (s, 1H), 5.35 (dt, J = 4.7, 2.0 Hz, 1H), 3.52 (tt, J = 11.1, 4.7 Hz, 1H),
3.00 (dd, J = 15.6, 3.4 Hz, 1H), 2.85 (tt, J = 8.4, 5.2 Hz, 1H), 2.72 (dd, J = 15.6, 9.0 Hz, 1H),
2.34–2.18 (m, 2H), 1.02 (s, 3H), 0.70 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 197.2, 157.3, 146.5,
141.0, 135.2, 134.3, 131.0, 121.7, 116.6, 71.8, 55.7, 50.6, 46.1, 42.4, 42.3, 41.2, 37.5, 37.4, 36.7,
32.1, 32.1, 31.8, 28.4, 24.9, 21.0, 19.6, 12.8, 9.6 (x2), 8.2.

3.1.11. 5-(2-((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)acetyl)-4-
cyclopropyloxazol-2(3H)-one (28)

A mixture of 26c (20 mg, 31 µmol), THF (500 µL), water (200 µL), and NaOH (6.4 mg,
160 µmol) was heated at 70 ◦C for 36 h. Then, it was neutralized with saturated NH4Cl and
extracted with EtOAc. The combined organic layers were washed with brine, dried over
Na2SO4, and concentrated under reduced pressure. The crude product was purified by
silica gel chromatography (PE:EtOAc, 90:10→70:30) to afford oxazolone 28 (12 mg, 66%)
as a white solid. 1H NMR (500 MHz, CDCl3) δ 8.30 (s, 1H), 5.31 (dt, J = 5.0, 2.1 Hz, 1H),
3.48 (tt, J = 10.9, 4.7 Hz, 1H), 2.92 (dd, J = 14.7, 4.9 Hz, 1H), 2.68 (dd, J = 14.8, 9.1 Hz, 1H),
2.26 (ddd, J = 13.6, 11.0, 2.7 Hz, 1H), 2.18 (tt, J = 7.9, 4.7 Hz, 2H), 2.03–1.94 (m, 1H), 1.00 (s,
3H), 0.89 (s, 9H), 0.69 (s, 3H), 0.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 189.2, 153.3, 149.5,
141.8, 123.2, 121.1, 72.7, 55.8, 50.5, 49.3, 43.0, 42.4, 37.6, 37.4, 36.8, 32.2, 32.1, 32.0, 28.2, 27.7,
26.1 (x3), 24.6, 20.9, 19.6, 18.9, 18.4, 12.5, 11.74, 11.70, −4.4 (x2).

3.1.12. General Procedure for the Synthesis of Alcohols (24a–i)

A 1M solution of silyl ethers 23a–i (1 eq.) and TBAF (1.2 eq.) in THF was kept at room
temperature for 24 h. On completion of the reaction, the mixture was diluted with saturated
NH4Cl and extracted with EtOAc. The combined organic layers were washed with water,
brine, dried over Na2SO4 and concentrated under reduced pressure. The residue was
purified by silica gel chromatography (PE:EtOAc) to give alcohols 24a–i.

(17R)-(Isoxazol-5-ylmethyl)-androst-5-en-3β-ol (24a)

The title compound 24a (70 mg) was prepared as a white solid in 73% yield from silyl
ether 23a. 1H NMR (500 MHz, CDCl3) δ 8.12 (d, J = 1.7 Hz, 1H), 5.96 (d, J = 1.7 Hz, 1H),
5.35 (dt, J = 5.5, 2.0 Hz, 1H), 3.52 (tt, J = 11.2, 4.6 Hz, 1H), 2.85 (dd, J = 15.0, 5.1 Hz, 1H), 2.59
(dd, J = 15.0, 9.7 Hz, 1H), 2.30 (ddd, J = 13.1, 5.1, 2.1 Hz, 1H), 2.23 (ddq, J = 13.4, 11.0, 2.7
Hz, 1H), 1.99 (dtd, J = 16.9, 4.9, 2.6 Hz, 1H), 1.01 (s, 3H), 0.69 (s, 3H). 13C NMR (126 MHz,
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CDCl3) δ 173.0, 150.3, 141.0, 121.7, 100.3, 71.9, 55.9, 50.5, 49.1, 42.4, 42.3, 37.5, 37.4, 36.7, 32.1,
32.0, 31.8, 28.5, 27.6, 24.7, 20.9, 19.6, 12.4.

(17R)-17-((3-isopropylisoxazol-5-yl)methyl)-androst-5-en-3β-ol (24b)

The title compound 24b (31 mg) was prepared as a white solid in 85% yield from silyl
ether 23b. 1H NMR (500 MHz, CDCl3) δ 5.81 (s, 1H), 5.34 (dt, J = 4.9, 2.0 Hz, 1H), 3.51
(tt, J = 11.2, 4.5 Hz, 1H), 3.00 (hept, J = 6.9 Hz, 1H), 2.78 (dd, J = 15.1, 5.0 Hz, 1H), 2.50
(dd, J = 15.0, 10.0 Hz, 1H), 2.35–2.18 (m, 2H), 1.98 (dtd, J = 17.0, 5.0, 2.6 Hz, 1H), 1.25 (d,
J = 7.0 Hz, 6H), 1.01 (s, 3H), 0.67 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 173.2, 169.4, 141.0,
121.6, 99.1, 71.8, 55.9, 50.5, 49.0, 42.4, 42.3, 37.4 (x2), 36.7, 32.1, 32.0, 31.8, 28.6, 27.7, 26.6, 24.7,
21.9 (x2), 20.9, 19.5, 12.4. HRMS (ESI): m/z calcd for C26H40NO2 [M+H]+: 398.3054, found
398.3064.

(17R)-17-((3-Cyclopropylisoxazol-5-yl)methyl)-androst-5-en-3β-ol (24c)

The title compound 24c (27 mg) was prepared as a white solid in 70% yield from silyl
ether 23c. 1H NMR (500 MHz, CDCl3) δ 5.60 (s, 1H), 5.34 (dt, J = 5.3, 2.0 Hz, 1H), 3.51 (tt,
J = 11.2, 4.6 Hz, 1H), 2.75 (dd, J = 15.0, 5.0 Hz, 1H), 2.47 (dd, J = 15.0, 10.0 Hz, 1H), 2.29
(ddd, J = 13.1, 5.1, 2.2 Hz, 1H), 2.22 (ddq, J = 13.4, 11.1, 2.6 Hz, 1H), 1.01 (s, 3H), 1.00–0.96
(m, 2H), 0.76 (dt, J = 6.8, 4.6 Hz, 2H), 0.66 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 173.3, 166.4,
141.0, 121.6, 98.4, 71.8, 55.9, 50.5, 49.0, 42.4, 42.3, 37.4 (x2), 36.7, 32.1, 32.0, 31.8, 28.6, 27.7,
24.7, 20.9, 19.6, 12.4, 8.0 (x2), 7.5. HRMS (ESI): m/z calcd for C26H38NO2 [M+H]+: 396.2897,
found 396.2908.

17β-((3-Butylisoxazol-5-yl)methyl)-androst-5-en-3β-ol (24d)

The title compound 24d (53 mg) was prepared as a white solid in 70% yield from silyl
ether 23d. 1H NMR (500 MHz, CDCl3) δ 5.79 (s, 1H), 5.34 (dt, J = 5.4, 2.0 Hz, 1H), 3.52 (tt,
J = 11.2, 4.6 Hz, 1H), 2.78 (dd, J = 15.0, 5.1 Hz, 1H), 2.65–2.55 (m, 2H), 2.51 (dd, J = 15.1,
9.9 Hz, 1H), 2.32–2.19 (m, 2H), 1.99 (dtd, J = 16.9, 5.0, 2.5 Hz, 1H), 1.01 (s, 3H), 0.92 (t,
J = 7.4 Hz, 3H), 0.67 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 173.2, 164.2, 141.0, 121.6, 100.7,
71.9, 55.9, 50.5, 49.0, 42.4, 42.3, 37.5, 37.4, 36.7, 32.1, 32.0, 31.8, 30.6, 28.6, 27.7, 25.9, 24.7, 22.4,
20.9, 19.6, 13.9, 12.4.

(17R)-17-((3-(Pyridin-3-yl)isoxazol-5-yl)methyl)-androst-5-en-3β-ol (24f)

The title compound 24f (15 mg) was prepared as a white solid in 64% yield from silyl
ether 23f. 1H NMR (500 MHz, CDCl3) δ 9.01 (s, 1H), 8.69 (s, 1H), 8.14 (d, J = 7.9 Hz, 1H),
7.40 (s, 1H), 6.33 (s, 1H), 5.35 (dd, J = 5.0, 2.4 Hz, 1H), 3.52 (tt, J = 11.2, 4.4 Hz, 1H), 2.90 (dd,
J = 15.1, 5.1 Hz, 1H), 2.63 (dd, J = 15.1, 9.8 Hz, 1H), 2.34–2.27 (m, 1H), 2.23 (ddd, J = 13.5,
11.0, 2.8 Hz, 1H), 1.02 (s, 3H), 0.72 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 175.0, 159.9, 150.9,
148.0, 141.0, 134.1, 121.6, 99.0, 77.4, 77.2, 76.9, 71.9, 55.9, 50.5, 49.1, 42.4, 42.4, 37.5, 37.4, 36.7,
32.1, 32.0, 31.8, 28.6, 27.9, 24.7, 21.0, 19.6, 12.5. HRMS (ESI): m/z calcd for C28H37N2O2
[M+H]+: 433.2850, found 433.2862.

17β-((3-(2-Fluorophenyl)isoxazol-5-yl)methyl)-androst-5-en-3β-ol (24g)

The title compound 24g (9 mg) was prepared as a white solid in 82% yield from silyl
ether 23g. 1H NMR (500 MHz, CDCl3) δ 7.97 (td, J = 7.6, 1.9 Hz, 1H), 7.45–7.36 (m, 1H), 7.22
(td, J = 7.6, 1.2 Hz, 1H), 7.19–7.13 (m, 1H), 6.43 (d, J = 3.7 Hz, 1H), 5.36 (dd, J = 4.9, 2.3 Hz,
1H), 3.52 (dq, J = 11.3, 5.7, 5.0 Hz, 1H), 2.89 (dd, J = 15.1, 5.1 Hz, 1H), 2.63 (dd, J = 15.1,
9.7 Hz, 1H), 2.30 (ddd, J = 13.1, 5.1, 2.1 Hz, 1H), 2.23 (ddd, J = 13.6, 10.6, 2.6 Hz, 1H), 2.00
(dtd, J = 16.9, 4.9, 2.5 Hz, 1H), 1.02 (s, 3H), 0.72 (s, 3H). 13C NMR (126 MHz, CDCl3) δ
174.1, 160.4 (d, J = 251.4 Hz), 157.8, 141.0, 131.5 (d, J = 8.6 Hz), 129.2 (d, J = 3.1 Hz), 124.7 (d,
J = 3.5 Hz), 121.7, 117.6 (d, J = 12.1 Hz), 116.4 (d, J = 21.9 Hz), 101.8 (d, J = 9.1 Hz), 71.9, 55.9,
50.5, 49.1, 42.4, 42.3, 37.5, 37.4, 36.7, 32.1, 32.0, 31.8, 28.6, 27.8, 24.7, 21.0, 19.6, 12.5.
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3.1.13. (17R)-17-((3-(2-Hydroxypropan-2-yl)isoxazol-5-yl)methyl)-androst-5-en-3β-ol (24j)

A mixture of silyl ether 23h (270 mg, 0.44 mmol), THF (1 mL), MeCN (4 mL), and
40% aq. HF (100 µL, 2 mmol) in a Teflon vial was stirred at room temperature for 16 h.
Then, it was neutralized with saturated NaHCO3 and extracted with EtOAc. The combined
organic layers were washed with water, brine, dried over Na2SO4, and concentrated under
reduced pressure. The residue was purified by silica gel chromatography (CHCl3: MeOH,
100:0→80:20) to give diol 24j (128 mg, 70%) as a white solid. 1H NMR (500 MHz, CDCl3) δ
5.97 (s, 1H), 5.35 (dd, J = 4.8, 2.3 Hz, 1H), 3.52 (tt, J = 11.1, 4.6 Hz, 1H), 2.80 (dd, J = 15.1,
4.9 Hz, 1H), 2.53 (dd, J = 15.1, 10.1 Hz, 1H), 2.30 (ddd, J = 13.1, 5.1, 2.0 Hz, 1H), 2.23 (ddd,
J = 13.2, 10.7, 2.6 Hz, 1H), 1.58 (s, 6H), 1.01 (s, 3H), 0.68 (s, 3H). 13C NMR (126 MHz, CDCl3)
δ 174.0, 170.5, 141.0, 121.6, 98.6, 71.9, 69.4, 55.9, 50.5, 49.1, 42.4, 42.3, 37.5, 37.4, 36.7, 32.1,
32.0, 31.8, 30.0 (x2), 28.6, 27.8, 24.7, 21.0, 19.6, 12.4. HRMS (ESI): m/z calcd for C26H40NO3
[M+H]+: 414.3003, found 414.3014.

3.1.14. (17R)-17-((3-Phenylisoxazol-5-yl)methyl)-androst-5-en-3β-ol (24e)

The title compound 24e (30 mg) was obtained from 23e in a similar manner for the
preparation of 24j as a white solid in 88% yield. 1H NMR (500 MHz, CDCl3) δ 7.83–7.73 (m,
2H), 7.44 (d, J = 6.8 Hz, 3H), 6.28 (s, 1H), 5.40–5.30 (m, 1H), 3.52 (ddd, J = 18.6, 12.0, 5.9 Hz,
1H), 2.88 (dd, J = 15.1, 5.1 Hz, 1H), 2.61 (dd, J = 15.1, 9.7 Hz, 1H), 2.36–2.18 (m, 2H), 1.02 (s,
3H), 0.71 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 174.2, 162.4, 141.0, 129.9, 129.6, 129.0 (x2),
126.9 (x2), 121.7, 99.2, 71.9, 55.9, 50.5, 49.1, 42.4, 42.3, 37.5, 37.4, 36.7, 32.1, 32.0, 31.8, 28.6,
27.8, 24.7, 20.9, 19.6, 12.5. HRMS (ESI): m/z calcd for C29H38NO2 [M+H]+: 432.2897, found
432.2910.

3.1.15. (17R)-17-((3-(Hydroxymethyl)isoxazol-5-yl)methyl)-androst-5-en-3β-ol (32)

Dowex 50 W (H+-form) ion-exchanger (2 mg) was added to a solution of 24i (40 mg,
6.8 µmol) in THF (340 µL) and MeOH (800 µL). The suspension was stirred at room
temperature for 48 h. Solids were filtered off and washed with EtOAc. The filtrate was
evaporated under reduced pressure, and the crude material was purified by silica gel
chromatography (CHCl3:MeOH, 100:0→80:20) to give diol 32 (23 mg, 87%) as a white solid.
1H NMR (500 MHz, CDCl3) δ 6.02 (s, 1H), 5.35 (dt, J = 4.7, 2.0 Hz, 1H), 4.71 (s, 2H), 3.51 (tt,
J = 11.2, 4.6 Hz, 1H), 2.82 (dd, J = 15.1, 5.1 Hz, 1H), 2.55 (dd, J = 15.1, 9.9 Hz, 1H), 2.29 (ddd,
J = 13.0, 5.1, 2.1 Hz, 1H), 2.26–2.18 (m, 4H), 1.99 (dtd, J = 16.8, 5.0, 2.6 Hz, 1H), 1.01 (s, 3H),
0.68 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 174.2, 163.5, 141.0, 121.6, 99.9, 71.9, 57.3, 55.9,
50.5, 49.1, 42.4, 42.3, 37.5, 37.4, 36.7, 32.1, 32.0, 31.8, 28.6, 27.8, 24.7, 20.9, 19.6, 12.4. HRMS
(ESI): m/z calcd for C24H36NO3 [M+H]+: 386.2690, found 386.2690.

3.1.16. 5-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)isoxazole-
3-yl)methanol (33)

A mixture of magnesium bromide diethyl etherate (prepared from Mg (63.4 mg,
2.61 mmol) by dropwise addition of 1,2-dibromoethane (222 µL, 2.56 mmol) in anhydrous
Et2O (3 mL) and subsequent reflux until gas evolution subsides) and ether 24i (440 mg,
0.75 mmol) was vigorously stirred at room temperature for 16 h. The mixture was quenched
with saturated NH4Cl and extracted with EtOAc. Organic extracts were washed with
brine, dried over Na2SO4, and rotoevaporated. The residue was purified by silica gel
chromatography (PE:EtOAc, 95:5→70:30) to afford alcohol 33 as a white solid (323 mg,
85%), in addition to the unreacted starting material 24i (43 mg, 9.8%). 1H NMR (500 MHz,
CDCl3) δ 6.01 (s, 1H), 5.31 (dt, J = 5.1, 2.1 Hz, 1H), 4.69 (s, 2H), 3.47 (tt, J = 11.0, 4.7 Hz, 1H),
2.81 (dd, J = 15.1, 5.0 Hz, 1H), 2.54 (dd, J = 15.1, 9.9 Hz, 1H), 2.48–2.35 (m, 1H), 2.26 (tq,
J = 11.1, 2.7 Hz, 1H), 2.16 (ddd, J = 13.3, 5.1, 2.3 Hz, 1H), 1.98 (dtd, J = 16.8, 5.0, 2.6 Hz, 1H),
1.00 (s, 3H), 0.88 (s, 9H), 0.67 (s, 3H), 0.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 174.2, 163.6,
141.7, 121.1, 99.9, 72.7, 57.2, 55.9, 50.5, 49.0, 42.9, 42.3, 37.5, 37.5, 36.8, 32.2, 32.1, 32.0, 28.5,
27.7, 26.1 (x3), 24.7, 20.9, 19.6, 18.4, 12.4, −4.5 (x2).
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3.1.17. 5-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)-3-
(chloromethyl)isoxazole (37)

To a solution of alcohol 33 (212 mg, 0.42 mmol) in pyridine (0.5 mL), TsCl (122,
0.64 mmol) was added at 0 ◦C. The cooling bath was removed, and the reaction mixture
was kept at room temperature for 16 h. On completion of the reaction, the mixture was
diluted with water and extracted with EtOAc. The combined organics were washed with
brine, dried over Na2SO4, and rotoevaporated. The residue was purified by silica gel
chromatography (PE:EtOAc, 95:5→85:15) to give chloride 37 (43 mg, 20%) as a white solid.
1H NMR (500 MHz, CDCl3) δ 6.08 (s, 1H), 5.31 (dt, J = 5.5, 2.0 Hz, 1H), 4.55 (s, 2H), 3.48
(tt, J = 11.0, 4.7 Hz, 1H), 2.82 (dd, J = 15.2, 5.0 Hz, 1H), 2.55 (dd, J = 15.1, 9.9 Hz, 1H), 2.26
(ddd, J = 13.7, 10.9, 2.7 Hz, 1H), 2.17 (ddd, J = 13.4, 5.0, 2.3 Hz, 1H), 1.00 (s, 3H), 0.89 (s,
9H), 0.68 (s, 3H), 0.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 174.8, 160.8, 141.8, 129.6, 121.1,
100.8, 72.7, 55.9, 50.6, 49.0, 43.0, 42.3, 37.6, 37.5, 36.8, 36.0, 32.2, 32.1, 32.1, 28.6, 27.8, 26.1 (x3),
24.7, 20.9, 19.6, 18.4, 12.4, −4.4 (x2). HRMS (ESI): m/z calcd for C30H49ClNO2Si [M+H]+:
518.3216, found 518.3226.

3.1.18. 5-((3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)isoxazol-3-yl)
methyl methanesulfonate (34)

To a solution of alcohol 33 (250 mg, 0.5 mmol) in DCM (2 mL) and Et3N (120 µL,
0.86 mmol), MsCl (55 µL, 0.71 mmol) was added at −15 ◦C. The mixture was stirred
at this temperature for 15 min, then quenched with saturated NaHCO3. The organic
layer was separated, the water phase was extracted with CH2Cl2. The combined organics
were washed with brine, dried over Na2SO4, and evaporated under reduced pressure. The
residue was purified by silica gel chromatography (PE:EtOAc, 95:5→80:20) to give mesylate
34 (266 mg, 92%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 6.13 (s, 1H), 5.31 (dt, J = 5.5,
2.0 Hz, 1H), 5.26 (s, 2H), 3.47 (tt, J = 10.7, 4.7 Hz, 1H), 3.05 (s, 3H), 2.84 (dd, J = 15.2, 5.0 Hz,
1H), 2.57 (dd, J = 15.2, 9.9 Hz, 1H), 2.26 (ddd, J = 13.7, 10.9, 2.7 Hz, 1H), 2.17 (ddd, J = 13.3,
5.0, 2.3 Hz, 1H), 1.99 (dtd, J = 16.8, 5.0, 2.5 Hz, 1H), 1.00 (s, 3H), 0.88 (s, 9H), 0.68 (s, 3H),
0.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 175.4, 158.1, 141.8, 121.1, 100.8, 72.7, 62.3, 55.9,
50.5, 49.0, 43.0, 42.3, 38.3, 37.6, 37.5, 36.8, 32.2, 32.1, 32.0, 28.5, 27.8, 26.1 (x3), 24.7, 20.9, 19.6,
18.4, 12.4, −4.4 (x2). HRMS (ESI): m/z calcd for C31H52NO5SSi [M+H]+: 578.3330, found
578.3333.

3.1.19. 3-(Azidomethyl)-5-(((17R)-3β-((tert-butyldimethylsilyl)oxy)-androst-5-en-17-
yl)methyl)isoxazole (35)

A mixture of mesylate 34 (260 mg, 0.45 mmol), NaN3 (88 mg, 1.35 mmol), and DMF
(2 mL) was stirred at 70 ◦C for 3 h. On completion of the reaction, the mixture was diluted
with water and extracted with EtOAc. The organic layers were washed with water, brine,
dried over Na2SO4, and concentrated under reduced pressure. The resulting product was
purified by silica gel chromatography (PE:EtOAc, 100:0→85:15) to afford azide 35 (220 mg,
93%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 6.02 (s, 1H), 5.31 (dt, J = 5.5, 2.0 Hz, 1H),
4.37 (s, 2H), 3.47 (tt, J = 11.1, 4.7 Hz, 1H), 2.84 (dd, J = 15.1, 5.1 Hz, 1H), 2.57 (dd, J = 15.1,
9.8 Hz, 1H), 2.31–2.22 (m, 1H), 2.17 (ddd, J = 13.4, 5.0, 2.3 Hz, 1H), 1.99 (dtd, J = 16.8, 4.9,
2.6 Hz, 1H), 1.00 (s, 3H), 0.88 (s, 9H), 0.68 (s, 3H), 0.05 (s, 6H). 13C NMR (126 MHz, CDCl3)
δ 175.0, 159.1, 141.8, 121.1, 100.3, 72.7, 55.9, 50.5, 49.0, 45.9, 43.0, 42.3, 37.6, 37.5, 36.8, 32.2,
32.1, 32.1, 28.5, 27.8, 26.1 (x3), 24.7, 20.9, 19.6, 18.4, 12.4, −4.4 (x2).

3.1.20. (17R)-17-((3-(Azidomethyl)isoxazol-5-yl)methyl)-androst-5-en-3β-ol (36)

The title compound 36 (25 mg) was obtained from 35 in a similar manner for the
preparation of 24j as a white solid in 81% yield. 1H NMR (500 MHz, CDCl3) δ 6.02 (s, 1H),
5.34 (dt, J = 4.8, 2.1 Hz, 1H), 4.36 (s, 2H), 3.52 (tt, J = 11.2, 4.5 Hz, 1H), 2.83 (dd, J = 15.1,
5.1 Hz, 1H), 2.57 (dd, J = 15.1, 9.8 Hz, 1H), 2.29 (ddd, J = 13.1, 5.2, 2.1 Hz, 1H), 2.23 (tq,
J = 13.5, 2.6 Hz, 1H), 1.99 (dtd, J = 16.9, 5.0, 2.5 Hz, 1H), 1.01 (s, 3H), 0.69 (s, 3H). 13C NMR
(126 MHz, CDCl3) δ 175.0, 159.1, 141.0, 121.6, 100.3, 71.8, 55.9, 50.4, 49.0, 45.9, 42.4, 42.3,
37.5, 37.4, 36.7, 32.1, 32.0, 31.8, 28.5, 27.8, 24.7, 20.9, 19.5, 12.4.
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3.1.21. (17R)-17-((3-(Chloromethyl)isoxazol-5-yl)methyl)-androst-5-en-3β-ol (38)

The title compound 38 (26 mg) was obtained from 37 in a similar manner for the
preparation of 24a as a white solid in 85% yield. 1H NMR (500 MHz, CDCl3) δ 6.08 (s, 1H),
5.39–5.32 (m, 1H), 4.54 (s, 1H), 3.52 (tt, J = 11.2, 4.6 Hz, 1H), 2.82 (dd, J = 15.1, 5.0 Hz, 1H),
2.55 (dd, J = 15.1, 10.2 Hz, 1H), 2.30 (ddd, J = 13.1, 5.1, 2.1 Hz, 1H), 2.26–2.19 (m, 1H), 1.01
(s, 3H), 0.68 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 174.8, 160.8, 141.0, 121.6, 100.8, 71.9,
55.9, 50.5, 49.0, 42.4, 42.3, 37.4, 37.4, 36.7, 36.0, 32.1, 32.0, 31.8, 28.5, 27.8, 24.7, 20.9, 19.6, 12.4.
HRMS (ESI): m/z calcd for C24H35ClNO2 [M+H]+: 404.2351, found 404.2358.

3.1.22. 1-((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)oct-3-yn-2-one
oxime (39)

A mixture of ynone 20d (100 mg, 0.20 mmol), NH2OH·HCl (42 mg, 0.60 mmol), NaHCO3
(50 mg, 060 mmol), and methanol (1.5 mL) was stirred at 60 ◦C for 40 min, then evapo-
rated to dryness at reduced pressure and purified by silica gel chromatography (PE:EtOAc,
100:0→80:20), affording oxime 39 as an oil. 1H NMR (500 MHz, CDCl3) δ 5.31 (dt, J = 5.6,
2.0 Hz, 1H), 3.47 (td, J = 11.0, 5.3 Hz, 1H), 1.01, 1.00 (s, 3H), 0.89 (s, 9H), 0.66 (s, 3H), 0.63, 0.62
(s, 3H), 0.06 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 162.3, 148.4, 144.0, 141.8, 121.2, 103.6, 92.7,
72.8, 56.1, 55.9, 55.9, 50.7, 48.1, 47.6, 47.5, 47.5, 43.0, 42.6, 42.4, 42.3, 37.7, 37.6, 37.5, 37.5, 36.9,
35.6, 34.7, 34.0, 32.2, 32.2, 32.1, 30.5, 30.4, 29.7, 28.7, 28.5, 28.3, 28.1, 28.0, 27.3, 26.1, 24.8, 24.8,
23.1, 22.6, 22.1, 21.0, 19.6, 19.5, 19.1, 18.4, 14.0, 13.7, 12.5, 12.4, 12.4, 12.3, −4.4.

3.1.23. 5-Butyl-3-(((17R)-3β-((tert-butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)
isoxazole (40d)

A mixture of oxime 39 (93 mg, 0.18 mmol), AuCl3 (1.5 mg, 0.005 mmol), and DCM
(0.7 mL) was stirred at room temperature for 30 min. The solvent was evaporated, and
the residue was purified by silica gel chromatography (PE:EtOAc, 100:0→85:15) to give
isoxazole 40d (43 mg, 46%) as an oil. 1H NMR (500 MHz, CDCl3) δ 5.79 (d, J = 0.9 Hz, 1H),
5.31 (dt, J = 5.6, 1.9 Hz, 1H), 3.52–3.43 (m, 1H), 2.75–2.65 (m, 2H), 2.48–2.37 (m, 1H), 1.01
(s, 3H), 0.93 (t, J = 7.4 Hz, 3H), 0.89 (s, 9H), 0.69 (s, 3H), 0.05 (s, 6H). 13C NMR (126 MHz,
CDCl3) δ 173.3, 163.9, 141.8, 121.2, 100.7, 72.8, 56.1, 50.7, 49.8, 43.0, 42.4, 37.7, 37.6, 36.8, 32.2,
32.1, 29.7, 28.6, 26.9, 26.6, 26.1 (x3), 24.7, 22.3, 21.0, 19.6, 18.4, 13.8, 12.4, −4.4 (x2).

3.1.24. General Procedure for the Synthesis of Isoxazoles 40a,e–i

A 0.1M methanol solution of ynones 20a,e–i (1 eq) was added to NH2OH·HCl (3 eq)
and NaHCO3 (3 eq). The resulting mixture was stirred at 60 ◦C for 16 h, then the solvent was
evaporated at reduced pressure and the residue was purified by silica gel chromatography
(PE:EtOAc) to afford isoxazoles 40a,e–i.

3-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)isoxazole (40a)

The title compound 40a (47 mg) was prepared as a white solid in 61% yield from
ynone 20a. 1H NMR (500 MHz, CDCl3) δ 8.28 (s, 1H), 6.18 (s, 1H), 5.31 (d, J = 5.0 Hz, 1H),
3.52–3.43 (m, 1H), 2.81 (dd, J = 14.6, 4.9 Hz, 1H), 2.54–2.46 (m, 1H), 2.27 (t, J = 12.2 Hz, 1H),
2.21–2.13 (m, 1H), 1.99 (d, J = 16.8 Hz, 1H), 1.00 (s, 3H), 0.88 (s, 9H), 0.70 (s, 3H), 0.05 (s, 6H).
13C NMR (126 MHz, CDCl3) δ 162.9, 158.0, 141.8, 121.2, 104.4, 72.8, 56.1, 50.6, 49.8, 43.0,
42.4, 37.7, 37.6, 36.8, 32.2, 32.1, 29.9, 28.6, 26.7, 26.1 (x3), 24.7, 21.0, 19.6, 18.4, 12.5, −4.4 (x2).

3-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)-5-
phenylisoxazole (40e)

The title compound 40e (140 mg) was prepared as a white solid in 82% yield from
ynone 20e. 1H NMR (500 MHz, CDCl3) δ 7.80–7.73 (m, 2H), 7.49–7.38 (m, 3H), 6.37 (s, 1H),
5.32 (dd, J = 4.8, 2.7 Hz, 1H), 3.48 (tt, J = 11.0, 4.7 Hz, 1H), 2.81 (dd, J = 14.3, 4.9 Hz, 1H),
2.51 (dd, J = 14.3, 10.1 Hz, 1H), 2.26 (ddt, J = 13.7, 5.5, 2.8 Hz, 1H), 2.17 (ddd, J = 13.3, 5.0,
2.2 Hz, 1H), 2.04–1.95 (m, 1H), 1.01 (s, 3H), 0.89 (s, 9H), 0.73 (s, 3H), 0.06 (s, 6H). 13C NMR
(126 MHz, CDCl3) δ 169.5, 164.6, 141.8, 130.1, 129.1 (x2), 127.9, 125.9 (x2), 121.2, 99.6, 72.8,
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56.1, 50.7, 49.8, 43.0, 42.5, 37.8, 37.6, 36.8, 32.2, 32.1 (x2), 28.6, 27.0, 26.1 (x3), 24.8, 21.0, 19.6,
18.4, 12.5, −4.4 (x2). HRMS (ESI): m/z calcd for C35H52NO2Si [M+H]+: 546.3762, found
546.3772.

3-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)-5-(pyridin-3-
yl)isoxazole (40f)

The title compound 40f (40 mg) was prepared as a white solid in 40% yield from ynone
20f. 1H NMR (500 MHz, CDCl3) δ 8.99 (d, J = 2.3 Hz, 1H), 8.65 (dd, J = 4.9, 1.7 Hz, 1H),
8.07 (dt, J = 8.0, 2.0 Hz, 1H), 7.40 (ddd, J = 8.0, 4.8, 0.9 Hz, 1H), 6.47 (s, 1H), 5.31 (dt, J = 5.7,
1.9 Hz, 1H), 3.47 (tt, J = 11.0, 4.7 Hz, 1H), 2.83 (dd, J = 14.3, 4.9 Hz, 1H), 2.53 (dd, J = 14.3,
10.1 Hz, 1H), 2.26 (ddd, J = 13.7, 10.9, 2.7 Hz, 1H), 2.17 (ddd, J = 13.3, 5.0, 2.3 Hz, 1H), 1.01
(s, 3H), 0.88 (s, 9H), 0.72 (s, 3H), 0.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 166.6, 164.8,
150.8, 147.1, 141.8, 133.0, 124.1, 123.9, 121.1, 100.6, 72.7, 56.1, 50.6, 49.8, 43.0, 42.5, 37.7, 37.6,
36.8, 32.2, 32.1, 28.6, 27.0, 26.1 (x2), 24.7, 20.9, 19.6, 18.4, 12.5, −4.4 (x2).

3-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)-5-(2-
fluorophenyl)isoxazole (40g)

The title compound 40g (97 mg) was prepared as a white solid in 69% yield from
ynone 20g. 1H NMR (500 MHz, CDCl3) δ 7.95 (td, J = 7.6, 1.7 Hz, 1H), 7.40 (tdd, J = 7.4, 5.0,
1.8 Hz, 1H), 7.29–7.22 (m, 1H), 7.18 (dd, J = 11.0, 8.2 Hz, 1H), 6.56 (d, J = 3.9 Hz, 1H), 5.32
(d, J = 5.2 Hz, 1H), 3.48 (tt, J = 10.9, 4.7 Hz, 1H), 2.83 (dd, J = 14.3, 4.9 Hz, 1H), 2.54 (dd,
J = 14.3, 10.0 Hz, 1H), 2.27 (ddd, J = 13.9, 10.9, 2.8 Hz, 1H), 2.17 (ddd, J = 13.3, 5.1, 2.3 Hz,
1H), 1.02 (s, 3H), 0.89 (s, 9H), 0.73 (s, 3H), 0.06 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 164.9,
163.2, 159.2 (d, J = 252.8 Hz), 141.8, 131.4 (d, J = 8.6 Hz), 127.8, 124.8, 124.8, 121.2, 116.3 (d,
J = 21.3 Hz), 116.2, 103.8 (d, J = 10.9 Hz), 72.7, 56.1, 50.6, 49.7, 43.0, 42.5, 37.7, 37.6, 36.8, 32.2,
32.1, 28.6, 27.0, 26.1 (x3), 24.8, 21.0, 19.6, 18.4, 12.5, −4.4 (x2). HRMS (ESI): m/z calcd for
C35H51FNO2Si [M+H]+: 564.3668, found 564.3678.

3-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)-5-(2-((tetrahydro-
2H-pyran-2-yl)oxy)propan-2-yl)isoxazole (40h)

The title compound 40h (60 mg) was prepared as a white solid in 73% yield from
ynone 20h. 1H NMR (500 MHz, CDCl3) δ 5.99 (d, J = 1.0 Hz, 1H), 5.31 (dd, J = 4.7, 2.3 Hz,
1H), 4.59 (dt, J = 5.4, 2.5 Hz, 1H), 3.90 (dt, J = 11.3, 5.0 Hz, 1H), 3.47 (ddt, J = 15.7, 10.9,
4.7 Hz, 1H), 3.39 (dt, J = 11.1, 5.1 Hz, 1H), 2.74 (ddd, J = 14.3, 5.0, 2.2 Hz, 1H), 2.44 (dd,
J = 14.3, 10.0 Hz, 1H), 2.26 (ddd, J = 13.7, 11.1, 2.9 Hz, 1H), 2.16 (ddd, J = 13.3, 5.0, 2.3 Hz,
1H), 1.64 (s, 3H), 1.58 (s, 3H), 1.00 (s, 3H), 0.88 (s, 9H), 0.69 (s, 3H), 0.05 (s, 6H). 13C NMR
(126 MHz, CDCl3) δ 175.7, 175.6, 163.8, 163.7, 141.8, 121.1, 101.1, 101.0, 95.4, 95.3, 73.7, 73.6,
72.7, 63.3, 63.3, 56.1, 50.6, 49.7, 43.0, 42.4, 37.7, 37.6, 36.8, 32.2, 32.1, 32.0, 28.6, 28.6, 28.3, 28.2,
26.9, 26.2, 26.1, 25.4, 24.7, 21.0, 20.4, 20.4, 19.6, 18.4, 12.4, −4.4.

3-(((17R)-3β-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)-5-(((tetrahydro-
2H-pyran-2-yl)oxy)methyl)isoxazole (40i)

The title compound 40i (86 mg) was prepared as a white solid in 45% yield from ynone
20i. 1H NMR (500 MHz, CDCl3) δ 6.09 (s, 1H), 5.31 (dt, J = 5.7, 1.9 Hz, 1H), 4.77–4.70 (m,
2H), 4.59 (d, J = 13.6 Hz, 1H), 3.86 (ddd, J = 11.6, 8.9, 2.9 Hz, 1H), 3.58–3.51 (m, 1H), 3.47 (tt,
J = 10.9, 4.6 Hz, 1H), 2.75 (dd, J = 14.3, 4.7 Hz, 1H), 2.45 (dd, J = 14.3, 10.2 Hz, 1H), 2.26 (ddt,
J = 13.8, 5.5, 3.0 Hz, 1H), 2.16 (ddd, J = 13.3, 5.0, 2.3 Hz, 1H), 1.00 (s, 3H), 0.88 (s, 9H), 0.69 (s,
3H), 0.05 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 168.9, 163.9, 141.8, 121.2, 121.1, 103.0, 98.1,
72.7, 62.2, 59.8, 56.1, 50.6, 49.7, 43.0, 42.4, 37.7, 37.6, 36.8, 32.2, 32.1, 30.4, 28.6, 26.9, 26.1, 25.4,
24.7, 20.9, 19.6, 19.1, 18.4, 12.4, −4.4.

3.1.25. (17R)-17-(Isoxazol-3-ylmethyl)-androst-5-en-3β-ol (41a)

The title compound 41a (20 mg) was obtained from 40a in a similar manner for the
preparation of 24a as a white solid in 87% yield. 1H NMR (500 MHz, CDCl3) δ 8.28 (d,
J = 1.6 Hz, 1H), 6.18 (d, J = 1.7 Hz, 1H), 5.35 (dt, J = 5.5, 2.0 Hz, 1H), 3.52 (tt, J = 11.2, 4.6 Hz,
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1H), 2.81 (dd, J = 14.3, 5.0 Hz, 1H), 2.50 (dd, J = 14.3, 10.0 Hz, 1H), 2.30 (ddd, J = 13.1,
5.1, 2.2 Hz, 1H), 2.23 (ddq, J = 13.3, 11.0, 2.5 Hz, 1H), 1.01 (s, 3H), 0.71 (s, 3H). 13C NMR
(126 MHz, CDCl3) δ 162.9, 158.0, 141.0, 121.7, 104.4, 71.9, 56.0, 50.5, 49.8, 42.4, 37.7, 37.4,
36.7, 32.1, 32.1, 31.8, 28.5, 26.7, 24.7, 21.0, 19.6, 12.5. HRMS (ESI): m/z calcd for C23H34NO2
[M+H]+: 356.2584, found 356.2592.

3.1.26. (17R)-17-((5-Butylisoxazol-3-yl)methyl)-androst-5-en-3β-ol (41d)

The title compound 41d (63 mg) was obtained from 40d in a similar manner for the
preparation of 24a as a white solid in 80% yield. 1H NMR (500 MHz, CDCl3) δ 5.79 (s,
1H), 5.34 (dt, J = 5.5, 2.0 Hz, 1H), 3.51 (tt, J = 11.1, 4.5 Hz, 1H), 2.76–2.65 (m, 3H), 2.40 (dd,
J = 14.2, 10.2 Hz, 1H), 2.29 (ddd, J = 13.0, 5.1, 2.2 Hz, 1H), 2.22 (ddd, J = 13.4, 11.0, 2.8 Hz,
1H), 1.98 (dtd, J = 16.7, 4.7, 2.4 Hz, 1H), 1.01 (s, 3H), 0.92 (t, J = 7.4 Hz, 3H), 0.68 (s, 3H). 13C
NMR (126 MHz, CDCl3) δ 173.3, 163.9, 141.0, 121.6, 100.7, 71.8, 56.0, 50.5, 49.7, 42.4, 42.4,
37.6, 37.4, 36.7, 32.1 (x2), 31.8, 29.7, 28.5, 26.9, 26.5, 24.7, 22.3, 20.9, 19.5, 13.8, 12.4. HRMS
(ESI): m/z calcd for C27H42NO2 [M+H]+: 412.3210, found 412.3221.

3.1.27. (17R)-17-((5-Phenylisoxazol-3-yl)methyl)-androst-5-en-3β-ol (41e)

The title compound 41e (46 mg) was obtained from 40e in a similar manner for the
preparation of 24a as a white solid in 85% yield. 1H NMR (500 MHz, CDCl3) δ 7.80–7.70 (m,
2H), 7.43 (dt, J = 11.4, 6.7 Hz, 3H), 6.37 (s, 1H), 5.35 (d, J = 5.1 Hz, 1H), 3.58–3.45 (m, 2H),
2.81 (dd, J = 14.2, 5.0 Hz, 1H), 2.51 (dd, J = 14.3, 10.0 Hz, 1H), 2.36–2.17 (m, 2H), 2.04–1.95
(m, 1H), 1.02 (s, 3H), 0.72 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 169.5, 164.6, 141.0, 130.1,
129.0 (x2), 127.8, 125.9 (x2), 121.7, 99.5, 71.9, 56.0, 50.5, 49.8, 42.4 (x2), 37.7, 37.4, 36.7, 32.1,
32.1, 31.8, 28.6, 27.0, 24.7, 21.0, 19.6, 12.5. HRMS (ESI): m/z calcd for C29H38NO2 [M+H]+:
432.2897, found 432.2903.

3.1.28. (17R)-17-((5-(Pyridin-3-yl)isoxazol-3-yl)methyl)-androst-5-en-3β-ol (41f)

The title compound 41f (27 mg) was obtained from 40f in a similar manner for the
preparation of 24a as a white solid in 62% yield. 1H NMR (500 MHz, CDCl3) δ 8.99 (s, 1H),
8.69–8.59 (m, 1H), 8.07 (dt, J = 8.0, 1.9 Hz, 1H), 7.41 (dd, J = 8.0, 4.8 Hz, 1H), 6.48 (s, 1H),
5.35 (dt, J = 5.5, 1.9 Hz, 1H), 3.52 (tt, J = 11.1, 4.5 Hz, 1H), 2.83 (dd, J = 14.3, 4.9 Hz, 1H),
2.54 (dd, J = 14.3, 10.1 Hz, 1H), 2.30 (ddd, J = 13.0, 5.1, 2.1 Hz, 1H), 2.24 (ddd, J = 13.2,
10.8, 2.6 Hz, 1H), 2.00 (dtd, J = 16.5, 4.7, 2.4 Hz, 1H), 1.02 (s, 3H), 0.73 (s, 3H). 13C NMR
(126 MHz, CDCl3) δ 166.7, 164.8, 150.8, 147.1, 141.0, 133.0, 129.9, 123.9, 121.7, 100.6, 71.9,
56.1, 50.6, 49.8, 42.5, 42.4, 37.7, 37.4, 36.8, 32.1, 32.1, 31.8, 28.6, 27.0, 24.7, 21.0, 19.6, 12.5.
HRMS (ESI): m/z calcd for C28H37N2O2 [M+H]+: 433.2850, found 433.2858.

3.1.29. (17R)-17-((5-(2-Fluorophenyl)isoxazol-3-yl)methyl)-androst-5-en-3β-ol (41g)

The title compound 41g (53 mg) was obtained from 40g in a similar manner for the
preparation of 24a as a white solid in 90% yield. 1H NMR (500 MHz, CDCl3) δ 7.95 (td,
J = 7.6, 1.8 Hz, 1H), 7.40 (tdd, J = 7.4, 5.0, 1.8 Hz, 1H), 7.26 (dq, J = 7.4, 3.9, 2.9 Hz, 2H), 7.18
(dd, J = 11.4, 8.0 Hz, 2H), 6.56 (d, J = 3.9 Hz, 1H), 5.35 (d, J = 5.1 Hz, 1H), 3.57–3.47 (m, 1H),
2.83 (dd, J = 14.3, 5.0 Hz, 1H), 2.54 (dd, J = 14.3, 10.0 Hz, 1H), 2.30 (ddd, J = 13.2, 5.2, 2.0 Hz,
1H), 2.24 (dt, J = 15.5, 7.7 Hz, 1H), 1.02 (s, 3H), 0.73 (s, 3H). 13C NMR (126 MHz, CDCl3) δ
164.9, 163.2, 159.2 (d, J = 252.8 Hz), 131.4 (d, J = 8.5 Hz), 131.4, 128.8 (d, J = 101.8 Hz), 124.8
(d, J = 3.5 Hz), 121.7, 116.3 (d, J = 21.7 Hz), 103.8 (d, J = 10.9 Hz), 71.9, 56.0, 50.5, 49.7, 42.4
(x2), 37.7, 37.4, 36.7, 32.1, 32.1, 31.8, 28.5, 27.0, 24.7, 21.0, 19.6, 12.5. HRMS (ESI): m/z calcd
for C29H37FNO2 [M+H]+: 450.2803, found 450.2813.

3.1.30. (17R)-17-((5-(2-Hydroxypropan-2-yl)isoxazol-3-yl)methyl)-androst-5-en-3β-ol (41j)

The title compound 41j (182 mg) was obtained from 40h in a similar manner for the
preparation of 24j as a white solid in 70% yield. 1H NMR (500 MHz, C5D5N) δ 6.42 (s,
1H), 5.43 (d, J = 4.9 Hz, 1H), 3.86 (td, J = 10.4, 5.7 Hz, 1H), 2.86 (dd, J = 14.2, 4.8 Hz, 1H),
2.68–2.59 (m, 2H), 2.55 (dd, J = 14.2, 9.6 Hz, 1H), 2.15–2.06 (m, 1H), 1.96 (dtd, J = 17.1, 5.2,
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2.2 Hz, 1H), 1.83 (s, 6H), 1.06 (s, 3H), 0.66 (s, 3H). 13C NMR (126 MHz, C5D5N) δ 180.1,
164.2, 142.4, 121.5, 100.1, 71.6, 68.7, 56.4, 51.1, 50.2, 43.9, 42.7, 38.3, 38.0, 37.4, 33.0, 32.6, 32.5,
30.2, 30.1, 29.1, 27.5, 25.1, 21.5, 20.0, 12.7. HRMS (ESI): m/z calcd for C26H40NO3 [M+H]+:
414.3003, found 414.3013.

3.1.30.1. (17R)-17-((5-(Hydroxymethyl)isoxazol-3-yl)methyl)-androst-5-en-3β-ol (41k)

The title compound 41k (23 mg) was obtained from 40i in a similar manner for the
preparation of 24j as a white solid in 90% yield. 1H NMR (500 MHz, C5D5N) δ 6.45 (s, 1H),
5.43 (d, J = 4.9 Hz, 1H), 5.04 (s, 2H), 3.87 (tt, J = 10.3, 5.4 Hz, 1H), 2.86 (dd, J = 14.2, 5.0 Hz,
1H), 2.65 (qd, J = 8.0, 2.3 Hz, 2H), 2.54 (dd, J = 14.2, 9.6 Hz, 1H), 2.15–2.07 (m, 1H), 1.06
(s, 3H), 0.66 (s, 3H). 13C NMR (126 MHz, C5D5N) δ 174.1, 164.5, 142.5, 121.6, 102.4, 71.7,
56.7, 56.5, 51.2, 50.3, 44.0, 42.8, 38.3, 38.2, 37.4, 33.1, 32.7, 32.6, 29.2, 27.5, 25.2, 21.5, 20.1, 12.8.
HRMS (ESI): m/z calcd for C24H36NO3 [M+H]+: 386.2690, found 386.2694.

3.2. Biology
3.2.1. CYP17A1 Inhibitory Assay

Recombinant human CYP17A1 was purified according to [38]. Recombinant rat
NADPH-cytochrome P450 reductase (CPR) was purified according to [39]. Recombinant
human cytochrome b5 was purified according to [40].

To determine ligand binding constants (Kdapp values) of the CYP17A1, spectrophoto-
metric titration was performed using a Cary 5000 UV–Vis NIR dual-beam spectrophotome-
ter (Agilent Technologies, Santa Clara, CA) in 1 cm quartz cuvettes. Stock solutions of the
steroids were prepared at concentration 10 mM in DMSO. The titration was repeated at
least three times, and Kdapp was calculated as described previously [41].

CYP17A1 activity was measured in the reconstituted system at 37 ◦C in 25 mM
Hepes buffer (pH 7.2) according to early developed method [38]. Aliquots of concentrated
recombinant proteins were mixed and pre-incubated for 5 min at RT. Progesterone or
17α-hydroxypregnenolone were added to the reaction mixture at the final concentration of
50 µM. Selected compounds were added to the reaction mixture at the final concentration of
50 µM. To measure the activity, the final concentrations of CYP17A1 and CPR were 1.0 and
2.0 µM, respectively. For analysis of 17,20-lyase activity, 1.0 µM cytochrome b5 was used.
After 10 min of pre-incubation at 37 ◦C, the reaction was started by adding NADPH at the
final concentration 0.25 mM. Aliquots (0.5 mL) were taken from the incubation mixture
after 30 min of reaction. Steroids were extracted with 5 mL of methylene chloride. The
organic layer was carefully removed and dried under argon flow. 100 µL of methanol was
added to the pellet, and steroids were analyzed on a computerized HPLC system.

3.2.2. Cultivation of Cell Lines

The reporter cell line ARE14 derived from 22Rv1 [36] was a kind gift from prof. Zdeněk
Dvořák (Palacký University Olomouc, Czech Republic). LNCaP were purchased from
ECACC, while LAPC-4 and DU145 cells were kindly gifted by prof. Jan Bouchal (Palacky
University Olomouc and University Hospital, Olomouc, Czech Republic). ARE14, LNCaP,
and DU145 were cultivated in RPMI-1640 medium, and LAPC-4 was cultivated in DMEM
medium. All media were supplemented with 10% standard or charcoal-stripped fetal
bovine serum (steroid-depleted serum), 100 IU/mL penicillin, 100 µg/mL streptomycin,
4 mM glutamine, and 1 mM sodium pyruvate. Cells were cultivated in a humidified
incubator at 37 ◦C and in 5% CO2 atmosphere.

3.2.3. AR-Transcriptional Activity Assay

ARE14 cells were seeded (40,000 cells/well) into the Nunc™ MicroWell™ 96-well opti-
cal plate (Thermo Fisher Scientific, Waltham, MA, USA) on the second day. The cultivation
medium was discarded, and the cells were washed with PBS. Analyzed compounds were
dissolved in medium supplemented with CSS (agonist mode) or CSS with 1 nM R1881
(antagonist mode) and added to cells, including CSS and 1 nM R1881 controls. Upon 24 h
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of incubation, cells were washed with PBS and lysed for 10 min in a lysis buffer (10 mM
Tris pH = 7.4, 2 mM DCTA, 1% nonidet P40, 2 mM DTT) at 37 ◦C. Next, a reaction buffer
(20 mM tricine pH = 7.8, 1.07 mM MgSO4

.7H2O, 5 mM ATP, 9.4 mM luciferin) was added,
and the luminescence was measured using a Tecan M200 Pro microplate reader (Biotek,
Winooski, VT, USA).

3.2.4. Cell Viability Assay

Cells were seeded into the 96-well tissue culture plates and, on the other day, com-
pounds were added in different concentrations in duplicate for 72 h. Upon treatment, the
resazurin solution (Sigma Aldrich, St. Louis, MI, USA) was added for 4 h, and then the
fluorescence of resorufin was measured at 544 nm/590 nm (excitation/emission) using a
Fluoroskan Ascent microplate reader (Labsystems, Budapest, Hungary). The GI50 value
was calculated from the dose–response curves that resulted from the measurements using
GraphPad Prism 5.

3.2.5. Colony Formation Assay

LAPC-4 (10,000 cells per well) were seeded into 6 well plates and cultivated for 2 days.
Next, the medium was removed and replaced with fresh medium containing different
concentrations of the compound. Cells were cultivated with the compounds for 10 days.
After that, the medium was discarded, colonies were fixed with 70% ethanol, washed
with PBS, and stained with crystal violet (1% solution in 96% ethanol). Finally, wells were
washed with PBS until the bottom was clear and colonies were visible and the photograph
was captured.

3.2.6. Immunoblotting

After the treatment, cells were washed twice with PBS, pelleted, and kept frozen
in −80 ◦C. Cells were lysed, as usual, in ice-cold RIPA lysis buffer supplemented with
protease and phosphatase inhibitors. Cells were disrupted by ultrasound sonication on
ice and clarified by centrifugation at 14,000× g for 30 min. Protein concentration was
measured and balanced within samples. Protein solutions were denatured in SDS-loading
buffer, and proteins were separated by SDS-PAGE and electroblotted onto nitrocellulose
membranes. Membranes were blocked in 4% BSA and incubated overnight with primary
antibodies. On the next day, membranes were washed and incubated with secondary
antibodies conjugated with peroxidase. Peroxidase activity was detected by SuperSignal
West Pico reagents (Thermo Fisher Scientific, Waltham, MA, USA) using a CCD camera
LAS-4000 (Fujifilm, Minato, Japan). Primary antibodies purchased from Merck (Darmstadt,
Germany): (anti-β-actin, clone C4; anti-phosphorylated AR (S81)) and from Cell Signaling
Technology (Danvers, MA, USA) (anti-AR, clone D6F11; anti-PSA/KLK3, clone D6B1; anti-
Nkx3.1, clone D2Y1A; anti-rabbit secondary antibody (porcine anti-rabit immunoglobulin
serum)). All antibodies were diluted in 4% BSA and 0.1% Tween 20 in TBS.

3.2.7. Molecular Docking

Molecular docking of compounds 3–7j and 6–4z was performed into the crystal struc-
ture of CYP17A1 co-crystalised with heme and abiraterone (PDB:3RUK). The abiraterone
molecule was extracted from the protein target before docking, for which the protein was
set rigid. For molecular docking into the AR-LBD structure, its crystal structure with DHT
was used (PDB:2PIV), and two key amino-acid residues in both extremities of the cavity
(Arg752 and Thr877) were set flexible. Accuracy of the docking was assured by re-docking
of abiraterone and galeterone into the protein targets and comparison with crystal structure
or previously published docking poses. The 3D structures of all compounds were prepared,
and their energy was minimized by molecular mechanics with Avogadro 1.90.0. Polar
hydrogens were added to molecules with the AutoDock Tools program [42], and docking
was performed using AutoDock Vina 1.05 [43]. Figures were generated in Pymol ver. 2.0.4
(Schrödinger, LLC, Cambridge, UK).
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4. Conclusions

In summary, in this paper, we present the synthesis and biological studies of steroids
containing an isoxazole fragment on their side chain. The presented synthetic approach
allowed the preparation of regioisomeric isoxazole derivatives bearing a steroid moiety
at both C-3 and C-5 of the heterocycle using common intermediates. Biological studies of
the obtained compounds included an examination of their effects on 17α-hydroxylase and
17,20-lyase activity of human CYP17A1 and the ability of selected compounds to influence
the downstream AR signaling.

Most of the compounds have a moderate inhibitory effect on the activity of human
CYP17A1. The most promising results (predominant inhibitory effect on 17/20-lyase
reaction over effect on 17α-hydroxylase activity of CYP17A1) were obtained for the com-
pounds 41a and 41k. These molecules are the most perspective for further optimization.
Compounds 41f,g,j also had a predominant effect on the 17,20-lyase reaction of CYP17A1.
Moreover, binding and interactions of 41a in CYP17A1 was described using molecular
docking and was found nearly identical, compared to abiraterone. Several compounds
were further evaluated for their ability to affect the AR transactivation and the viability
of several PCa cell lines. Within prepared compounds, three AR antagonists were found
to abolish the AR transcriptional activity and the viability of AR-positive PCa cell lines
in mid-micromolar concentrations. Candidate compound 24j decreased the AR protein
level and blocked its downstream signaling and significantly inhibited colony formation of
LAPC-4 cells. Binding of 24j in AR-LBD was described to be similar to galeterone. Overall,
the results support the development of novel steroidal derivatives targeting CYP17A1 and
AR as anticancer agents in PCa therapy.
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Abbreviations

AR androgen receptor
CCS charcoal stripped serum
CDI N,N-carbonyldiimidazole
CFA colony formation assay
CPR NADPH-cytochrome P450 reductase
DCM dichloromethane
DHT dihydrotestosterone
DMF dimethylformamide
DMP Dess-Martin periodinane
ESI electrospray ionization
FBS fetal bovine serum
Gal galeterone
HRMS high resolution mass spectrometry
LBD ligand-binding domain
PC prostate cancer
PE petroleum ether
TBAF tetra-n-butylammonium fluoride
TBS tert-butyldimethylsilyl
THF tetrahydrofuran
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Table S1. AR transcriptional and antiproliferative activities of novel derivatives. 

  AR transcriptional activity (%)   
Viability after 72 h (GI50)c 

Cmp.  ANTAGONIST MODEa     AGONIST MODEb    

  50 μM  10 μM  2 μM    50 μM  10 μM  2 μM    LNCaP  LAPC‐4  DU145 

24d  103.6 ± 42.6  112.8 ± 21.1  109.0 ± 12.1    18.6 ± 3.6  21.1 ± 1.6  17.8 ± 0.1    > 50  > 50  > 50 

24e  125.3 ± 27.4  101.1 ± 13.6  101.3 ± 9.5    12.8 ± 0.2  14.2 ± 1.4  14.7 ± 0.5    > 50  > 50  > 50 

24g  111.6 ± 19.9  112.5 ± 14.5  112.9 ± 10.9    19.7 ± 1.6  17.5 ± 0.5  15.6 ± 0.6    > 50  > 50  > 50 

24j  21.6 ± 7.8  84.8 ± 17.4  100.2 ± 13.5    6.1 ± 1.5  12.6 ± 0.1  14.4 ± 2.8    25.8 ± 0.6  18.2 ± 1.2  > 50 

27  63.5 ± 8.0  62.0 ± 14.8  89.7 ± 9.9    20.4 ± 4.2  20.9 ± 2.9  17.4 ± 0.5    > 50  > 50  > 50 

32  31.1 ± 13.3  87.8 ± 20.9  99.7 ± 17.4    14.6 ± 0.5  12.1 ± 2.7  14.0 ± 1.1    19.5 ± 0.1  18.9 ± 7.2  > 50 

36  67.4 ± 21.9  72.5 ± 15.7  101.1 ± 18.1    16.3 ± 1.7  12.0 ± 0.5  14.7 ± 0.2    > 50  19.0 ± 7.8  > 50 

38  78.2 ± 24.9  92.6 ± 20.5  96.1 ± 11.2    7.3 ± 1.1  13.0 ± 0.4  14.6 ± 1.0    > 50  > 50  > 50 

41a  50.8 ± 18.8  73.7 ± 14.9  98.2 ± 17.5    12.1 ± 1.3  14.7 ± 0.1  14.5 ± 1.5    > 50  > 50  > 50 

Gal  3.0 ± 1.8  35.1 ± 3.3  65.2 ± 6.1    2.4 ± 1.1  10.8 ± 3.1  15.4 ± 0.4    46.8 ± 0.1  28.6 ± 0.6  47.6 ± 0.2 
a measured  in  the  presence  of  compound  and  1 nM R1881  and  normalized  to  signal  of  1  nM R1881  =  100%, 

determined in duplicate and repeated twice, mean ± SD is presented. 
b measured in the presence of compound only, normalized to signal of 1 nM R1881 = 100%, measured in duplicate 

and repeated twice, mean ± SD is presented. 
c measured at least in duplicate, mean ± SD is presented. 

 

Table S2. Raw data for Figure 2. (A) Transcriptional activity of AR measured in reporter cell line in both 

antagonist (competition with 1 nM R1881) and agonist (presence of compound alone) mode upon 

treatment with different concentration of 24j.  

Concentration 

(μM) 

AR transcriptional activity (%) after 

treatment with 24 j (antagonist mode) 

 
AR transcriptional activity (%) after 

treatment with 24 j (agonist mode) 

60.00  20.55  20.45  15.39  15.98    6.48  8.33  7.15  5.97 

20.00  55.89  57.74  58.97  51.32    14.35  16.25  14.56  15.38 

6.67  78.82  77.07  74.29  83.26    16.97  15.48  17.44  20.21 

2.22  88.25  93.78  91.50  88.12    15.89  17.90  21.24  19.34 

0.74  95.70  97.95  95.17  95.70    17.18  19.44  20.73  22.58 

0.25  98.38  91.23  93.41  98.15    18.16  19.80  20.78  20.68 

 

 

 

 

 

 

 



 

Figure S1. Raw picture for Figure 2. (B) Colony formation assay of PCa cells LAPC‐4 after treatment with 24j for 

10 days.  

 

Figure S2. Colony formation assay of PCa cells LAPC‐4 after treatment with standards for 10 days.  



 

 

Figure  S3.  Raw  picture  for  Figure  3. Western  blotting  analysis  of AR  and AR‐regulated  proteins  in  treated  

LAPC‐4 cells. 



 

 

Figure  S4.  Raw  picture  for  Figure  3. Western  blotting  analysis  of AR  and AR‐regulated  proteins  in  treated  

LAPC‐4 cells. 
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SUMMARY 

The treatment of prostate cancer (PCa) has undergone significant advancements and targeting 

of androgen receptor (AR) by next-generation hormone therapies improved patients’ outcomes, 

but nearly all patients eventually progress to develop resistance. Therefore, the discovery 

of novel agents is needed to improve the treatment efficacy of PCa. 

The main part of the dissertation thesis investigated the biological activity of the library 

of dihydrotestosterone (DHT)-derivatives with different modifications on the A-ring 

(119 compounds in total) prepared by Éva Frank’s (University of Szeged, Hungary) synthetic 

group. The A-ring fused pyrazole modification of DHT was generally the most potent structural 

motif of analysed compounds, with representatives displaying strong antagonist activity against 

AR transactivation, and potent antiproliferative activity towards PCa, surpassing standard AR 

antagonists like enzalutamide and galeterone. The potent downregulation and degradation 

of AR, induced by lead compound must be underscored, as well as its activity in patients’ 

samples ex vivo. Molecular docking studies provided the structural basis of compounds’ 

activity, revealing interactions with the AR and potential for further optimization.  

In the other part of the dissertation, given the role of the glucocorticoid receptor (GR) 

in PCa acquired resistance, novel hydrocortisone’s derivatives were also analysed and dual 

antagonists of AR/GR were described. The lead compound suppressed the signalling of both 

receptors, the interactions were proved in cells and modelled by molecular docking. The 

findings support the development and characterisation of dual AR/GR antagonists 

as anticancer agents in PCa cases with upregulation of GR activity. 

Overall, the dissertation study provided valuable insights into the design and 

development of novel AR-targeted compounds for the treatment of PCa, highlighting their 

potential as alternative or complementary therapies to existing standards of care.  

  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/anticancer
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1 INTRODUCTION AND OBJECTIVES  
Nuclear receptors (NRs) are crucial regulators of physiological processes, including 

metabolism, immunity, development and cell proliferation. However, they also act as pivotal 

regulators of diseases and serve as biomarkers for tumour classification and targets for hormone 

therapy (Dhiman et al., 2017). The androgen receptor (AR) is a nuclear receptor that binds the 

androgen hormones (testosterone) (Velho et al., 2021), and acts as a transcription factor, 

playing a crucial role in the physiological development of male sexual characteristics. However, 

it is also implicated in diseases including muscular atrophy (Brinkmann, 2001), prostate cancer 

(PCa) or breast cancer (BrCa). In the case of PCa, the dependence on AR signalling is crucial 

and it has been exploited for therapeutic intervention for decades. 

Over the years, the treatment of PCa has undergone significant advancements and 

targeting of AR has been utilized to improve patients’ outcomes (Denmeade and Isaacs, 2002). 

While the previous standard was androgen deprivation therapy (ADT) and cytotoxic 

chemotherapy (taxanes), the approved next-generation hormone therapies targeting are the 

golden standards nowadays (He et al., 2022). Despite the initial effectiveness of PCa treatment, 

nearly all patients eventually progress to develop resistance. Novel strategies for targeting AR 

have arisen (binders of other domains except of the ligand-binding ones, targeted degradation), 

but the discovery of novel agents along with the identification of new predictive biomarkers of 

resistance is still needed to improve treatment outcomes in PCa patients (Deluce et al., 2022). 

Initially, the first antiandrogens incorporated a steroidal skeleton, but their clinical use 

was limited due to significant adverse effects (hepatotoxicity, potency decrease, cardiovascular 

limitations) (Schröder et al., 2004). The next development focused mainly on non-steroidal 

compounds and while the approval of the two generations of non-steroidal antagonists 

(flutamide, bicalutamide, nilutamide, enzalutamide, apalutamide and darolutamide) was a great 

success, there is not any approved steroid-based AR antagonist. On the contrary, the steroid-

based abiraterone is the only approved drug to block the androgen synthesis by cytochrome 

P450 17-alpha-hydroxylase, 17,20-lyase (CYP17A1) inhibition. Several other steroidal 

compounds, mostly modified on the D-ring of the androstane core have been recently 

investigated as AR modulators or for their anti-PCa properties (Jorda et al., 2019), but apart 

from abiraterone (Jarman et al., 1998) only galeterone (Njar and Brodie, 2015) entered clinical 

trials. Despite the promising pre-clinical potency, the phase III clinical trial in mPCa patients 

did not confirm galeterone’s efficacy (Taplin et al., 2019). For the abovementioned reasons, 

investigation of novel ligands is desirable.  

https://erc.bioscientifica.com/view/journals/erc/21/4/T105.xml#bib87
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However, compared to D-ring fused or substituted steroid derivatives, compounds 

containing a heterocycle moiety on the A-ring have been recently much less investigated. 

In collaboration with Éva Frank’s (University of Szeged, Hungary) synthetic group, we aimed 

to explore the biological activity and SAR of 5α-dihydrotestosterone (DHT)-derivatives with 

modifications on the A-ring. Several examples of A-ring fused quinolines (Baji et al., 2016) 

and 1-aryl-5-methyl A-ring fused pyrazoles (Mótyán et al., 2019) of DHT were previously 

synthesized by Éva Frank’s group, which demonstrated anticancer activity against multiple cell 

lines including PCa ones, but without any research of AR-targeting.  

The main objective of the dissertation thesis was to characterise the biological activity 

of already published and novel A-ring substituted DHT derivatives, searching for potent and 

selective AR antagonists (Chen et al., 2022). The compounds were intended for analysis of their 

agonist and antagonist activities towards AR, their binding into the AR, antiproliferative 

activity in PCa cell lines (both AR-positive and AR-negative ones), influence of the AR level 

and downstream signalling etc. A broad library of DHT derivatives with modification on the 

A-ring (119 compounds in total) were screened at first by the gene-reporter assay and the 

antiproliferative activity assay and further, the most potent compounds from each series were 

evaluated in detail (Appendix I - III).  

The other objective was to evaluate the biological activity of hydrocortisone’s 

derivatives prepared by the synthetic group of Gyula Schneider and Erzsébet Mernyák 

(University of Szeged, Hungary). Given the crucial role of the glucocorticoid receptor (GR) in 

resistant PCa and recently described dual and selective antagonists of AR/GR (Puhr et al., 2018; 

Wu et al., 2019; Li et al., 2024), the aim was to develop and characterise the 17α- and/or 21-

ester or carbamate derivatives of hydrocortisone. Compounds were analysed for their agonist 

or antagonist activity in both the AR and GR reporter cell lines and the lead compound 

suppressing the signalling of both receptors was successfully found (Appendix IV). As a part 

of this thesis, several D-ring-attached steroidal isoxazoles and triazoles (similar to abiraterone) 

were also characterised, displaying CYP17A1 inhibitory effect and moderate AR-antagonist 

activity (Appendix V). 

  



 

8 

 MATERIALS AND METHODS  

 Commercial compounds  
The compounds which were used as standards are listed in Table 4.  

Table 1 List of commercially available compounds, vendor and their purity.  

Compound CAS number Vendor Purity (%), determination 

enzalutamide 915087-33-1 MedChemExpress 99.96% (HPLC/MS) 

galeterone 851983-85-2 Merck ≥98 %, (HPLC) 

R1881  965-93-5 Merck ≥98 % (HPLC) 

MG-132 133407-82-6 MedChemExpress  99.97% (HPLC/MS) 

 

 Cell cultures 
The PCa cell lines comprised the LNCaP and C4-2 (American Tissue Culture Collection), 

22Rv1, LAPC-4, DU145 (generous gift from Assoc. Prof. Jan Bouchal from Faculty Hospital 

Olomouc) LNCaP-Abl and DuCaP (generous gift from Prof. Zoran Culig, Medical University 

Innsbruck, Austria) and PC-3 (German Collection of Microorganisms and Cell Cultures). All 

the PCa cell lines were cultivated in RPMI, supplemented with sera specified for each 

experiment, only LAPC-4 was routinely cultivated with 1 nM R1881 and LNCaP-Abl with 

steroid-depleted serum (charcoal-stripped serum, CSS). The AR-positive breast cancer cell 

lines comprised T47D and MCF7 (European Collection of Authenticated Cell Culture) and 

SKBR3 (American Tissue Culture Collection) and were cultivated in DMEM. The reporter cell 

lines 22Rv1-ARE14 and AZ-GR were generous gifts from Prof. Zdeněk Dvořák from the 

Department of Cell Biology, UP. All the media were supplemented with 100 IU/ml penicillin, 

100 μg/ml streptomycin, 4 mM glutamine and 1 mM sodium pyruvate. Cells were cultivated in 

a humidified incubator at 37 °C and in a 5% CO2 atmosphere. 

2.2.1 AR and GR transactivation luciferase reporter assay 
The Nunc™ MicroWell™ 96-well optical flat-bottom plate (Thermo Fisher Scientific) was 

used for luciferase assays, to which 22Rv1-ARE14 or AZ-GR cells were seeded. On the second 

day, the cultivation medium was discarded and cells were washed with PBS. Cells were then 

incubated with analysed compounds dissolved in a medium supplemented with CSS and 

1 nM R1881 or 100 nM dexamethasone in the case of 22Rv1-ARE14 or AZ-GR, respectively. 

Upon 24 h, cells were washed with PBS and lysed for 10 min in a lysis buffer (10 mM Tris 

pH 7.4, 2 mM DCTA, 1% Nonidet P40, 2 mM DTT) at 37 °C. Next, reaction buffer (20 mM 
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tricine pH 7.8, 1.07 mM MgSO4, 5 mM ATP, 9.4 mM luciferin) was added and the 

luminescence was measured using a Tecan M200 Pro reader (Biotek). 

2.2.2  Cell viability assay 
For the viability assays, cells were seeded into the 96-well tissue culture plates, the other day, 

solutions of compounds were added in different concentrations in replicates for 72 h. Upon 

treatment, the resazurin solution (Sigma Aldrich) was added for 4 h, and the fluorescence 

of resorufin was subsequently measured at 544 nm/590 nm (excitation/emission) using 

a Fluoroskan Ascent microplate reader (Labsystems). Percentual viability or GI50 value were 

calculated and plotted using GraphPad Prism 5. 

2.2.3 Colony formation assay  
PCa cells 22Rv1 and DU-145 (5000 cells per well), LAPC-4 and PC-3 (10 000 cells per well) 

were seeded into 6-well plates. After two days of cultivation, the medium was replaced with 

fresh medium with compounds and cells were further cultivated for 10 days. After the treatment, 

the medium was discarded and colonies were fixed with 70% ethanol, washed with PBS and 

stained with crystal violet (1% solution in 96% ethanol) for 1 h. Finally, wells were washed 

with PBS and colonies’ photographs were captured. 

2.2.4 Cell lysis, SDS-PAGE and Western blot 
After all treatments, cells were harvested by centrifugation, washed twice with PBS, pelleted 

and kept frozen at - 80 °C. Pellets were resuspended in RIPA lysis buffer supplemented with 

phosphatase and protease inhibitors on ice. Ultrasound sonication of cells was performed and 

samples were clarified by centrifugation at 14 000 g for 30 min. Protein concentration in 

supernatants was measured and balanced within samples, which were denatured in SDS-loading 

buffer, separated by SDS-PAGE and electroblotted onto nitrocellulose membranes. 

Immunodetection of proteins was performed as usual, membranes were blocked in 4% BSA, 

incubated overnight with primary antibodies, washed and incubated with secondary antibodies 

conjugated with peroxidase. Peroxidase activity was detected by SuperSignal West Pico 

reagents (Thermo Scientific) using a CCD camera LAS-4000 (Fujifilm). Particular primary 

antibodies are listed in publications (appendices), and secondary antibodies were purchased 

from Cell Signalling Technology. All antibodies were diluted in 4% BSA and 0.1% Tween 20 

in TBS. 
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2.2.5 Fractionation of cellular compartments 
Cellular fractionation experiments were first performed using the Qproteome Cell 

Compartment Kit (Qiagen). The protocol was subsequently optimised with in-house buffers, as 

described in section 3.5. Cells were first harvested by trypsinisation, washed in PBS and the 

basic cytosolic buffer A (150 mM NaCl, 50 mM HEPES (pH 7.4) with protease inhibitors and 

0.1% IGEPAL® CA-630 was added. After the incubation on ice, the suspension was 

centrifuged at 600 g for 6 min. The supernatant represented the cytosolic fraction, while the 

pellet was incubated with nuclear buffer B (20 mM HEPES, pH 7.9, 1.5 mM MgCl2, 

0.5 M NaCl, 0.2 mM EDTA, 20% glycerol, 1% Triton™ X100), sonicated and centrifuged at 

14 000 g for 15 min. The supernatant represented soluble nuclear proteins, while the pellet 

contained proteins bound to chromatin and cell debris. 

2.2.6 Cellular thermal shift assay 
Cellular thermal shift assay (CETSA) experiments were performed according to the optimised 

protocol (section 3.5). LAPC-4 or C4-2 cells were harvested by trypsinisation, re-suspended in 

PBS with 5 mM glucose and divided into test tubes, where they were treated with tested 

compounds for 1 h. Upon the treatment, cells were counted and equally aliquoted into PCR 

strips, heated at the temperature gradient from 37 °C to 60 °C for 3 min, cooled down to 4 °C 

and they were snap-frozen in liquid nitrogen. The lysis by freeze-thaw cycles was performed 

and the supernatants containing soluble proteins were obtained by centrifugation at 14 000 g 

for 30 min, prepared for SDS-PAGE and immunoblotted for thermostable AR level. 

2.2.7 Cell cycle analysis  
Cells were treated with test compounds for 24 h, they were harvested by trypsinisation, washed 

with PBS and fixed with 70% ethanol. After rehydration, cells were permeabilised by 2 M HCl, 

0.5% Triton X-100. Following neutralization and washing with PBS, the cells were stained with 

propidium iodide and analysed by flow cytometry with a 488 nm laser (BD FACS Verse with 

BD FACSuite software, version 1.0.6.). Cell cycle distribution was analysed using ModFit LT 

(Verity Software House, version 5.0). 

2.2.8 Analysis of mRNA expression 
Cells were treated and harvested into lysis buffer and total RNA was isolated using RNeasy 

plus mini kit (QIAGEN) based on the manufacturer’s instruction. RNA concentration and purity 

were evaluated using a DeNovix DS-11 spectrophotometer, while the quality of RNA was 

determined by gel electrophoresis. The RNA (0.5–1 μg) was reverse transcribed into cDNA by 

https://www.sigmaaldrich.com/US/en/product/sigma/t8787
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SensiFast cDNA Synthesis Kit (Bioline). RNA Spike I template (TATAA) was used  

as a control. Quantitative RT-PCR was performed on a CFX96 Real-Time PCR Detection 

System (Bio-rad) with a SensiFAST SYBR No-Rox Kit (Bioline). The suitable primers were 

designed using Primer-BLAST (Ye et al., 2012) and synthesized by Generi Biotech. Relative 

gene expression levels were determined using the ΔΔCt method (Livak and Schmittgen, 2001) 

in Bio-rad CFX Maestro 2.2. Expression was normalized per ACTB and SDHA (the most stable 

housekeeping genes).  

2.2.9 AR-ligand binding domain preparation and MST measurements 
AR-ligand binding domain (LBD) (with His6-tag) was expressed and purified using 

recombinant plasmid pET-15b-hAR-663-919, which was a generous gift from Elizabeth Wilson 

(Addgene plasmid # 89083) by the original protocol (Askew et al., 2007). The recombinant AR 

was purified into the storage buffer (25 mM Tris, 300 mM NaCl, pH 8.0, 5 mM DTT) and 

concentrated up to 0.5 mg/ml. The micro-scale thermophoresis (MST) method was used to 

prove the binding of 3d in the AR-LBD, which was labelled with the His-Tag Labelling Kit 

RED-tris-NTA (NanoTemper). The labelled protein was used for MST measurements with 

or without 3d in a final concentration of 400 nM His-tagged protein in the storage buffer, 

supplemented with 0.1% Tween. Measurements were performed on a Monolith NT.115 

instrument (NanoTemper Technologies). 

2.2.10  Molecular docking  
Molecular docking was performed with the crystal structure of AR-LBD with DHT (PDB: 

2PIV) or AR-antagonist model (Wahl and Smieško, 2018), for GR the docking was performed 

into the crystal structure of GR-LBD with mifepristone (PDB:1NHZ). The 3D structures of all 

compounds were obtained and their energy was minimised by molecular mechanics with 

Avogadro 1.90.0, a software used for the drawing and characterisation of chemical structures. 

Polar hydrogens were added to ligands and proteins with the AutoDock Tools program (Morris 

et al., 2009) and docking studies were performed using AutoDock Vina 1.05 (Trott et al., 2010). 

Interactions between ligand and amino acid residues were modelled in PLIP software (Adasme 

et al., 2021). Figures were generated in Pymol ver. 2.0.4 (Schrödinger, LLC). 
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 SURVEY OF RESULTS AND DISCUSSION 
The results part of the thesis comprises the deep screening of AR antagonists within compounds 

based on DHT with diverse A-ring substitutions. At first, the effect of compounds on AR-

transactivation and their antiproliferative potency towards PCa cell lines was assessed. The 

potent compounds were analysed in detail for their binding into the AR, the influence of the 

AR level and downstream signalling (Appendix I. – III.) by methods established at the 

department. The isolation of the cellular fractions and the thermal shift assay were optimised 

to fit best for the AR’s analysis as a part of this thesis.  

Next, hydrocortisone’s derivatives prepared by the synthetic group of Gyula Schneider 

and Erzsébet Mernyák (University of Szeged, Hungary) were analysed towards both AR/GR 

receptors and the effect of their downstream signalling (Appendix IV.). 

 Screening and discovery of novel AR antagonists  
A broad library of DHT derivatives was efficiently prepared in two steps. Altogether, 

compounds bearing different nitrogen-containing five or six-membered heterocycles as a fusion 

to the A-ring of DHT with a similar series of terminal substituents (Figure 1) (119 compounds 

in total) were thoroughly characterised.  

 

Figure 1 Schematic representation of the A-ring fused DHT derivatives from Éva Frank’s 
synthetic group analysed in publications (Appendix I. -III.) 
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The first part of the analysed library comprised α,β-enones, triazolo[1,5-a]pyrimidines 

and pyrazolo[1,5-a]pyrimidines. As shown in Appendix I., Table 3 α,β-enones belonged 

to potent antagonists, with no agonist properties. Conversely, triazolo[1,5-a]pyrimidines and 

pyrazolo[1,5-a]pyrimidine DHT-derivatives were active only partially and some of them 

displayed agonist activities. The antagonist activity of p-chlorobenzylidene derivative 2f 

(IC50 = 3.54 μM) (Figure 2) reached the single-digit micromolar values and showed to be 

comparable with standards, i.e. galeterone (IC50 = 5.82 μM) and enzalutamide (IC50 = 1.50 μM) 

(Yu et al., 2014; Tran et al., 2009) (Appendix I., Supplementary Material, S38-S41). While 

the majority of the compounds induced no decrease in PCa cells’ proliferation, the most potent 

derivative 2f displayed mid-micromolar values (GI50 = 9.9 ± 1.8 μM and 15.7 ± 4.4 μM) 

in 22Rv1-ARE14 and C4-2, respectively and outperformed the standards with GI50 > 50 μM 

(Appendix I., Supplementary Material, S42-S47). The limited cytotoxicity of AR antagonists 

(Latysheva et al., 2020; Chen et al., 2022) with rather a cytostatic effect corresponds with 

previous studies. The prolonged treatment with 2f showed dose-dependent inhibition of 22Rv1-

ARE14 colonies formation (Appendix I., Fig. 5).   

The next group comprised already published A-ring fused pyrazoles of DHT bearing 

the mono-substitution in positions N2 or N1 (series 1 and 2) and 1-aryl-5- methyl pyrazoles 

(3 and 4), together with newly prepared 1-methyl-5-aryl pyrazoles (8 and 10). The 

monosubstituted pyrazoles from series 1 and 2 displayed only a moderate antagonist effect, 

while most compounds undesirably activated the AR in agonist mode (Table 6, Appendix II., 

Table 2). Representatives from series 3 and 8 that bear the C-17 hydroxy group and combine 

methyl and aryl substitution at N1 or C5 position of pyrazole (3a–3h, 8a–8h) acted as strong 

antagonists (Table 6, Appendix II., Tables 3, 4), with the series 3 being generally more potent 

than their regioisomers from series 8. Importantly, none of the compounds displayed agonist 

activities except 8b. The most potent derivative was 3d with 1'-fluorophenyl-5'-methyl 

pyrazole moiety (Figure 2) reached the low micromolar antagonist potency (IC50 = 1.18 μM), 

outperforming the analysed standards enzalutamide and galeterone (Yu et al., 2014; Tran et al., 

2009). Antagonist activities were observed also for series 4 and 10 bearing the C-17 keto group, 

but they were less potent than their C-17 hydroxy counterparts (series 3 and 8) (Appendix II., 

Tables 3, 4). The results showed that the combination of a small substituent (Me group) with 

a bulky one (phenyl moiety) in the 1', and 5' positions of the pyrazole ring is fundamental for 

strong antagonist activity, which was obvious from the results of derivatives 8l, 10l (1',5'-

dimethyl-substituted) and 8i, 10i (1',5'-diaryl-substituted) with only agonist activities. 

https://www.sciencedirect.com/science/article/pii/S0960076021000972?via%3Dihub#fig0025
https://www.sciencedirect.com/topics/chemistry/pyrazole
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/agonist
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/position
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Antiproliferative properties of the pyrazole derivatives were screened on the panel of 

three PCa cell lines, namely LAPC-4, 22Rv1 (AR-positive) and DU145 (AR-negative). The 

activity corresponded with previous assays since compounds from series 3, 4, 8 

and 10 belonged to the most active ones. The results confirmed the selective targeting of AR 

because DU145 stayed unaffected upon treatment with the majority of compounds (Appendix 

II., Table 5) (Latysheva et al., 2020; Chen et al., 2022). The antiproliferative effect of the most 

potent compound 3d in different cell lines was dose-dependent, with selectivity for AR-positive 

PCa cell lines with GI50 values in low micromolar ranges with LAPC-4 cells being the most 

sensitive (GI50 = 7.9 ± 1.6 μM) (Appendix II., Figure S9).  

As shown in Appendix II., Table 2, Table 3, Table 4, Figures. S4 and S5, all compounds 

from series 3, 4, 8 and 10 potently blocked the formation of LAPC-4 colonies in 5 μM upon 

10 days, the majority outperforming the enzalutamide (Tran et al., 2009).  

The last analysed group in the library comprised already published steroidal A-ring-

fused quinolines (1a–1i) novel A-ring-fused 6'‐substituted pyridine derivatives (2a–2h) and A-

ring-fused 4',6'‐disubstituted pyridine derivatives (3a–3o). The quinolines included several 

antagonists, but with lower potency compared to earlier derivatives, with moderately active 

compounds (1a, 1d, 1i). In the agonist mode, few compounds displayed agonist activity (1b, 

1g, 1c, 1i) (Appendix III., Table 3) The lead compound 1d (Figure 2) was the most potent 

quinoline derivative with IC50 = 10.51 µM, comparable to galeterone (7.59 µM) (Yu et al., 

2014) (Appendix III., Figure 7). There was no clear SAR within series 2 and 3, of the 

pyridines, which generally showed few and only weak antagonists. Interestingly in series 3, the 

combinations of methyl and aryl substitutions or bi-aryl substitutions followed the same 

tendency as in the A-ring fused pyrazoles (Appendix III., Table 3). The antiproliferative 

analysis upon 72 h correlated with weak antagonist properties, since the majority of compounds 

decreased the viability only to 70–80% of the vehicle-treated cells (Latysheva et al., 2020; Chen 

et al., 2022). Generally, the viability of DU145 was not influenced, showing selective targeting 

of the AR. The most potent quinoline compounds 1d and 1i displayed reasonable 

antiproliferative activity selective towards AR-positive 22Rv1, LAPC-4 and LNCaP 

(Appendix III., Table 4, Figure 7), outperforming the standard antagonists galeterone and 

enzalutamide. The prolonged treatment of LAPC-4 in colony-formation assay showed 

antiproliferative activity of compounds 1a, 1c, 1d, 1g - 1i (Appendix III., Figure 5). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/antiproliferative-activity
https://www.sciencedirect.com/science/article/pii/S0223523423000016?via%3Dihub#appsec1
https://www.sciencedirect.com/science/article/pii/S0223523423000016?via%3Dihub#tbl2
https://www.sciencedirect.com/science/article/pii/S0223523423000016?via%3Dihub#tbl3
https://www.sciencedirect.com/science/article/pii/S0223523423000016?via%3Dihub#tbl4
https://www.sciencedirect.com/science/article/pii/S0223523423000016?via%3Dihub#appsec1
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Figure 2 Structures of the most potent compounds from each group.  

 Compounds’ effect on AR downstream signalling and the cell cycle 
AR modulators block the transport of AR to the nucleus (Tran et al., 2009; Yu et al., 2014). 

Therefore, the effect of 2f on AR distribution in R1881-stimulated cells was analysed. 

As shown in Appendix I., Fig. 7, compound 2f and galeterone markedly decreased the 

transport of AR to the nucleus and while AR remained in cytosol upon the treatment of cells 

with 2f, galeterone induced also partial AR degradation (Kwegyir-Afful et al., 2015). The effect 

of the most potent AR antagonists from the screening to the AR downstream signalling was 

analysed by western-blot of AR transcription targets, PSA and Nkx3.1. In the case of the  

p-chlorobenzylidene derivative 2f, the treatment of 22Rv1-ARE14 and C4-2 did not change the 

protein expression of AR itself, while expression of PSA and Nkx3.1 decreased in a dose-

dependent manner. It correlated with the effect on AR-transactivation and it was comparable 

with galeterone (Yu et al., 2014). Moreover, cleaved PARP (indicating ongoing apoptosis) was 

not detected, corresponding with mild cytotoxicity of the investigated compound (Appendix 

I., Figure 9). 

The candidate pyrazole 3d displayed potent blockage of AR signalling mainly in LAPC-

4 (expressing wt-AR), with sharp decreases in both Nkx3.1 and PSA protein levels and AR-

phosphorylation level at S 81 as well as moderate decrease in AR level, in agreement with 

antagonist activity (Jorda et al., 2018; Lv et al., 2020). Moreover, 3d displayed activity 

in LNCaP cells (bearing the AR Thr877Ala mutation) and importantly, even in CRPC model 

LNCaP – Abl (with AR hypersensitivity (Culig et al., 1999), being able to block the S81 

phosphorylation and down-regulate both the AR and PSA (Appendix II., Figure 4). Moreover, 

the changes in AR level and downstream targets were time and dose-dependent with 

suppression of AR signalling up to 10 μM concentration of 3d (comparable to galeterone's 

effect) in LAPC-4 (Appendix II., Figure 5), as well as in 22Rv1 and LNCaP (Appendix II., 

Supplementary Figure S6) (Kwegyir-Afful et al., 2015). Long-term treatment of LAPC-4 

https://www.sciencedirect.com/science/article/pii/S0960076021000972?via%3Dihub#fig0035
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/poly-adp-ribose-polymerase
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showed a significant decrease in the AR expression, which is discussed in section 3.3. The 

quinoline compounds 1d and 1a moderately diminished the AR phosphorylation on S81 and 

suppressed the AR signalling in LAPC-4, similar to galeterone (Kwegyir-Afful et al., 2015) 

(Appendix III., Figure 7). The lead compound 1d decreased the PSA level even in LNCaP and 

22Rv1 (Appendix III., Supplementary Figure 4).  

To further describe the mechanism of action of candidate compounds, the cell cycle 

analysis was performed. The 48-h treatment with pyrazole derivative 3d reduced the number 

of cells in S-phase in AR-positive LAPC-4 and 22Rv1 cells, but with no effect in AR-negative 

DU145 cells (Appendix II., Supplementary Figure S10), corresponding with published AR-

regulation of the cell cycle (Gregory et al., 2001). The effect of 3d was comparable with 

PROTAC bavdegalutamide. The S-phase decrease was compensated by G2/M increase 

in LAPC-4, but G1 increase in 22Rv1cells, showing different consequences among the PCa cell 

lines. The inactivity in DU145 proved the AR selectivity (Puhr et al., 2018). The quinoline 

derivative 1d induced an increase in G1 percentage with reduced S-phase percentage in  

LAPC-4 and LNCaP, more profound compared to galeterone or enzalutamide (Appendix II., 

Supplementary Figure S5). 

 AR downregulation and induction of its degradation  
Long-term treatment of LAPC-4 with the most potent pyrazole 3d showed a significant 

decrease in AR protein level upon 48 and 72 h (Appendix II., Figure 5B), as observed for 

bavdegalutamide (Neklesa et al., 2018), galeterone (Yu et al., 2014) and other monomer AR-

degraders. Moreover, the expression of PSA and Nkx3.1 was completely switched off upon 

72 h treatment and it caused proliferation inhibition without massive apoptosis (Appendix II., 

Supplementary Figure S7), confirming that the AR downregulation is not evoked by cell 

death. 

Using the rescue experiment (Tang et al., 2009), the ability of 3d to bind to AR-LBD 

was verified, showing that 3d-saturated AR has impaired bavdegalutamide degradation 

(Appendix II., Figure 5C). Further, qPCR analysis of mRNA expression of AR and KLK3 

(PSA) was performed. In the 24-h treatment, lead compound 3d decreased KLK3 mRNA 

expression in activated 22Rv1 and LAPC-4 cells more potently than enzalutamide or galeterone 

(Appendix II., Figure 7B). The expression of AR transcript decreased moderately, as well 

(Appendix II., Supplementary Figure S11). Further, an experiment with proteasome 

inhibition was performed to distinguish between targeting the AR transcription or the AR-

protein stability. The proteasome inhibitor MG-132 treatment led to the accumulation 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-cycle-analysis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-cycle-analysis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/real-time-polymerase-chain-reaction
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of ubiquitinated proteins (including AR) (Jin et al., 2020) (Figure 3A). Contrary to the effect 

of 3d and bavdegalutamide, MG-132 induced an increase in AR protein level and co-treatment 

with the analysed AR degraders blocked the AR degradation (Figure 3A). It proved that the 3d 

induced proteasomal degradation and changed the AR turnover, similar to galeterone (Kwegyir-

Afful et al., 2015). Additionally, the dose-response treatment with 3d decreased also the AR 

mRNA expression below 50 % in 10 μM (comparable to galeterone (Kwegyir-Afful et al., 

2015)), while the 1 μM bavdegalutamide (Neklesa et al., 2018) did not influence it (Figure 

3B). Most importantly, it was shown that compound 3d induced a clear downregulation of AR 

(similar to bavdegalutamide) in short-term ex vivo culture of patient-derived samples 

(Appendix II., Figure 8, Supplementary Figure S12).  

 

 
Figure 3 (A) Western blot analysis of AR and overall ubiquitinylated proteins. The LAPC-4 
cells were treated with 3d, bavdegalutamide, MG-132 or combinations for 20 h and the full-
cell lysate in 1% SDS was prepared. β-actin served as a loading control. (B) The dose-dependent 
effect of compound 3d and bavdegaltuamide (Bav) on relative normalized mRNA expression 
of AR and downstream KLK3 (PSA). Cells were cultivated in CSS medium and then treated 
with compounds in the presence of 1 nM R1881 for 24 h.  
 

 Analysis of compounds’ interaction with AR  
Steroidal agonists induce thermal stabilisation of AR performed by CETSA (Shaw et al., 2018), 

therefore it was recruited and optimised as described in section 3.5. The assay proved the direct, 

in-cell binding of 2f (Appendix I., Figure 6) to the AR in a dose-dependent manner. The 

experiment with R1881 confirmed previously published increase in AR’s thermal stability 

as well (Shaw et al., 2018). 

 The CETSA is a tedious and time-consuming method. That is why the expression of 

recombinant human His6-AR-LBD was performed (Askew et al., 2007) and innovatively it was 
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expressed ligand-free (otherwise expressed with DHT), to bind ligands, analysed by the micro-

scale thermophoresis (Nanotemper). The binding of the 3d induced significant dose-dependent 

changes in the protein mobility (Wienken et al., 2010) (Appendix II., Figure S8). Using the 

same procedure, the interaction of 1d was also confirmed and the change was consistent with 

the effect of 25 µM galeterone (Appendix II., Figure 8B). 

To describe interactions of antagonists in the LBD, molecular docking into AR-LBD 

co-crystal structure with DHT (PDB: 2PIV) was recruited. The key residues in extremities of 

the cavity (Asn705, Gln711, Arg752, and Thr877) were set flexible. Candidate 

compound 2f showed extensive interactions (Appendix I., Figure 8) and high binding energy 

(-12.7 kcal/mol). The lead compound 3d revealed more extensive binding in AR-LBD with 

poses similar to steroidal antagonists cyproterone (Bohl et al., 2007) or galeterone (Njar and 

Brodie, 2015). Moreover, it was confirmed by similar positions as in the antagonist model 

(Wahl and Smieško, 2018). The first two poses of 3d displayed high binding energy 

(−11.8 kcal/mol and −11.6 kcal/mol, respectively) and similar orientation (Figure 4; Appendix 

II., Figure 6A, B), but in the first pose the C-17β-OH group formed a conserved hydrogen 

bond with Thr877, while in the second pose with Asn705 (Figure 4; Appendix II., Figure 8B). 

Moreover, it showed similar binding to cyproterone and the pose independent of Thr877 was 

also observed in non-steroidal antiandrogens (Xu et al., 2022). The docking of the quinoline 

1d in the same setting showed a very similar binding pose, with the binding energy = 

−10.2 kcal/mol. Overall, it formed hydrogen bonds with Arg752 and Gln711, the steroid core 

formed conserved interactions (Gim et al., 2021) and the 17β-OH formed a bond with Thr877, 

with a possible interaction with Asn705 (Appendix III., Figure 8C). 
 

 
Figure 4 Binding poses of the most potent pyrazole derivative 3d (orange) in the AR-LBD 
(light blue), dependent (A) and independent (B) of Thr877. The interacting AR residues are 
shown as blue sticks. Nitrogen atoms are shown in dark blue, oxygen in red, sulphur in yellow, 
and fluorine in cyan. 
 
 
 

https://www.sciencedirect.com/science/article/pii/S0223523423000016?via%3Dihub#appsec1
https://www.sciencedirect.com/science/article/pii/S0960076023000705#fig0040
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/docking-molecular
https://www.sciencedirect.com/science/article/pii/S0960076023000705#fig0040
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cyproterone
https://www.sciencedirect.com/science/article/pii/S0960076023000705#fig0040
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/hydroxyl-group
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/hydrogen-bond
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/hydrogen-bond
https://www.sciencedirect.com/science/article/pii/S0960076023000705#fig0040
https://www.sciencedirect.com/science/article/pii/S0960076023000705#fig0040
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 Optimisation of cell compartment fractionation and CETSA  
The trial experiment of cellular fractionation was performed using the Qproteome Cell 

Compartment Kit (Quiagen) (Appendix I., Figure 7). Subsequently, a protocol using in-house 

buffers was optimised. Inspired by protocols for crude subcellular fractionation (Abmayr et al., 

2006; Holden and Horton, 2009), 22Rv1 cells were initially directly lysed from the monolayer 

on the Petri dish, which was incubated with the lysis buffer A (cytosolic, 150 mM NaCl, 50 mM 

HEPES (pH 7.4), 45 μg/ml digitonin with protease inhibitors) on ice, which should have 

released the cytosol fraction (Abmayr et al., 2006; Holden and Horton, 2009), that was collected 

(sample 1) (Figure 5A). Unfortunately, the digitonin did not disrupt cells, which were scratched 

in another portion of buffer A (sample 2). Upon centrifugation at 600 g for 6 min, the pellet 

contained all proteins (sample 3), while the supernatant only the cytosolic ones (sample 4). The 

pellet was further incubated with the RIPA (nuclear) lysis buffer (150 mM NaCl, 50 mM 

HEPES (pH 7.4) 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate) in which 

it completely dissolved (sample 5), but contained all the types of proteins (Figure 5A)  

 Another protocol was used for the monolayer of 22Rv1 cells (Baghirova et al., 2015), 

first incubated with the lysis buffer A (cytosolic, 150 mM NaCl, 50 mM HEPES (pH 7.4), 0,1% 

IGEPAL® CA-630 with protease inhibitors) on ice. Upon the incubation, the cells detached, 

they were gently collected from the dish bottom (sample 1) (Figure 5B) and centrifuged at 

600 g for 6 min. The obtained supernatant (sample 2) contained only cytosolic proteins, while 

the pellet was further incubated with buffer B (nuclear, 20 mM HEPES, pH 7.9, 1.5 mM MgCl2, 

0.5 M NaCl, 0.2 mM EDTA, 20% glycerol, 1% Triton™ X100), sonicated and centrifuged at 

14 000 g for 15 min. The obtained supernatant (sample 3) contained soluble nuclear proteins 

and the insoluble pellet contained DNA-bound proteins (sample 4) (Figure 5B).  

 The previous attempts showed complications with direct lysis on the Petri dish, so for 

the comparison of different detergents (Baghirova et al., 2015; Senichkin et al., 2021) in the 

cytosolic buffer, cells were harvested by trypsinisation, washed and divided into aliquots. Then, 

the basic cytosolic buffer A was applied with three different detergents (45 μg/mL digitonin 

or 0.1% IGEPAL® CA-630 or 0.1% NP-40). After the incubation on ice, the suspension was 

centrifuged at 600 g for 6 min. The obtained supernatant should represent the cytosolic fraction 

(c), while the pellet was further incubated with buffer B, sonicated and centrifuged at 14 000 g 

for 15 min to obtain soluble nuclear fraction (n). It was shown that Igepal or NP-40 (Baghirova 

et al., 2015; Senichkin et al., 2021) are suitable for cytosol extraction, while digitonin did not 

succeed, contrary to published protocols (Abmayr et al., 2006; Holden and Horton, 2009) 

https://www.sigmaaldrich.com/US/en/product/sigma/t8787


 

20 

(Figure 5C). The combination of the Igepal/Triton buffers was further shown to easily 

fractionate the cells for the desired fractions (Figure 5D). The optimised buffers (summarised 

in section 2.2.5) were further used to assess the NR’s localisation (Appendix IV., Figure 4). 

 
Figure 5 Comparison of digitonin and RIPA buffers (A) with Igepal/ Triton buffers (B) for 
22Rv1 cell fractionation from Petri dish with the same procedure (lysis in the first buffer, 
scratching of the cells, low speed-centrifugation to separate nuclei, their lysis in the second 
buffer, high-speed centrifugation to separate insoluble parts. Numbers correspond with 
obtained cellular fraction. (C) Fractionation of trypsinised cells incubated with different 
combinations of lysis buffers with the same general procedure to obtain cytosolic (c) and 
nuclear (n) fractions. (D) Igepal/ Triton combination for the best fractionation of cytosol (c), 
soluble nuclear proteins (n) and DNA-bound nuclear proteins (d) with the membrane debris.  
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The binding of candidate AR antagonists was first evaluated by CETSA, whose 

advantage is the use of untagged AR from cell lysate or within intact cells, showing the thermal 

stabilisation upon target engagement. At first, the CETSA experiment was based on the original 

publication (Jafari et al., 2014) using a purified AR-FL protein (Merck Millipore) in a protein 

buffer and a crude cell lysate of C4-2 cells (high AR expression) in RIPA lysis buffer. The 

aggregation temperature was screened in the range of 40 – 60 °C (3 min in CFX96 Touch 

(BioRad), then the samples were cooled for 3 min at 4 °C and centrifuged at 14 000 g for 30 

min. The supernatants were subsequently mixed with SDS-loading buffer, separated by SDS-

PAGE and immunoblotted with AR-antibody.  

It was shown that the thermal stability of recombinant protein is insufficient, while the 

lysate from C4-2 cells displayed an appropriate response, with the aggregation temperature 

around 44 °C (Figure 5A). The optimisation continued with the C4-2 cell lysate from the 

harvested cells cultivated in full, FBS-supplemented media or in CSS-supplemented media 

(steroid-depleted). No clear thermal stabilisation was observed upon the incubation of the 

R1881 or candidate compound 2f with both lysates for 1 h (Figure 5B). 

Even that the CETSA can be performed in cell lysate, the presence of detergents might 

dramatically change the protein solubility. The next setup was the CETSA in treated intact cells 

(Shaw et al., 2018; Henderson et al., 2020) cultivated in CSS-supplemented media. The cells 

were harvested by trypsinisation, diluted in PBS with 5 mM glucose, counted and divided into 

test tubes, and treated with R1881 or 2f for 3 h. The subsequent procedure followed the same 

principle, with a temperature gradient from 45 °C to 57 °C. Obtained samples were lysed by 

3 freeze-thaw cycles (Almqvist et al., 2016) and processed as usual. R1881 and 2f apparently 

increased temperature stability, but after the normalisation of the signal to the control, no effect 

was observed (Figure 5C). 

The prolonged incubation of cells in PBS with high concentrations of compounds 

probably influenced the integrity of the cells and caused an imbalance of the basal AR level. 

To avoid this effect, finally, C4-2 cells were harvested, re-suspended in PBS with 5 mM glucose 

and divided into test tubes, treated with R1881 only for 1 h. Upon the treatment, cells were 

counted and equally aliquoted into PCR strips, heated at the temperature gradient and processed 

as before. The immunoblotting revealed that 100 nM R1881 induced thermal stabilisation from 

43 °C to 54 °C (Figure 5, D), corresponding with previous findings (Shaw et al., 2018). The 

CETSA was also used to confirm the binding of non-steroidal enzalutamide (Shaw et al., 2018), 

however, by showing the decrease in AR thermal stability, reverting the R1881-induced 

stabilisation. The candidate compound 2f displayed the AR-stabilisation in C4-2 
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 in a concentration manner (from 10 μM – 100 μM) (Appendix I., Figure 6) and the 

stabilisation might originate from extensive interactions of the steroid scaffold with AR-LBD.  

 

Figure 6 Optimisation of the CETSA protocol. (A) First trial of thermal shift using 
recombinant AR protein and C4-2 cell lysate. (B) CETSA with 1 h incubation of compounds 
with RIPA-buffer lysate from cells cultivated in FBS or CSS-supplemented media (C) CETSA 
performed in cells treated for 3 h with subsequent lysis by freeze-thaw cycles. (D) CETSA 
performed in cells treated for 1 h and normalised after the treatment.  
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 Dual targeting of AR and GR 
To combat the resistance of CRPC and namely the AR-negative PCa with GR upregulation, 

GR-targeting treatments were recently described with dual and selective antagonists of AR/GR 

(Rosette et al., 2020). In the frame of this thesis, novel 17α- and/or 21-ester or carbamate 

derivatives of hydrocortisone (GR agonist) were developed and evaluated for their biological 

activity towards AR and GR in different PCa cells. The group of analysed compounds 

comprised 17α-monoesters of hydrocortisone, C-21 esters and carbamates. The effect 

of compounds on both NRs was evaluated using AR and GR reporter cell lines, 22Rv1-

ARE14 (Bartonkova et al., 2015) and AZ-GR (Novotna et al., 2012) respectively. Within 

prepared compounds, several AR agonists were described, in agreement that hydrocortisone 

can activate AR (Bartonkova et al., 2015) and that glucocorticoids can act as AR agonists in 

AR-mutants (Zhao et al., 2000). However, the attention was focused on two 17α-

butyryloxy,21-(alkyl)carbamoyloxy derivatives 14 and 15 that displayed strong antagonist 

properties towards both AR and GR (Appendix IV., Figure 2). Antagonist activities of the lead 

compound 14 (Figure 7) towards AR reached low micromolar values (IC50 = 3.96 µM), 

comparable to standards, i.e. enzalutamide (IC50 = 3.32 µM) and galeterone (IC50 = 7.59 µM) 

(Norris et al., 2017). Additionally, antagonist activity of 14 towards GR reached single-digit 

micromolar values (IC50 = 4.44 µM), weaker than for standard mifepristone (IC50 = 0.59 µM) 

(Du et al., 2019). No clear agonist activity was observed for 14 neither towards the AR nor the 

GR (Appendix IV., Figure 2).  

Antiproliferative properties of the hydrocortisone derivatives were tested in four PCa 

cell lines, namely LAPC-4, 22Rv1 (expressing both AR and GR), C4–2 (only AR), and DU145 

(AR-negative and GR overexpressing). While the compounds without clear AR/GR activities 

did not display antiproliferative activities, the most potent derivatives 14 and 15 displayed mid-

micromolar values (GI50 = 25 μM - 40 μM upon treatment for 72 h) in all AR-positive cells, 

comparable with standards galeterone and mifepristone. Compound 14 was the only one which 

reached measurable GI50 = 80 μM in AR-negative DU145 cells (Appendix IV., 

Supplementary Figure S6). In the CFA assay, compound 14 exhibited strong colony-

formation inhibition in AR-positive PCa cell lines, comparable with standard galeterone 

(Kwegyir-Afful et al., 2019), but weaker colony-formation inhibition in AR-negative and GR-

overexpressing PCa cell line, compared to both galeterone and mifepristone (Appendix IV., 

Figure 3). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/biological-activity
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/biological-activity
https://www.sciencedirect.com/science/article/pii/S0960076023000249?via=ihub#bib26
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzalutamide
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Figure 7 Structure of the most potent AR/GR antagonist 14. 

 

Interaction with both NRs was confirmed by the optimised CETSA and followed the 

previous studies. Subsequently, 14 decreased the translocation of AR and GR to the nucleus 

similarly to galeterone (Yu et al., 2014) and mifepristone (Peeters et al., 2008), respectively 

(Appendix IV., Figure 4). Both compounds 14 and 15 reduced AR a GR downstream 

signalling (Appendix IV., Figure 5A, B; Supplementary Figure S9), similar to standards (Yu 

et al., 2014; Peeters et al., 2008)). 

Molecular docking into the GR (PDB 1NHZ) (Kauppi et al., 2003) showed extensive 

binding of 14 in a similar way as mifepristone, but with stronger binding energy (ΔGVina = 

−11.5 kcal/mol and −10.8 kcal/mol, respectively). Direct hydrogen bonds from the 3-carbonyl 

in the A-ring to Gln570 and Arg611 were found. Interestingly, the 21-(N,N-

diethylcarbamoyloxy) was orientated in the same direction as the dimethylaniline side chain of 

mifepristone (Appendix IV., Figure 6A, B), disrupting the helix-12 position (Kauppi et al., 

2003). Molecular docking into the AR-antagonist model (Wahl and Smieško, 2018) revealed 

the same binding of compound 14 as cyproterone (Bohl et al., 2007) (Appendix IV., Figure 

6C, D) with similar binding energy (ΔGVina = −12.5 kcal/mol and −12.1 kcal/mol, respectively) 

and key interaction residues.  

The enzalutamide resistance is connected with increased GR expression (Culig, 2017) 

and the first increase in GR level is detectable just 7 days after the treatment with 

enzalutamide (Isikbay et al., 2014; Puhr et al., 2018). The candidate compounds 14 and 15 did 

not cause a significant increase in GR or AR levels during the same periods. Importantly, 

compound 14 reduced the enzalutamide-induced GR upregulation (Appendix IV., 

Supplementary Figure S7). Overall, the findings and the clinical trial of enzalutamide and 

mifepristone in CRPC (Serritella et al., 2022) support the development and deep 

characterisation of novel dual AR and GR antagonists (Li et al., 2024) as anticancer agents 

in PCa cases with upregulation of GR activity.   

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hydrogen-bond
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/position
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/docking-molecular
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/anticancer
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 CONCLUSION AND PERSPECTIVES  
The approved next-generation hormone therapies targeting AR markedly increased the 

effectiveness of the PCa therapy (He et al., 2022). Despite the initial effectiveness of treatment 

of PCa, nearly all patients eventually progress to develop resistance. Therefore, the discovery 

of novel strategies is needed to improve the effectiveness in resistant PCa cases (Deluce et al., 

2022). Since the steroidal compounds containing a heterocycle moiety in the A-ring have been 

recently much less investigated towards the AR and PCa (Jorda et al., 2019; Njar and Brodie, 

2015; Baji et al., 2016; Mótyán et al., 2019), the main part of the dissertation thesis investigated 

biological activity of library of DHT derivatives with modifications on the A-ring prepared by 

Éva Frank’s (University of Szeged, Hungary) synthetic group. Altogether, DHT derivatives 

bearing different nitrogen-containing five or six-membered heterocycles as a fusion to the A-

ring with a series of terminal substituents (119 compounds in total) were thoroughly 

characterised, searching for a potent AR antagonist to effectively suppress the growth and 

proliferation of PCa cells with minimal toxicity to healthy tissue. For a detailed assessment of 

the compounds’ behaviour, methods established at the department were used, while the 

isolation of the cellular fractions (cytosol and nuclei) and the cellular-thermal shift assay were 

optimised based on the published protocols. 

Divided by the particular groups, it was clear that α,β-enones demonstrated potent 

antiandrogenic effects, with compound 2f being particularly effective outperforming standard 

treatments like enzalutamide and galeterone (Yu et al., 2014; Tran et al., 2009), while 

triazolo[1,5-a]pyrimidines and pyrazolo[1,5-a]pyrimidines showed partial activity, with some 

representatives exhibiting agonist properties. The A-ring fused pyrazoles were generally the 

most potent group of analysed compounds with representatives bearing the C-17 hydroxy group 

and 1'-aryl-5'-methyl substitution showing the strongest antagonist properties. Antiproliferative 

effects were observed, selective for AR-positive cell lines, with the lead compound 3d 

displaying significant potency. The potent downregulation and degradation of AR must be 

underscored, as well as the potent activity of 3d in patients’ samples ex vivo. The A-ring-fused 

quinolines showed moderate antagonist activity, with 1d which showed reasonable 

antiproliferative potency, particularly in AR-positive cell lines. The pyridine derivatives 

exhibited varying activity, with both agonist/antagonist properties. 

From the mechanistic point of view, the most potent derivative 3d displayed strong 

antagonist activity, surpassing standard AR antagonists like enzalutamide and galeterone, 

selectively targeted AR-positive cells, sparing AR-negative cell lines. Molecular docking 
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studies provided insights into the structural basis of compounds’ activity, revealing interactions 

within the AR-LBD and potential for further optimization. 

Finally, the biological activity of hydrocortisone’s derivatives was also analysed and 

compounds were described as dual antagonists of AR/GR. The lead compound suppressed the 

signalling of both receptors, the interactions were proved in cells and modelled by molecular 

docking. Since GR signalling is a resistance mechanism (Puhr et al., 2018; Wu et al., 2019), 

the findings support the development and deep characterisation of dual AR and GR antagonists 

as anticancer agents in PCa cases with upregulation of GR activity (Li et al., 2024). 

Overall, the dissertation study provided valuable insights into the design and 

development of novel AR-targeted compounds for the treatment of prostate cancer, highlighting 

their potential as alternative or complementary therapies to existing standards of care. Various 

novel approaches like PROTACs (Alabi and Crews, 2021) and targeting different regions (Li 

et al., 2019) are explored to overcome resistance mechanisms observed in clinical trials. Based 

on the frequent LBD mutations and splicing variants (Angulo et al., 2022), the most promising 

therapies seem to be N-terminal or DNA-binding domains-targeting drugs. However, the 

development of novel LBD antagonists is also plausible, with emphasis on desired properties 

such as limited resistance, favourable pharmacokinetics and minimal side effects (He et al., 

2022) The structure-based development is however hampered by the absence of a crystal 

structure of the wt-LBD with an antagonist (Wahl and Smieško, 2018). Apart from the AR axis, 

there are several other approaches for the PCa treatment, including phototherapy (Shi and 

Sadler, 2020), targeting prostate-specific membrane antigen (PSMA) by immunotherapy in 

clinical trials or approved radionuclide therapy (177Lu-PSMA-617) (He et al., 2022) and many 

other clinical trials of compounds holding promise for the future.  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/anticancer
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 SOUHRN  
Léčba rakoviny prostaty (PCa) prošla významným pokrokem a cílení na androgenový receptor 

(AR) hormonální terapií nové generace zlepšilo výsledky, ale téměř u všech pacientů nakonec 

dochází k rozvoji rezistence. Pro zlepšení účinnosti léčby PCa je proto zapotřebí vývoj nových 

léčiv. 

V hlavní část disertační práce byla analyzována biologická aktivita knihovny 

dihydrotestosteronových (DHT)-derivátů s různými modifikacemi na A-kruhu (celkem 

119 sloučenin) připravené syntetickou skupinou Évy Frank (University of Szeged, Maďarsko). 

Modifikace DHT fúzí s pyrazolem byla obecně nejúčinnějším strukturním motivem 

analyzovaných sloučenin, jejíž zástupci vykazovali silnou antagonistickou aktivitu vůči 

transaktivaci AR a silnou antiproliferativní aktivitu vůči PCa, převyšující standardní 

antagonisty AR, jako je enzalutamid a galeteron. Nejúčinnější látka vyvolala snížení exprese 

a degradaci AR i ve vzorcích pacientů ex vivo. Molekulárním dokováním byl popsán strukturní 

základ aktivity sloučenin a objasněna interakce s ligand-vazebnou doménou AR i potenciál pro 

další optimalizaci. 

V druhé části disertační práce, vzhledem k roli glukokortikoidového receptoru (GR) 

u PCa se získanou rezistenci, byly také analyzovány nové deriváty hydrokortizonu a nalezeni 

duální antagonisté AR/GR. Nejúčinnější sloučenina potlačila signalizaci obou receptorů a její 

interakce s jadernými receptory byly prokázány v buňkách i namodelovány molekulárním 

dokováním. Zjištění podporují vývoj a charakterizaci duálních antagonistů AR/GR jako 

protirakovinných léčiv pro případy PCa se zvýšenou aktivitou a expresí GR. 

Obecně disertační studie poskytla cenné poznatky o návrhu a vývoji nových sloučenin 

cílených na AR pro léčbu PCa a zdůraznila jejich potenciál jako alternativní nebo doplňkové 

terapie ke stávajícím standardním přístupům. 


	Synthesis of dihydrotestosterone derivatives modified in the A-ring with (hetero)arylidene, pyrazolo[1,5-a]pyrimidine and t ...
	1 Introduction
	2 Results and discussion
	2.1 Synthesis and characterization of the target compounds
	2.2 The effect of steroids on AR transcriptional activity and viability of PCa cells
	2.3 Effect of 2f on the stability of AR and its cellular localization
	2.4 Molecular docking of DHT derivative 2f to AR-LBD
	2.5 Effects of 2f on the expression of AR-regulated targets

	3 Conclusions
	4 Experimental
	4.1 General
	4.2 Chemistry
	4.2.1 General procedure for the Claisen-Schmidt condensation of DHT with different (hetero)aryl aldehydes (1a−j)
	4.2.1.1 17β-Hydroxy-2-benzylidene-5α-androstan-3-one (2a)
	4.2.1.2 17β-Hydroxy-2-(4-methyl)benzylidene-5α-androstan-3-one (2b)
	4.2.1.3 17β-Hydroxy-2-(3-methyl)benzylidene-5α-androstan-3-one (2c)
	4.2.1.4 17β-Hydroxy-2-(4-methoxy)benzylidene-5α-androstan-3-one (2d)
	4.2.1.5 17β-Hydroxy-2-(4-fluoro)benzylidene-5α-androstan-3-one (2e)
	4.2.1.6 17β-Hydroxy-2-(4-chloro)benzylidene-5α-androstan-3-one (2f)
	4.2.1.7 17β-Hydroxy-2-(2-furylidene)-5α-androstan-3-one (2i)
	4.2.1.8 17β-Hydroxy-2-(2-thiophenylidene)-5α-androstan-3-one (2j)

	4.2.2 General procedure for the synthesis of A-ring-fused pyrazolo[1,5-a]pyrimidine (6a, 7a) and triazolo[1,5-a]pyrimidine  ...
	4.2.2.1 17β-Hydroxy-2′-methyl-7′-phenylpyrazolo[1,5-a]pyrimidino[5′,6′-3,2]-5α-androstane (6a)
	4.2.2.2 In the PDF, section 4.2.2.2. and 4.2.2.5. are next to each other, but the text seems completely different (this is  ...
	4.2.2.3 17β-Hydroxy-7′-phenyl[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstane (8a)
	4.2.2.4 17β-Hydroxy-7′-(4″-tolyl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstane (8b)
	4.2.2.5 17β-Hydroxy-7′-(3″-tolyl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstane (8c)
	4.2.2.6 17β-Hydroxy-7′-(4″-methoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstane (8d)
	4.2.2.7 17β-Hydroxy-7′-(4″-fluorophenyl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstane (8e)
	4.2.2.8 17β-Hydroxy-7′-(4″-chlorophenyl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstane (8f)
	4.2.2.9 17β-Hydroxy-7′-(furan-2″-yl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstane (8i)
	4.2.2.10 17β-Hydroxy-7′-(thiophen-2″-yl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstane (8j)
	4.2.2.11 17β-Hydroxy-7′-methyl-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstane (8k)

	4.2.3 General procedure for the synthesis of heterocyclic 17-keto steroids by Jones oxidation
	2-Methyl-7′-phenylpyrazolo[1′,5′-a]pyrimidino[5′,6′:3,2]-5α-androstan-17-one(9a)
	4.2.3.2 7′-Phenylpyrazolo[1′,5′-a]pyrimidino[5′,6′:3,2]-5α-androstan-17-one(10a)
	4.2.3.3 7′-Phenyl-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstan-17-one (11a)
	4.2.3.4 7′-(4″-Tolyl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstan-17-one (11b)
	4.2.3.5 7′-(3″-Tolyl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstan-17-one (11c)
	4.2.3.6 7′-(4″-Methoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstan-17-one (11d)
	4.2.3.7 7′-(4″-Fluorophenyl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstan-17-one (11e)
	4.2.3.8 7′-(4″-Chlorophenyl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstan-17-one (11f)
	4.2.3.9 7′-(Furan-2″-yl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstan-17-one (11i)
	4.2.3.10 7′-(Thiophen-2″-yl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstan-17-one (11j)
	7′-Methyl-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstan-17-one (11k)


	4.3 X-ray data collection, structure solution and refinement for compound 2a and 8j
	4.4 Cell lines
	4.5 AR-transcriptional luciferase assay
	4.6 Cell viability assay
	4.7 Colony formation assay
	4.8 Thermal shift assay
	4.9 Immunoblotting
	4.10 Molecular docking

	Author statement
	Acknowledgement
	Appendix A Supplementary data
	References

	A-ring-fused pyrazoles of dihydrotestosterone targeting prostate cancer cells via the downregulation of the androgen receptor
	1 Introduction
	2 Results and discussion
	2.1 Synthesis and characterization of the target compounds
	2.2 Targeting AR and AR-related processes
	2.3 Antiproliferative properties of steroid derivatives in different PCa cell lines
	2.4 Further profiling of candidate compounds
	2.5 Targeting the AR with compound 3d in vitro
	2.6 Targeting the AR with compound 3d ex vivo

	3 Conclusion
	4 Experimental
	4.1 General
	4.2 Chemistry
	4.2.1 Synthesis of the A-ring-modified α,β-enones
	4.2.1.1 17β-Hydroxy-2-(4-bromo)benzylidene-5α-androstan-3-one (5f)
	4.2.1.2 17β-Hydroxy-2-(4-hydroxy)benzylidene-5α-androstan-3-one (5i)

	4.2.2 General procedures for the synthesis of DHT-derived A-ring-fused pyrazoles
	4.2.2.1 17β-Hydroxy-1′-methyl-5′-phenylpyrazolo[3′,4’:3,2]-5α-androstane (8a)
	4.2.2.2 17β-Hydroxy-1′-methyl-3′-phenylpyrazolo[4′,3’:2,3]-5α-androstane (9a)
	4.2.2.3 17β-Hydroxy-1′-methyl-5’-(4″-tolyl)-pyrazolo[3′,4’:3,2]-5α-androstane (8b)
	4.2.2.4 17β-Hydroxy-5’-(4″-methoxyphenyl)-1′-methylpyrazolo[3′,4’:3,2]-5α-androstane (8c)
	4.2.2.5 17β-Hydroxy-5’-(4″-fluorophenyl)-1′-methylpyrazolo[3′,4’:3,2]-5α-androstane (8d)
	4.2.2.6 17β-Hydroxy-5’-(4″-chlorophenyl)-1′-methylpyrazolo[3′,4’:3,2]-5α-androstane (8e)
	4.2.2.7 17β-Hydroxy-5’-(4″-bromophenyl)-1′-methylpyrazolo[3′,4’:3,2]-5α-androstane (8f)
	4.2.2.8 17β-Hydroxy-5’-(furan-2″-yl)-1′-methylpyrazolo[3′,4’:3,2]-5α-androstane (8g)
	4.2.2.9 17β-Hydroxy-1′-methyl-5’-(tiophen-2″-yl)-pyrazolo[3′,4’:3,2]-5α-androstane (8h)
	4.2.2.10 17β-Hydroxy-1′,5′-dimethylpyrazolo[3′,4’:3,2]-5α-androstane (8l)

	4.2.3 General procedure for the one-pot synthesis of ring A-condensed pyrazoles
	4.2.3.1 17β-Hydroxy-1′,5′-diphenylpyrazolo[3′,4’:3,2]-5α-androstane (8i)
	4.2.3.2 17β-Hydroxy-5’-(4″-chlorophenyl)-1′-phenylpyrazolo[3′,4’:3,2]-5α-androstane (8j)
	4.2.3.3 17β-Hydroxy-5’-(4″-hydroxyphenyl)-1′-phenylpyrazolo[3′,4’:3,2]-5α-androstane (8k)

	4.2.4 General procedure for the synthesis of heterocyclic 17-keto steroids by jones oxidation
	4.2.4.1 1′-methyl-5′-phenylpyrazolo[3′,4’:3,2]-5α-androstan-17-one (10a)
	4.2.4.2 1′-methyl-5’-(4″-tolyl)-pyrazolo[3′,4’:3,2]-5α-androstan-17-one (10b)
	4.2.4.3 5’-(4″-methoxyphenyl)-1′-methylpyrazolo[3′,4’:3,2]-5α-androstan-17-one (10c)
	4.2.4.4 5’-(4″-fluorophenyl)-1′-methylpyrazolo[3′,4’:3,2]-5α-androstan-17-one (10d)
	4.2.4.5 5’-(4″-chlorophenyl)-1′-methylpyrazolo[3′,4’:3,2]-5α-androstan-17-one (10e)
	4.2.4.6 5’-(4″-bromophenyl)-1′-methylpyrazolo[3′,4’:3,2]-5α-androstan-17-one (10f)
	4.2.4.7 5’-(furan-2″-yl)-1′-methylpyrazolo[3′,4’:3,2]-5α-androstan-17-one (10g)
	4.2.4.8 1′-methyl-5’-(tiophen-2″-yl)-pyrazolo[3′,4’:3,2]-5α-androstan-17-one (10h)
	4.2.4.9 1′,5′-diphenylpyrazolo[3′,4’:3,2]-5α-androstan-17-one (10i)
	4.2.4.10 5’-(4″-chlorophenyl)-1′-phenylpyrazolo[3′,4’:3,2]-5α-androstan-17-one (10j)
	4.2.4.11 5’-(4″-hydroxyphenyl)-1′-phenylpyrazolo[3′,4’:3,2]-5α-androstan-17-one (10k)
	4.2.4.12 1′,5′-dimethylpyrazolo[3′,4’:3,2]-5α-androstan-17-one (10l)


	4.3 Cell lines
	4.4 AR transcriptional luciferase assay
	4.5 Cell viability assay
	4.6 Colony formation assay
	4.7 Immunoblotting
	4.8 Analyses of mRNA expression
	4.9 Molecular docking
	4.10 Ex vivo tissue culture
	4.11 AR-LBD preparation and micro-scale thermophoresis (MST) measurements

	Funding
	Declaration of competing interest
	Data availability
	Acknowledgement
	Appendix A Supplementary data
	References

	Dihydrotestosterone-based A-ring-fused pyridines: Microwave-assisted synthesis and biological evaluation in prostate cancer ...
	1 Introduction
	2 Results and discussion
	2.1 Synthesis and characterization of DHT-based pyridine derivatives
	2.2 Screening of compounds for their activity towards AR and PCa cells’ viability
	2.3 Detailed effect of 1d on AR signalling, PCa cells’ viability, proliferation, and the cell cycle
	2.4 Interaction of 1d with the AR-LBD and molecular modelling

	3 Conclusions
	4 Experimental
	4.1 General
	4.2 Chemistry
	4.2.1 General procedure for the synthesis of A-ring-fused 6’‐substituted pyridine derivatives of DHT (2a–h)
	4.2.2 General procedure for the synthesis of A-ring-fused 4’,6’‐disubstituted pyridine derivatives of DHT (3a–o)

	4.3 X-ray data collection, structure solution and refinement for compound 2a
	4.4 Cell lines
	4.5 AR transcriptional luciferase assay
	4.6 Cell viability assay
	4.7 Colony formation assay
	4.8 Immunoblotting
	4.9 Cell-cycle analysis
	4.10 Molecular docking
	4.11 Preparation and micro-scale thermophoresis (MST) of AR-LBD

	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgement
	Appendix A Supporting information
	References

	1H and 13C NMR spectra of the synthesized compounds
	Table S2. Bond lengths (Å) in 2a
	Table S3. Bond angles ( ) in 2a
	Figure S3. AR and AR-regulated proteins in LNCaP after 48-h treatment with selected compounds.
	Synthesis of hydrocortisone esters targeting androgen and glucocorticoid receptors in prostate cancer in vitro
	1 Introduction
	2 Results
	2.1 Synthesis and characterisation of the target compounds
	2.2 The effect of compounds on AR and GR transcriptional activity
	2.3 The effect of compounds on proliferation and colony formation of PCa cells
	2.4 The effect of 14 on thermal stability and localisation of AR and GR
	2.5 The effect of 14 on the downstream signalling of AR and GR and on the cell cycle
	2.6 Molecular docking of compound 14 into the ligand-binding domain (LBD) of GR and AR

	3 Discussion and conclusion
	4 Experimental
	4.1 General chemistry
	4.2 General method for synthesis of hydrocortisone 17α-esters (8-10)
	4.2.1 17α-Acetoxy-11β,21-dihydroxypregn-4-ene-3,20-dione (8)
	4.2.2 11β,21-Dihydroxy-17α-propionyloxy-pregn-4-ene-3,20-dione (9)
	4.2.3 17α-Butyryloxy-11β,21-dihydroxypregn-4-ene-3,20-dione (10)

	4.3 21-(N-Butylcarbamoyloxy)-11β,17α-dihydroxypregn-4-ene-3,20-dione (16)
	4.4 21-(N-Cyclohexylcarbamoyloxy)-11β,17α-dihydroxypregn-4-ene-3,20-dione (17)
	4.5 17α-Acetoxy-21-(N-butylcarbamoyloxy)-11β-hydroxypregn-4-ene-3,20-dione (11)
	4.6 17α-Acetoxy-11β-hydroxy-21-((octyloxycarbonothioyl)oxy)pregn-4-ene-3,20-dione (12)
	4.7 11β-Hydroxy-21-((octyloxycarbonothioyl)oxy)-17α-propionyloxypregn-4-ene-3,20-dione (13)
	4.8 17α-Butyryloxy-21-(N,N-diethylcarbamoyloxy)-11β-hydroxypregn-4-ene-3,20-dione (14)
	4.9 17α-Butyryloxy-21-(N-buthylcarbamoyloxy)-11β-hydroxypregn-4-ene-3,20-dione (15)
	4.10 Cell lines
	4.11 AR and GR-transcriptional luciferase assay
	4.12 Cell viability assay
	4.13 Colony formation assay
	4.14 Cellular thermal shift assay
	4.15 Immunoblotting
	4.16 Molecular docking

	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary material
	References

	Introduction 
	Results and Discussion 
	Chemistry 
	Biology 
	Effect of Compounds on 17-hydroxylase and 17,20-lyase Activity of Human CYP17A1 
	The Effect of Derivatives on AR Transcriptional Activity and Viability of PCa Cells 
	Targeting the AR Signaling Pathway 
	Molecular Docking into the Active Site of CYP17A1 and into the AR-LBD 


	Materials and Methods 
	Chemistry 
	Methyl 2-(3-((tert-butyldimethylsilyl)oxy)-androst-5-en-17-yl)acetate (12) 
	3-((tert-Butyldimethylsilyl)oxy)-pregn-5-en-21-ol (15) 
	3-((tert-Butyldimethylsilyl)oxy)-pregn-5-en-21-al (16) 
	5-((tert-Butyldimethylsilyl)oxy)-1-((17R)-3-((tert-butyldimethylsilyl)oxy)-androst-5-en-17-yl)pent-3-yn-2-one (18) 
	2-(3-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)-N-methoxy-N-methylacetamide (14) 
	1-(((17R)-3-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)but-3-yn-2-one (20a) 
	General Procedure for the Synthesis of Ynones (20b–i) 
	General Procedure for the Synthesis of Hydroxyisoxazolines (22a–i) 
	General Procedure for the Synthesis of Isoxazoles (23a–i) 
	(E)-1-Amino-4-((17R)-3-hydroxy-androst-5-en-17-yl)-1-cyclopropyl-3-oxobut-1-en-2-yl 1H-imidazole-1-carboxylate (27) 
	5-(2-((17R)-3-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)acetyl)-4-cyclopropyloxazol-2(3H)-one (28) 
	General Procedure for the Synthesis of Alcohols (24a–i) 
	(17R)-17-((3-(2-Hydroxypropan-2-yl)isoxazol-5-yl)methyl)-androst-5-en-3-ol (24j) 
	(17R)-17-((3-Phenylisoxazol-5-yl)methyl)-androst-5-en-3-ol (24e) 
	(17R)-17-((3-(Hydroxymethyl)isoxazol-5-yl)methyl)-androst-5-en-3-ol (32) 
	5-(((17R)-3-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)isoxazole-3-yl)methanol (33) 
	5-(((17R)-3-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)-3-(chloromethyl)isoxazole (37) 
	5-((3-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)isoxazol-3-yl)methyl methanesulfonate (34) 
	3-(Azidomethyl)-5-(((17R)-3-((tert-butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)isoxazole (35) 
	(17R)-17-((3-(Azidomethyl)isoxazol-5-yl)methyl)-androst-5-en-3-ol (36) 
	(17R)-17-((3-(Chloromethyl)isoxazol-5-yl)methyl)-androst-5-en-3-ol (38) 
	1-((17R)-3-((tert-Butyldimethylsilyl)oxy)-androst-5-en-17-yl)oct-3-yn-2-one oxime (39) 
	5-Butyl-3-(((17R)-3-((tert-butyldimethylsilyl)oxy)-androst-5-en-17-yl)methyl)isoxazole (40d) 
	General Procedure for the Synthesis of Isoxazoles 40a,e–i 
	(17R)-17-(Isoxazol-3-ylmethyl)-androst-5-en-3-ol (41a) 
	(17R)-17-((5-Butylisoxazol-3-yl)methyl)-androst-5-en-3-ol (41d) 
	(17R)-17-((5-Phenylisoxazol-3-yl)methyl)-androst-5-en-3-ol (41e) 
	(17R)-17-((5-(Pyridin-3-yl)isoxazol-3-yl)methyl)-androst-5-en-3-ol (41f) 
	(17R)-17-((5-(2-Fluorophenyl)isoxazol-3-yl)methyl)-androst-5-en-3-ol (41g) 
	(17R)-17-((5-(2-Hydroxypropan-2-yl)isoxazol-3-yl)methyl)-androst-5-en-3-ol (41j) 

	Biology 
	CYP17A1 Inhibitory Assay 
	Cultivation of Cell Lines 
	AR-Transcriptional Activity Assay 
	Cell Viability Assay 
	Colony Formation Assay 
	Immunoblotting 
	Molecular Docking 


	Conclusions 
	References
	for supplementary data
	12
	14
	15
	18
	20a
	20b
	20c
	20d
	20e
	20f
	20g
	20h
	20i
	22a
	22b
	22c
	22d
	22e
	22f
	22g
	22h
	22i
	23a
	23b
	23c
	23d
	23e
	23f
	23g
	23h
	23i
	24a
	24b
	24d
	24e
	24f
	24g
	24j
	24с
	26b
	26c
	27
	28
	31
	32
	33
	34
	35
	36
	37
	38
	40a
	40d
	40e
	40f
	40g
	40h
	40i
	41a
	41d
	41e
	41f
	41g
	41j
	41k


