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Abstract 

 

Nucleosides are biologically active compounds, structurally very similar to nucleotides, 

of which nucleic acids are composed. In clinics, nucleosides are used as antiviral or anticancer 

drugs. However, the possibilities of their further application have been explored in recent years. 

In this dissertation thesis, we focused mainly on the anticancer activity of nucleosides and 

mechanisms of their drug resistance in leukemia cells (acute lymphoblastic and chronic 

myelogenous leukemia), which were exposed to nucleoside-based drugs to develop resistant 

cellular models. Developed in vitro models were used for the study of nucleoside drug 

resistance, and they were also used in the screening of new potential anticancer drugs that can 

overcome their resistant phenotype. 

In the second part of this thesis, we studied the neuroprotective activity of nucleosides. 

We specifically investigated their activity as inhibitors of kinases, which are responsible for 

pathological phosphorylation of tau protein, leading to neuronal cytoskeleton destabilization 

and the development of dementia. 

Similarly to the cytoskeleton targeting in neurodegenerative diseases, we have utilized 

our know-how to address the anticancer activity of a novel class of drugs known as steroid 

dimers. These compounds are promising because of their potential to destabilize tubulin and kill 

the proliferating cancer cells.   
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Abstrakt 

 

Nukleosidy jsou biologicky aktivní látky, strukturně velmi podobné nukleotidům, které 

jsou základními stavebními kameny nukleových kyselin. V klinické praxi nacházejí nukleosidy 

uplatnění jako antivirotika a protinádorová léčiva, nicméně v posledních letech se objevují další 

možnosti jejich klinického uplatnění. V této práci jsme se zaměřili na protinádorové účinky 

nukleosidů a mechanismy vzniku rezistence vůči léčivům s nukleosidovou strukturou u 

leukemických buněk. Tyto buňky byly cíleně selektovány a vytvořené rezistentní in vitro 

buněčné modely byly následně využity ke studiu mechanismů lékové rezistenceve a ve 

screeningu nových potenciálních léčiv schopných překonávat daný rezistentní fenotyp. 

V druhé části práce byla zkoumána neuroprotektivní aktivita nukleosidů. Zaměřovali 

jsme se konkrétně na nalezení látek působících jako inhibitory kináz způsobujících patologickou 

fosforylaci tau proteinu, a tím destabilizaci cytoskeletu neuron vedoucí k rozvoji demence. 

Podobně jako v případě cílení na cytoskelet u neurodegenerativních onemocnění jsme 

využili naše know-how pro identifikaci protinádorové aktivity nové třídy léčiv známých jako 

steroidní dimery. Tyto sloučeniny jsou slibné díky svému potenciálu destabilizovat tubulin a 

zabíjet proliferující nádorové buňky.   
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Nucleosides are organic molecules consisting of nucleobase (purine or pyrimidine) and 

five-carbon sugar. They occur naturally in the human body, mainly as DNA and RNA synthesis 

precursors. Because of their biological functions, they have been intensively studied for years 

as starting structures for drug development. New active molecules, which can be derived from 

known molecules, can have broad spectra of applications.1 Until now, around 30 molecules with 

nucleoside structures are approved for treating viral, bacterial, or fungal infections and cancer, 

but much more of them are in ongoing preclinical and clinical trials.2–4 

There are many naturally occurring nucleosides, but the most common ones in the 

human body are adenosine, guanosine, thymidine, cytidine, and uridine (Fig. 1).4 These 

molecules are often used as structures from which new molecules are derived. This way of 

finding new biologically active compounds, called rational drug design, is much more effective 

than trial-and-error drug development using de novo synthesis and extensive screenings of 

random compounds, because a slight change in the structure of natural nucleosides can have a 

significant biological effect. These compounds act as substrates or inhibitors of enzymes 

involved in natural nucleoside metabolism. They can bind to membrane transporters, 

incorporate into DNA, and inhibit the synthesis of DNA in human and bacteria cells and even 

in viruses, in which they interact with DNA polymerase and/or cause DNA chain termination.5,6 

It makes nucleoside analogs promising candidates for antiviral, antibacterial, and also anticancer 

drugs. 

 

Figure 1. Chemical structure of the five most common natural nucleosides: adenosine, guanosine, 

thymidine, cytidine, and uridine. 
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1.1 Nucleosides in the cancer treatment 

Nucleosides were first studied as antimetabolites that interfere with natural biological 

pathways. One of the first clinically used nucleosides was 6-mercaptopurine (6-MP) (Fig. 2), 

synthesized in 1950 by Nobel prize winners G. Elion and G. H. Hitchings and applied in treating 

acute leukemia in pediatric patients.7 Since that, this compound is used to treat leukemia, and 

unfortunately, some less or more severe side effects have been described. A common side effect 

of 6-MP treatment is tiredness, diarrhea, decreased appetite, or throwing up. A more severe 

complication is hepatotoxicity, which is caused by the accumulation of 6-methyl-

mercaptopurine (6-MMPT) metabolite in some patients depending on the expression of NUD15 

(nudix hydrolase 15), TPMT (thiopurine-S-methyltransferase), and ITPA (inosine 

triphosphatase) proteins, which can be used as prognostic markers of 6-MP treatment.8,9  

Between 1949 and 1951, another purine analog, 6-thioguanine (6-TG), was synthesized. 

This compound is structurally similar to the 6-MP (Fig. 2) and belongs to 6-MP metabolites. 

The activity of 6-TG is higher than 6-MP, but there is also a higher risk of toxicity in the long-

term continuing treatment, for which 6-MP remains a more suitable drug. 6-TG is mainly used 

for short intensive treatment of leukemia patients.10 

In 1957, a 6-mercaptopurine prodrug, azathioprine, was synthesized to produce higher 

concentrations of active 6-MP metabolites in the human body and make 6-MP treatment more 

effective.11,12 Other nucleoside-based drugs, such as cytarabine, gemcitabine, fludarabine, 5-

fluorouracil, azacytidine, decitabine, cladribine (Fig. 2), etc., gradually followed. 

Figure 2. Chemical structure of nucleoside-based drugs and their prodrugs: azathioprine, 6-

mercaptopurine, 6-thioguanine, cytarabine, fludarabine phosphate, fludarabine, LY2334737, 

gemcitabine, 5-fluorouracil, azacytidine, decitabine, and cladribine.13 
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1.1.1 Nucleoside-based drugs resistance 

A serious problem, which decreases the success of oncology treatment, except for drugs 

side effects, is drug resistance development. Drug resistance can occur in the first administration 

of the drug (primary resistance) or during the treatment due to the selection of insensitive 

cellular subpopulations (secondary resistance). Based on clonal expansion theory, cancer tissue 

is not a homogenous cluster of cells. But it consists of numerous subpopulations which can be 

genetically altered.14 Cancer cells are characterized, among other things, by damaged DNA 

repair mechanisms, unregulated proliferation, and inhibited apoptosis. This leads to the 

production of many cells, whereas each cell cycle potentially gives rise to new genetic 

mutations.15 This intra-tumor heterogeneity can cause non-equal sensitivity of the tumor to the 

treatment, and resistant subpopulations can be naturally selected. (Fig. 3) Dividing these 

insensitive cells creates insensitive cancer cell populations, and changes in the treatment are 

needed.16 In patients, this condition is manifested by improved health status during primary 

treatment, followed by clinical relapse caused by the proliferation of resistant subpopulations. 

This state is called minimal residual disease.17  

 
Figure 3. Clonal expansion of the cancer cells and selection of the resistant subpopulations. 

In general, there are several mechanisms of chemoresistance (MOC). The first one is 

the reduction of drug uptake, which is mediated mainly via nucleoside transporters (MOC-1a), 

or increase in drug efflux (MOC-1b), which can be done by ABC transporters family (P-

glycoprotein, Multidrug resistance-associated proteins, breast cancer resistance protein). 

Another mechanism can be connected with the alteration of drug metabolism: reduced 

expression of activating enzymes (MOC-2a) or faster elimination (MOC-2b). (Fig. 4) There can 

also be other mechanisms, such as molecular changes in the cellular drug targets (MOC-3), 

enhanced DNA damaged repair mechanisms (MOC-4), reduction of pro-apoptotic factors 

(MOC-5a), and/ or increased activity of anti-apoptotic factors (MOC-5b). There can also be 

changes in the tumor microenvironment (MOC-6), such as hypoxia, acidity, or epithelial-

mesenchymal transition (MOC-7).18,19 
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Figure 4. General mechanisms of nucleoside-based drug resistance. ENTs: equilibrative nucleoside 

transporters, CNTs: concentrative nucleoside transporters, Pgp: P-glycoprotein, MRPs: multidrug 

resistance-associated proteins, BCRP: breast cancer resistance protein.13 

1.1.1.1 Active uptake via nucleoside transporters (ENTs, CNTs) 

Nucleoside transporters ensure the transport of purine and pyrimidine nucleosides 

across the cytoplasmic membrane and are thus significantly involved in their biological activity. 

In the case of nucleoside-based drugs, these transporters' expression can affect the treatment's 

effectiveness. Nucleoside transporters can be divided into two groups: equilibrative (ENTs) and 

concentrative (CNTs) transporters encoded by the solute-carrier (SLC) gene superfamily.20 

ENT transporters (SLC29) consist of four members, ENT1 (SLC29A1), ENT2 

(SLC29A2), ENT3 (SLC29A3), and ENT4 (SLC29A4), which are transmembrane proteins 

mediating the transport of nucleosides, nucleobases, and their analogs.21 

ENT1 transporter is a glycoprotein localized in the plasma and mitochondrial 

membranes. It is usually expressed in broad spectra of human tissues, such as the brain, 

gastrointestinal tract, endocrine tissues, liver, kidneys, heart, testis, ovarium, or pancreas, and 

its function is the transport of endogenous purine and pyrimidine nucleosides.22,23 Its substrates 

also include exogenous nucleoside-based drugs, for example, 5-fluorouracil, 6-mercaptopurine, 

azacytidine, cladribine, cytarabine, decitabine, fludarabine, and gemcitabine.24–28 

ENT2 has similar substrate specificity as ENT1. It is also able to transport purine and 

pyrimidine nucleosides, and moreover, it can transport nucleobases, which cannot be 

transported by ENT1 (adenine, hypoxanthine, guanine, thymine, cytosine, uracil).29 ENT2 is 

ubiquitously expressed in the human body. It can be found in the brain, liver, kidneys, placenta, 

heart, pancreas, and gastrointestinal tract, but the highest expression of ENT2 mRNA was 

confirmed in the skeletal muscles.29–31 In addition to endogenous substrates, some drugs can be 
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transported by the ENT2, such as 5-fluorouracil, 6-mercaptopurine, 6-thioguanine, cytarabine, 

azacytidine, etc.24,27,28,32,33 

ENT3 has broad substrate specificity, and it is able to transport nucleosides and 

nucleobases. ENT1 and 2 are localized in the plasma membrane, whereas ENT3 is expressed in 

the endosomal, lysosomal, and mitochondrial membranes.34,35 It is a pH-dependent transporter 

responsible for nucleoside homeostasis in lysosomes and mitochondria.36,37  This transporter has 

a low tissue specificity. It is usually expressed across the human body, for example, in 

connective tissue, pancreas, placenta, liver, and kidneys.21 It has been found that ENT3 is highly 

expressed in peripheral T cells, supporting their proliferation and homeostasis via the normal 

function of lysosomes38 and in β-cells of islets of Langerhans, where they participate in the 

correct function of mitochondria. Depletion of ENT3 leads to mitochondria disfunction, induces 

apoptosis of β-cells, and it may contribute to the development of juvenile diabetes.39 Drugs, 

which are ENT3 substrates, include, for example, cladribine, clofarabine, fludarabine, or 

gemcitabine.40,41 

ENT4 transporter is expressed mainly in the brain tissue, and its natural substates are 

monoamine neurotransmitters, such as serotonin and dopamine.42 Exogenous substrates of 

ENT4 are, for example, azacytidine and cladribine.28,43 

Concentrative nucleoside transporters (SLC28) include CNT1 (SLC28A1), CNT2 

(SLC28A2) and CNT3 (SLC28A3). These are Na+-dependent transporters ensuring the influx 

of purine and pyridine nucleosides and their analogs to target tissues in the human body.44     

CNT1 transporter has pyrimidine specificity and is naturally expressed in epithelia 

tissue, the liver, the gastrointestinal tract, and kidneys.45 CNT1 also mediates the influx of 

pyrimidine-analogs, including clinically used as antiviral and anticancer drugs, such as ribavirin, 

zidovudine, cytarabine, gemcitabine, and zalcitabine.46–49    

CNT2 is a transmembrane protein with mainly affinity to purines but can also transport 

pyrimidines. It is expressed across the human body, especially in the gastrointestinal tract, 

kidneys, liver, and testis.50 Drugs that are CNT2 substrates include, for example, 5-fluorouracil, 

azacytidine, and decitabine.27,28,51   

CNT3 is able to transport purine and also pyrimidine nucleosides and their analogs, 

including anticancer drugs such as 6-mercaptopurine, 6-thioguanine, cytarabine, fludarabine, 

gemcitabine.24,52 It can be found in the brain, breast, gastrointestinal tract, kidneys, pancreas, 

placenta, and testis.51     
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1.1.1.2 Proteins connected with multidrug resistance development 

Drug resistance can arise between drugs with a similar structure and/ or mechanism of 

action (cross-resistance), but also between completely different substances (multidrug 

resistance, MDR). Cross-resistance is quite common in nucleoside-based drugs, for example, 

between structurally similar 6-thioguanine and 6-mercaptopurine.53 Multidrug resistance does 

not depend on the similarities of individual drugs, only on their ability to serve as substrates of 

ATP-binding cassette (ABC) transporters that actively transport them from the intracellular 

space and decrease their biological activity. 

The first protein identified in association with multidrug resistance is P-glycoprotein 

(Pgp/ ABCB1), which is the best-known ABC transporter. Pgp is typically expressed in the 

brain (especially in the blood-brain barrier, BBB), liver, kidneys, gastrointestinal tract, placenta 

or testis (blood-testis barrier). Its natural function is protection against potentially toxic 

compounds.54–56 However, increased expression of this transporter can significantly affect the 

effectiveness of drugs, which are its substrates.57 More than 480 compounds were identified as 

Pgp substrates, and this number is still rising.58 Endogenous substrates of Pgp include for 

example, testosterone, androstenedione, endorphin, or glutamate.59,60 It has been found that Pgp 

can also transport β-amyloid, whose accumulation is one of the factors involved in 

neurodegeneration, which is typical for illnesses such as Alzheimer's disease (AD).61 

Exogenous Pgp substrates include various drugs, for example, anti-cancer, anti-

epileptic, immunosuppressive drugs, human immunodeficiency virus (HIV) protease inhibitors, 

steroids, antibiotics, and others.62–64 Nucleoside-based drugs, which are Pgp substrates, include 

6-mercaptopurine, cladribine, or decitabine.65,66 Drug identification as a Pgp substrate is an 

essential prognostic marker of treatment efficacy. 

Another group of proteins connected with MDR is the multidrug resistance-associated 

proteins family (MRPs, ABCC), and until now, 9 MRP isoforms have been described. MRP 

proteins are also members of the ABC transporter family, and their function is an efflux of 

endogenous and exogenous compounds from human tissues. Naturally, MRP proteins are 

expressed across the human body, especially in the gastrointestinal tract, kidneys, adrenal 

glands, and the blood-brain barrier.67–69 MRPs transport mainly organic anions, but MRP1 

(ABCC1), MRP2 (ABCC2), and MRP3 (ABCC3) are able to transport also neutral molecules 

if they are conjugated to acidic ligands, such as glutathione (GSH), glucuronate or sulfate.70,71 

MRP1 (ABCC1)  was isolated from multidrug-resistant human lung cancer cells in 

1992, and the discovery of other MRP isoforms generally followed.72 MRP1 is present mainly 

in tissue barriers, such as blood-brain barrier or blood-testis barrier mediating transport of 
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endogenous and exogenous compounds including several drugs, such as doxorubicin, 

vincristine or methotrexate.56,73,74  

MRP2 (ABCC2) is also part of the blood-brain barrier and regulates the transport of 

compounds into brain tissue.75 In addition to the brain, we can also find this transporter in the 

gastrointestinal tract and kidney, acting as an ATP-dependent efflux pump.76,77 Substrates of 

MRP2 can be endogenous molecules, such as conjugates of glutathione or bilirubin and heavy 

metals, but also antibiotics and anticancer and antiepileptic drugs.75,78  

MRP3 (ABCC3) is expressed mainly in the liver, but its overexpression was also 

detected in ovarian carcinoma and acute lymphoblastic (ALL) and acute myeloid leukemia 

(AML) cells.79–81 Substrates of MRP3 are for example etoposide, teniposide and methotrexate.82  

MRP4 (ABCC4) can be found in broad spectra of tissues, such as kidneys, lungs, 

thymus, pancreas, testis, ovarium, gastrointestinal tract, and skeletal muscles.83,84 MRP4 

transports organic anionic molecules, including cyclic nucleotides and their analogs, nucleoside 

monophosphate analogs, conjugated steroids, urate, and eicosanoids. Substrates of MRP4 are 

also antibiotics, antiviral, cardiovascular, and anticancer drugs.85,86  

MRP5 (ABCC5) was identified as a homolog of MRP1, which can transport cyclic 

adenosine and guanosine monophosphate (cAMP, cGMP) and also thiopurine drugs, 6-

mercaptopurine, and 6-thioguanine.85,87  

MRP6 (ABCC6), another homolog of MRP1, is expressed mainly in the liver and 

kidney, but it can also be found in other tissues, such as the connective tissue, where its 

deficiency leads to the development of Pseudoxanthoma elasticum (PXE).88,89 Substrates of 

MRP6 are conjugated glutathione anions and also some anticancer drugs, such as daunorubicin, 

doxorubicin, etoposide or teniposide.90 

  MRP7 (ABCC10) transporter was identified in 2001, and its expression has been 

proved in the testis, gastrointestinal tract, epithelial tissue, and pancreas.91 Physiological 

substrates of MRP7 are glucuronide conjugates, but it is able to transport broad spectra of 

exogenous compounds, including drugs such as docetaxel, paclitaxel, vinblastine or 

vincristine.92,93 

MRP8 (ABCC11) transports purine and pyrimidine analogues. Endogenous substrates 

of MRP8 are, for example, cAMP or cGMP. Exogenous substrates include fluoropyrimidines, 

such as 5-fluorouracil.94 MRP8 is generally expressed in axons of neuronal cells of central and 

peripheral neuronal systems (CNS, PNS), but it can also be found in the breast and lungs.95–97 
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MRP9 (ABCC12) is the latest described protein from the MRP protein family. It is 

expressed throughout the human body, and it can be found, for example, in the liver, ovarium, 

testis, breast, skeletal muscles, kidneys, or lungs, but its substrate specificity is still unknown.98  

The third member of the ABC protein family is breast cancer resistance protein (BCRP, 

ABCG2), also known as mitoxantrone resistance-associated protein (MXR), which was 

discovered in 1998 in multidrug-resistant breast cancer cell lines.99,100 BCRP protein is 

expressed mainly in the placenta, where it regulates the administration of endogenous and 

exogenous compounds to the fetus, suggesting its role in protecting against potentially harmful 

substances.101 Endogenous substrates of BCRP are, for example, uric acid, β-D-glucuronide and 

estrone-3-sulfate, and exogenous substrates include several drugs, such as 5-fluorouracil, 

mitoxantrone flavopiridol, and lamivudine.100 Identifying drugs as BCRP substrates is a 

prognostic factor of treatment efficacy.    

Outside the ABC transporter family, there is another protein associated with the 

development of MDR, lung resistance-related protein (LRP).102 LRP was identified as a major 

vault protein, which is the central part of the multimeric vault particles.103 It acts as an efflux 

pump, but its specific function is not entirely understood. LRP was identified in lung cancer 

cells, but its expression was also confirmed in acute myeloid leukemia cells and brain tumors 

such as glioblastomas, meningiomas, neurofibromas, etc.103,104   

1.1.1.3 Nucleoside-based drugs: metabolism and the mechanism of resistance 

In this chapter, the metabolism of clinically used nucleoside-based drugs is summarized, 

supplemented with information about the mechanisms of drug resistance. 

6-mercaptopurine (6-MP) 

6-mercaptopurine (Fig. 2) is a purine analog clinically used to treat acute lymphoblastic 

leukemia and autoimmune diseases (Crohn´s disease, rheumatoid arthritis, ulcerative 

colitis).105,106 6-MP is mainly used as a prodrug, azathioprine (Fig. 2), which is extracellularly 

metabolized by thiopurine S-methyl transferase (TPMT) into 6-mercaptopurine.107,108 Transport 

of 6-MP across the cellular membrane is mediated via ENT1, 2, and CNT3, and expression of 

these transporters can affect its bioavailability and the associated effectiveness of the 

treatment.24 

Several enzymes control the intracellular metabolism of 6-mercaptopurine. TPMT 

converts 6-mercaptopurine into 6-methyl-mercaptopurine, which is responsible for 

hepatotoxicity in some patients.109,110 Activation of 6-mercaptopurine to 6-thioinosine-5-

monophosphate (6-TIMP) is done by hypoxanthine-guanine phosphoribosyltransferase 

(HGPRT). 6-TIMP can be metabolized by a) inosine-5-monophosphate dehydrogenase 
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(IMPDH) into 6-thioguanine nucleotides, which interact with DNA and RNA leading to 

inhibition of their synthesis or by b) TPMT into 6-methyl-mercaptopurine ribonucleotides, 

which inhibit purine synthesis.111 Elimination of 6-MP is mediated via xanthine oxidase (XO), 

which can be inhibited by allopurinol.112 (Fig. 5) 

 

Figure 5. Metabolism of azathioprine (AZA) and 6-mercaptopurine (6-MP). ENT: equilibrative 

nucleoside transporter, CNT: concentrative nucleoside transporter, Pgp: P-glycoprotein, MRP: multidrug 

resistance-associated protein, TPMT: thiopurine S-methyl transferase, XO: xanthine oxidase, HGPRT: 

hypoxanthine-guanine phosphoribosyltransferase, IMPDH: inosine-5-monophosphate dehydrogenase.13 

General mechanisms of 6-MP resistance are connected with the expression of MDR 

efflux pumps, Pgp, MRP4, and MRP5. Higher expression of these transporters can negatively 

affect 6-MP treatment efficacy.66,113–115 

Changes in the expression of enzymes involved in the 6-MP metabolism were also 

described as a risk factor for resistance development. One of the first enzymes described in this 

connection was inosinic and guanylic acid pyrophosphorylase, which facilitate the formation of 

active metabolites, mercaptopurine ribonucleotides, in human cancer tissues.116 Another enzyme 

is NT5C2 (cytosolic 5-nucleotidase II), which inactivates HGPRT and reduces the number of 

active metabolites in the cells.117 Recent studies also show the connection between mTOR 

(mammalian target of rapamycin) pathway activity and 6-MP resistance in acute leukemia 

patients. Inhibition of mTOR complex 1 decreases the toxicity of 6-mercaptopurine. This 

protective effect is attributed to a reduction in cellular proliferation.118 
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6-thioguanine (6-TG) 

6-thioguanine (Fig. 2) is a compound structurally very similar to 6-mercaptopurine. In 

fact, 6-TG is one of the 6-MP active metabolites. This purine analog is used in the treatment of 

chronic and acute myelogenous leukemia in mono and also in the combinatory therapy with 

cytarabine, daunorubicin, etoposide, prednisone, cyclophosphamide or oncovin to achieve better 

treatment efficacy.119–123 

 6-TG is administered orally and transported into cells via ENT2 and CNT3.32 

Intracellularly is 6-TG metabolized by HGPRT into nucleoside monophosphate, which is 

phosphorylated into diphosphate (TGDP) and triphosphate form (TGTP), which is the active 

metabolite of 6-TG.124,125 TGTP incorporates into the structure of DNA and RNA and blocks 

their replication.126 Elimination of 6-TG is mediated mainly by TPMT, which metabolizes 6-TG 

into an inactive form, 6-thioinosine.127 (Fig. 6) TPMT expression level can significantly affect 

6-TG biological activity, and cancer tissues expressing a low amount of TPMT (for example, 

pancreatic ductal adenocarcinoma cells, PDACs) are naturally more sensitive to 6-TG 

treatment.128 

 

Figure 6. Metabolism of 6-thioguanine (6-TG). ENT: equilibrative nucleoside transporter, CNT: 

concentrative nucleoside transporter, MRP: multidrug resistance-associated protein, TPMT: thiopurine 

S-methyl transferase, HGPRT: hypoxanthine-guanine phosphoribosyltransferase, NDPK: nucleoside 

diphosphate kinase.13 

Resistance to 6-TG is often connected with the expression and activity of HGPRT, a 

key enzyme in the 6-TG activation. Mutations in the HGPRT gene can significantly decrease 

the amount of HGPRT protein and thereby reduce the number of active metabolites of 6-TG. 

Mutations in this gene were found, for example, in circulating human lymphocytes, and the 

number of these cells was proportional to the age of patients.129,130 

In vitro experiments also showed the connection between 6-TG resistance and DNA 

repair mechanisms. It has been found that 6-TG resistant cancer cell lines express approximately 

three times more MGTM (methylguanine-DNA methyltransferase), which is an enzyme 
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involved in DNA repair, which is associated with higher efficiency of tumor cell defense against 

treatment and reduced 6-TG activity. MGMT inhibitors were able to restore cell sensitivity.131 

The expression level of membrane transporters also influences the biological activity of 

6-thioguanine. Specifically, ENT2 and CNT3 mediate mainly the uptake of 6-TG and enable its 

intracellular activation and MRP4 and 5, which actively transport 6-TG to the extracellular 

spaces and thus reduce its activity.32,132 6-TG resistance is associated with lower expression of 

ENT2 and CNT3 and higher expression of MRP4 and 5. 6-TG is not a substrate of P-

glycoprotein and can, therefore, be used in treating cancers typically associated with higher 

expression of Pgp, such as BRCA1-positive breast and ovarian cancers.133 

Cytarabine (Ara-C) 

Cytarabine (Fig. 2) is a pyrimidine analog that is mainly used in the treatment of 

hematological malignancies, such as acute lymphoblastic leukemia (ALL), acute myeloid 

leukemia (AML), chronic myelogenous leukemia (AML) or acute non-lymphocytic leukemia 

(ANLL).134–136 Cytarabine is used in monotherapy since 1969, and in the 1990s FDA also 

approved its combinations with other drugs, for example, with clofarabine, decitabine, 

sorafenib, or idarubicin to make cytarabine treatment more efficient.137–141 Recently, a 

combination of low-dose cytarabine and venetoclax was tested in adult AML patients, resulting 

in complete remission in 60-80 % of patients.142 

Cytarabine can be administered orally, but this is less effective than intravenous 

application due to its high first-pass metabolism. GIT (gastrointestinal tract) absorption 

undergoes less than 20 % of the applied dosage. The primary metabolism of cytarabine is 

mediated by cytidine deaminase (CDA), which converts cytarabine into its inactive form, uracil 

arabinose (Ara-U).143,144 CDA expression is significantly related to the development of 

cytarabine resistance, and lower levels of CDA connected with severe or lethal toxicity of 

cytarabine have been described in the clinics.143 Making CDA a valuable predictive marker of 

cytarabine treatment efficacy and potential toxicity. 

Cytarabine is transported into cells mainly via ENT1, but it is also a substrate of ENT2, 

CNT1, and 3.25,33,45 Intracellularly, is cytarabine phosphorylated by deoxycytidine kinase (dCK) 

into cytarabine monophosphate (Ara-CMP). Ara-CMP is phosphorylated by deoxycytidylate 

kinase into cytarabine diphosphate (Ara-CDP), which is phosphorylated into triphosphate form 

(Ara-CTP) by nucleoside diphosphate kinase (NDPK). Ara-CTP is the active metabolite of 

cytarabine, which is incorporated into DNA, and this incorporation leads to the inhibition of 

DNA replication.145,146 (Fig. 7) 
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Figure 7. Metabolism of cytarabine (Ara-C). ENT: equilibrative nucleoside transporter, CNT: 

concentrative nucleoside transporter, MRP: multidrug resistance-associated protein, dCK: deoxycytidine 

kinase, CDA: cytidine deaminase, NT5C2: cytosolic 5-nucleotidase II, NDPK: nucleoside diphosphate 

kinase.13 

Cytarabine resistance can be connected with faster elimination via CDA or by cytosolic 

5-nucleotidase II (NT5C2), which dephosphorylates Ara-CMP.147 Cytarabine inactivation can 

also be done by dephosphorylation of Ara-CTP, mediated by SAMHD1 (SAM and HD domain-

containing protein 1).148 The effectiveness of the treatment can be restored by the use of 

SAMHD1 inhibitors that prevent the reduction of the active metabolites, Ara-CTP.149 

    Another mechanism of cytarabine resistance is reduced activation due to lower 

expression/ activation of dCK, which is the crucial enzyme in the cytarabine metabolism, or 

faster efflux mediated by MRP4 and 5.145,150,151  

Fludarabine (F-ara-A) 

Fludarabine (Fig. 2) is a purine analog clinically used to treat chronic lymphocytic 

leukemia (CLL) and other lymphoproliferative malignancies.141,152 As previously described 

nucleoside-based drugs, fludarabine can be used in mono and combinatory therapy. 

Combinations of fludarabine and cytarabine, cyclophosphamide, idarubicin, clofarabine, 

rituximab, bortezomib, and ibrutinib are clinically used.153–155 

Fludarabine is usually administered as a phosphorylated prodrug (fludarabine 

phosphate, Fig. 2), which is extracellularly dephosphorylated by ectoenzyme CD73 (ecto-5-

nucleotidase, S-NT) into F-ara-A.156 F-ara-A is transported into cells via ENT1, 2, 3 and CNT3. 

Intracellularly, F-ara-A is phosphorylated by dCK into monophosphate (F-ara-AMP). F-ara-

AMP is phosphorylated into diphosphate (F-ara-ADP) by adenylate kinase (AK), and third 

phosphorylation is done by NDPK forming fludarabine active metabolite, F-ara-ATP, which 

interacts with DNA and inhibits its replication.156,157 (Fig. 8) 
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Figure 8. Metabolism of fludarabine (F-ara-A) and its prodrug (fludarabine phosphate). CD73: ecto-5-

nucleotidase, ENT: equilibrative nucleoside transporter, CNT: concentrative nucleoside transporter, 

BCRP: breast cancer resistance protein, dCK: deoxycytidine kinase, CN-II: 5-nucleotidase, dNT-1: 

deoxynucleotidase-1, AK: adenylate kinase, NDPK: nucleoside diphosphate kinase.13 

Resistance to fludarabine can be significantly connected with the expression of ENT1, 

2, and 3 and CNT3, which affects its bioavailability.156 Fludarabine is a non-MDR drug, but its 

resistance has been reported in cases with overexpression of Pgp, MRP1, and LRP.158 

Fludarabine has been described as a substate of BCRP transporter, and its higher expression can 

negatively affect the treatment and increase risk of patient relapse.159 

Many mechanisms affecting fludarabine activity have been described. For example, the 

involvement of glucosylceramide synthase (GSC) in CLL patients. Higher expression of GSC 

leads to the accumulation of glucosylceramide, which promotes cell proliferation and helps the 

development of fludarabine resistance. This resistance can be overcome using GSC inhibitors, 

such as PDMP (1-phenyl-2-decanoylamino-3-morpholino-1-propanol).160 

CLL cells resistant to fludarabine are also five-time more sensitive to PEITC (β-

phenethyl isothiocyanate), which is the anticancer and chemopreventive agent. PEITC exposure 

leads to ROS (reactive oxygen species) accumulation in CLL cells, followed by glutathione 

depletion and the oxidation of mitochondrial cardiolipin, leading to apoptosis.161 

 Another mechanism of fludarabine resistance is linked to the mTOR pathway. 

Especially with higher phosphorylation of ribosomal protein S6 kinase (p-70S6K) leading to 

higher phosphorylation of ribosomal S6 protein and induction of photosynthesis.162 

Gemcitabine (GEM, dFdC) 

Gemcitabine (Fig. 2) is a pyrimidine analog, which is similar to cytarabine due to its 

structure and metabolism. This similarity may account for the frequent occurrence of cross-

resistance between cytarabine and gemcitabine.163 In contrast to cytarabine, gemcitabine is used 

mainly in treating solid tumors, such as breast, pancreatic, ovarian, bladder, or non-small cell 

lung cancers.164–166 

Gemcitabine is administered intravenously as gemcitabine itself or by prodrug 

LY2334737 (Fig. 2). Active uptake of gemcitabine is mediated mainly via ENT1 and CNT3, 
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but it is also the substrate for ENT2, 3, and CNT1. Intracellularly, gemcitabine is phosphorylated 

into monophosphate (dFdCMP) by dCK, into diphosphate (dFdCDP) by nucleotide 

monophosphate kinase (NMPK), and into triphosphate (dFdCTP) by NDPK.167 Gemcitabine 

diphosphate (dFdCDP) acts as an inhibitor of ribonucleotide reductase (RR), a key enzyme in 

deoxyribonucleotide synthesis. Gemcitabine triphosphate (dFdCTP) interacts with DNA and 

causes inhibition of DNA synthesis.168,169 (Fig. 9) 

 

Figure 9. Metabolism of gemcitabine (GEM, dFdC). ENT: equilibrative nucleoside transporter, CNT: 

concentrative nucleoside transporter, MRP: multidrug resistance-associated protein, BCRP: breast cancer 

resistance protein, dCK: deoxycytidine kinase, CDA: cytidine deaminase, NMPK: nucleotide 

monophosphate kinase, NDPK: nucleoside diphosphate kinase.13 

 The development of gemcitabine resistance can be due to the reduction of ENT1, 2, 3 

and CNT1, 3 expressions, which negatively influence the bioavailability of active gemcitabine 

metabolites. Also, lower expression/ activation of dCK of higher expression of CDA, which 

mediates gemcitabine elimination, can negatively affect gemcitabine activity and contribute to 

the development of a resistant phenotype.170 Gemcitabine is also a substrate for MDR efflux 

pumps, MRP1 and 5, and BCRP, which effectively reduce the intracellular concentration of 

gemcitabine and thus increase the resistance of tumor cells.171 

 Recent studies show the connection between the alteration of many cellular pathways, 

such as the Hedgehog pathway (HH), extracellular signal-regulated kinase (ERK)/ Protein 

kinase B (Akt)/ Signal transducer and activator of transcription 3 (STAT3), Wnt or neurogenic 

locus notch homolog protein (Notch) pathways, and gemcitabine resistance.172,173 

In patients with urothelial carcinoma, Gli2-dependent activation of the HH pathway was 

observed after gemcitabine induction. This pathway fosters cellular migration and invasion and 

supports the development of resistant phenotype.174 

The involvement of the Wnt pathway was studied in pancreatic carcinoma. It has been 

found that patients with lower levels of β-catenin, which is a key protein in the Wnt cascade, 

were more sensitive to gemcitabine treatment and with longer disease-free time periods and also 

higher overall survival, compared to patients who express high levels of β-catenin.175 
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ERK/ Akt/ STAT3 is involved in cellular proliferation and improves cancer cells' 

survival, thereby reducing the effectiveness of gemcitabine treatment.173 

1.1.2 Current strategies for overcoming the MDR 

1.1.2.1 Combinatory therapy 

One of the most common ways to increase anticancer drug efficacy is by combining two 

or more drugs in the treatment. These drugs can hit different targets, and their synergistic effect 

can reduce risk or resistant clone selection.176 Drug combination is also effective when 

monotherapy no longer has such clinical impact as needed.177,178    

Combinatory therapy is also commonly used in nucleoside-based drug treatment. 

Several combinations have been used. For example, cytarabine has been combined with 

fludarabine in the treatment of relapsed/ refractory acute AML, 6-thioguanine has been used 

with disulfiram/Cu, leading to significantly reduced proliferation of triple-negative breast cancer 

cells, fludarabine combined with alemtuzumab have been successfully used in the treatment of 

patients with relapsed/ refractory CLL, etc.179–181 

1.1.2.2 Efflux pump inhibitors 

Since proteins connected with the MDR phenotype have been described, they have 

become an attractive therapeutic target to increase cancer cells' sensitivity to therapy. The most 

intensively studied was P-glycoprotein, which was the first described efflux pump connected 

with MDR development. Until now, four generations of Pgp inhibitors have been described and 

synthesized. First and second-generation Pgp inhibitors (verapamil, dexverapamil, 

dexniguldipine) showed many off-target interactions (for example, inhibition of cytochrome 

P450), too high serum concentration, and potential toxicity.182–184 Third and fourth generation 

Pgp inhibitors used besides natural products should be less toxic and more specific.185 However, 

none of the Pgp inhibitors make significant improvements in anticancer therapy, and non of 

them have passed clinical trials. 

One of the reasons for the failure of Pgp inhibitors may be that MDR transporters are 

often co-expressed, and inhibition of only one of them will not cause the expected clinical effect. 

Broad spectra of compounds with dual inhibitory activity have been described. For example, 

schisandrin B (Sch B), quinazolinones, and glycyrrhetinic acid were described as dual Pgp/ 

MRP1 inhibitors.186–188 Elacridar, azepine scaffold and alkoxyl biphenyl derivatives, bifendate-

chalcone hybrids, and propafenone analogs have described dual Pgp/BCRP activity.189–192 Dual 

inhibitors appear to be an attractive therapeutic tool that could help reduce the impact of MDR 

proteins on anticancer therapy and reverse the multidrug resistance phenotype. 
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1.1.2.3 Targeted therapy 

Target therapy is A more specific way to overcome drug resistance in cancer. 

Identification of cellular or molecular targets, which are responsible for treatment failure, is a 

crucial step toward the development of new therapeutic approaches. Prognostic biomarkers of 

anticancer treatment can be found on genomic or proteomic levels, and they can be 

heterogeneous among patients. Personalized medicine allows the identification of these 

differences and adapts the treatment to the needs of the current patient.193 

Based on these findings, small molecules of monoclonal antibodies, antibiotics, and 

small drug molecules are synthesized. At the forefront of interest are mainly monoclonal 

antibodies conjugated with anticancer drugs or with radionuclides, which allow target therapy 

into tumor tissue without off-target interactions, reducing the risk of severe side effects.194,195 

Although drug-conjugated antibodies (ADCs) offer a wide range of new therapeutic 

options, finding a compatible drug-antibody pair that exhibits the correct biological activity is 

not easy. Until now, around 11 ADCs have been approved by the FDA. For example, 

gemtuzumab ozogamicin (AML), ado-trastuzumab emtansine (breast cancer), brentuximab 

vedotin (Hodgkin lymphoma), inotuzumab ozogamicin (ALL).196–199 

Also, nucleoside-based drugs have been studied in the form of conjugates. Aptamer-

drug conjugates (ApDCs) using nucleic acids instead of monoclonal antibodies were prepared 

for several nucleoside-based drugs, such as gemcitabine and 5-fluorouracil, which were 

conjugated with RNA, and these ApDCs were used for the treatment of gemcitabine-resistant 

pancreatic cells resulting in significantly inhibited proliferation.200 Recently, new drug-

constituted DNA-like oligomers (drugtamers) have been synthesized for nucleoside-based 

drugs, such as gemcitabine, clofarabine, ara-guanosine, and floxuridine. Compared to ApDCs, 

drugtamers should have a higher loading ratio, better active release controlled by enzymes, and 

active targeting capability.201     
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1.2 Neuroprotective activity of nucleosides and microtubule-targeting 

drugs 

Nucleosides are mainly used as anticancer and antiviral drugs for treating pathological 

states all over the human body, and also their CNS activity was also described. Boron-containing 

nucleosides seem to be promising candidates for the treatment of brain tumors; adenosine, 

guanosine, inosine, and uridine are endogenous antiepileptogenic modulators, suggesting 

nucleosides and their analogs are potential antiepileptic drugs and anti-HIV nucleoside based 

drugs (nucleoside reverse transcriptase inhibitors) can prevent the development of HIV-

associated dementia.202–205   

Unfortunately, anti-HIV nucleoside-based drugs facilitate lower uptake into CNS or fast 

elimination due to several factors, such as the activity of metabolic enzymes or the activity of 

membrane transporters, including ABC and SLC superfamilies. Modifications of drug delivery 

techniques, such as nano-carriers (liposomes, micelles, dendrimers, nanoparticles, etc.), are 

currently being studied to enhance CNS uptake and treatment efficacy.206–208 Wide spectra of 

nanoparticles (NPs) have been synthesized, and the results are promising. For example, 

nanoparticles conjugated to trans-activating transcriptor (TAT) peptide or NPs of poly(lactic-

co-glycic) acid (PLGA) seem to be potential carriers for effective drug penetration into 

CNS.209,210 

This thesis explores microtubules as a molecular target in the treatment of 

neurogenerative diseases via stabilization of their structure or in cancer treatment, where the 

targeted therapy causes their depolymerization, leading to cellular death. The thesis is mainly 

focused on pathological phosphorylation of tau protein, which is typical for AD.’ 

1.2.1 Microtubules dynamics as a therapeutic target 

Microtubules are an essential part of the cellular cytoskeleton and participate in many 

processes, such as cell division, intracellular transport, localization of organelles, etc., and thus 

disruption of its structure leads to cellular death.211,212 Microtubules consist of tubulin, a 

heterodimeric protein with α and β subunits.213 They are very dynamic, with growing and 

dissociating parts. These processes are regulated via a GTP-cap located in the plus end of 

microtubules. This GTP-cap consists of GTP-liganded β-tubulin and allows microtubules to 

grow. Once GTP is hydrolyzed into GDP, polymer binding is weaker, and microtubules start to 

dissociate.214 Stabilization of microtubule structure is done by microtubule-associated proteins 

(MAPs). Several MAPs have been investigated, including MAP1-7 or tau protein.215 

Since microtubules are essential for cellular viability, they became potential therapeutic 

targets, and microtubule-regulating drugs have been investigated. Regulation of microtubule 
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dynamics can be done in positive and negative ways. Disruption of microtubule dynamics and 

structure can be used in anticancer treatment, including solid tumors and hematological 

malignancies.216 Several microtubule-targeted drugs are clinically used, such as vinca alkaloids 

or paclitaxel. Historically, microtubule-targeted drugs have been used as inhibitors of mitosis, 

but it has been found that the activity is more complex, and these drugs also affect non-dividing 

cells via inhibition of signaling pathways.217 For example, paclitaxel or vinorelbine inhibits the 

STAT3 pathway, which is constitutively activated in approximately 70 %  of cancers and causes 

disruption of STAT3-tubulin interaction in breast cancer. A similar effect was observed in the 

case of ovarian and prostate cancer cells.218 Overactivated STAT3 inhibits the expression of 

immune regulators and promotes the expression of immunosuppressive factors, so its inhibition 

can be an effective way to increase the efficacy of anticancer therapy.219 Other STAT3 inhibitors 

have been investigated, and several compounds are currently in clinical trials.220  

It has also been found that microtubule-targeted drugs inhibit the expression of vascular 

endothelial growth factor receptor 2 (VEGFR-2), which is essential in angiogenesis.221 

In our work, we studied triazole-based estradiol dimers with five-atom linkers 

consisting of carbon, oxygen, or nitrogen in their center. Nitrogen dimers were modified by a 

benzyl group with methoxy or hydroxy substituents, and in one case, the length of the linker 

was extended. Our tested compounds significantly interacted with microtubules, and their ability 

to cause G2/M arrest suggests their application as mitosis inhibitors.216 

In the other way, stabilization of microtubule structure can improve cognitive functions 

of patients with neurogenerative diseases, such as tauopathies, and decrease the progression of 

dementia associated with the loss of neuronal cells.222 

1.2.2 Tauopathies 

Tauopathies are a class of more than twenty neurogenerative diseases characterized by 

the accumulation of abnormal tau protein in the CNS.223 The most common tauopathy is 

Alzheimer's disease, but pathological tau protein aggregation has also been found in patients 

with Pickś disease (frontotemporal dementia), progressive supranuclear palsy (PSP), 

corticobasal degeneration (CBD), post-encephalitic parkinsonism, etc.224,225 Tau is a 

microtubule-associated protein that stabilizes neuronal microtubules (Fig. 10).211,212 Tau protein 

can be mainly found in the neurons of the CNS (primarily in their axons), with abundant 

expression in the cerebral cortex.226 Lower expression has been found in the oligodendrocytes 

and astrocytes.227 
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Figure 10. Tau protein naturally stabilizes microtubule structure. Once tau is hyperphosphorylated, it 

releases from binding to microtubules, and free tau forms aggregates, leading to neurofibrillary tangles 

(NFTs) forming. Microtubules become unstable, leading to their depolymerization and neuronal death, 

typical in AD brains.  

Tau protein is encoded by MAPT (microtubule-associated protein tau) gene localized 

on the locus 17q21 in the human genome. Alternative splicing of MAPT gene exons 2, 3, and 

10 results in the synthesis of six tau protein isoforms, which differ in the number of N-terminal 

inserts (0N, 1N or 2N) and repeat domains (3R or 4R) (Fig. 11), whereas in normal brain tissue 

R3: R4 ratio is approximately 1: 1.228,229 All six tau isoforms are able to form pathological 

aggregates and form neurofibrillary tangles, but some diseases are characterized by the presence 

of specific tau isoform. For example, Pick´s disease contains only 3R tau isoforms, PSP contains 

mainly 4R isoforms, and Alzheimer's disease is characterized by the presence of 3R and 4R 

isoforms.230–232    
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Figure 11. Tau protein isoforms according to alternative splicing of MAPT gene: 2N4R, 1N4R, 0N4R, 

2N3R, 1N3R, and 0N3R 

There are different domains in the structure of the tau protein: the N-terminal region, 

the microtubule-binding domain, and the C-terminal region. (Fig. 11) Interaction with 

microtubules is mediated via microtubule-binding domain, including proline-rich region, repeat 

domains, and C-terminal region.233 The Physiological function of tau protein is not completely 

clear, but it has been found that tau protein decreases tubulin depolymerization, which stabilizes 

microtubules and the structure of neuronal cytoskeleton.234 

1.2.2.1 Tau protein phosphorylation 

Under physiological conditions, tau protein is phosphorylated in multiple sites, mainly 

in the microtubule-binding domain. Hyperphosphorylated tau protein starts forming aggregates 

with itself instead of interacting with microtubules, leading to destabilization of the axonal 

cytoskeleton and neuronal death. Accumulation of tau aggregates and creating structures called 

neurofibrillary tangles are one of the main hallmarks of AD.235,236  

Until now, approximately 45 phosphorylating sites of tau protein have been identified. 

Clinically relevant are mainly S262, Ser324, and Ser356, which are associated with pathological 

tau phosphorylation in AD.237–239 Several kinases have been found to phosphorylate tau protein. 

Still, hyperphosphorylation of tau protein and the development of AD have been connected 

mainly with the MARK (microtubule-affinity regulating kinase) kinase family and GSK-3β 

(glycogen synthase kinase 3β).240,241 (Fig. 12) 



22 
 

MARK is a Ser/Thr kinases family, including four different isoforms. These kinases are 

expressed predominantly in the brain tissue, but they can also be found in the kidneys, heart, 

skeletal muscles, and spleen.242 But not all of these isoforms have been identified in connection 

with pathological tau hyperphosphorylation. 

MARK1 localizes in the plasmatic membrane and cytoplasm and is involved mainly in 

intracellular signal transduction and cellular migration.243 MARK3 contributes to cell cycle 

regulation and cellular differentiation, and its low expression was found in the hippocampus of 

AD patients.240 

The activity of MARK2 and mainly of MARK4 is essential for the pathological 

phosphorylation of the tau protein.244 MARK2 mediates cellular transport and microtubule 

dynamics and plays a role in the tau protein phosphorylation at Ser262 of tau protein.245 

Overexpression of MARK4 was detected in the brain tissue of AD patients, and it has been 

found that this kinase has a prominent role in the tau protein hyperphosphorylation and 

neurodegeneration, which is typical for AD.240 This kinase is implicated in the early 

phosphorylation of tau at Ser262, leading to the detachment of tau protein from microtubules. 

Unbound, free tau is more susceptible to phosphorylation by other kinases, leading to tau 

aggregates and neurofibrillary tangles forming.246 MARK4 phosphorylates tau protein also at 

Ser356 (this phosphorylation is essential for tau accumulation and toxicity) and with lower 

affinity at Ser324 and Ser293.246–248 

MARK4 is, in its active form, highly phosphorylated. Cyclin-dependent kinase 5 (Cdk5) 

phosphorylates MARK4 in the spacer domain, and the second activating kinase, liver kinase 1 

(LKB1), phosphorylates the activation loop of MARK4. Both kinases were described to be 

connected with increased MARK4 activity in AD.249,250 

There is a close relationship between Cdk5 and other kinases involved in the tau 

hyperphosphorylation, GSK-3β.249,251,252 Cdk5 is indirect regulator of GSK-3β activity. Cdk5 

phosphorylates PP1 (phosphatase 1), leading to its inactivation.253 In its active form, PP1 

dephosphorylates GSK-3β at Ser9, leading to increase of autophosphorylation at Tyr216 and 

increase in its activity.254 GSK-3β then phosphorylates tau protein in multiple sites, but 

phosphorylation at Ser262 and Thr231 has been found to be most important for AD 

development.255 There is no direct phosphorylation of GSK-3β at Ser262. Kosuga et al. 

identified the involvement of GSK-3β in MARK2 activation via phosphorylation at Ser212 and 

MARK2, then mediate phosphorylation of tau at Ser262,256 but several studies identified this 

phosphorylation as an inhibitory and described activation of MARK2 via phosphorylation at 

Thr208.257,258 Thus, the exact mechanism is not completely clear. (Fig. 12) 
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Figure 12. Kinases involved in AD's pathological hyperphosphorylation of tau protein (MARK2, 

MARK4, GSK-3β, Cdk5, and LKB1). 

Extracellular signal-regulated kinase 2 (EKR2) has also been identified to participate in 

tau hyperphosphorylation, but not under physiological conditions. ERK2 – tau interactions were 

observed after paclitaxel induction during anticancer treatment.259 

1.2.2.2 MARK4 inhibitors 

Since MARK4 was identified to be connected with the development of several 

pathological states, such as neurodegenerative diseases, cancer (glioma), diabetes, and obesity, 

broad spectra of its inhibitors have been synthesized and tested, including N-substituted 

acridones, morpholine-based hydroxylamine analogs, and isatin-triazole hydrazones.260–262 In 

vitro experiments using recombinant MARK4 enzyme also proved MARK4 inhibition by 

serotonin, which is naturally present in the CNS.263 In silico experiments using molecular 

docking analysis identified 5 pyrazolopyrimidine analogs to be MARK4 inhibitors (PubChem 

IDs: 90794095, 91145515, 91895678, 91895692, and 91895679).264 However, none of these 

compounds are currently approved for use in clinical practice. 

Nevertheless, some clinically used drugs have also been identified as MARK4 

inhibitors. For example, sunitinib malate, which is used for the treatment of gastrointestinal 

tumors, inhibits MARK4 with nanomolar activity, and acetylcholinesterase (AChE) inhibitors 

(donepezil and rivastigmine tartrate), which are used in the symptomatic cure of AD inhibit 

MARK4 with IC50 values of 5.3 µM (donepezil) and 6.74 µM (rivastigmine tartrate).265,266  

MARK4 activity can also be inhibited indirectly via inhibition of its activating kinases 

Cdk5 and LKB1. 
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1.2.2.3 Cdk5 inhibitors 

Cdk5 is an essential enzyme involved in neuronal signal transduction, and its activity 

has been connected with several neurodegenerative states, such as depression, AD, Parkinson's 

disease, anxiety, or stress.267 Although Cdk5 mainly regulates neuronal cells, its activity has also 

been detected in tumor cells (brain tumors, breast, colon, lung, pancreatic, or breast cancer).268 

Therefore, Cdk5 inhibitors are being tested as neuroprotective and also antitumor drugs.  

Constitutive Cdk5 gene knockout has been found to be lethal, but conditional knockout 

of Cdk5 improves cognition and exhibits a neuroprotective effect.269 Several Cdk5 inhibitors 

were identified, such as amino pyrazole-based analogs, olomoucine, roscovitine, and GFB-

12811, but the number of BBB penetrating compounds is limited.270–272 Until now, no Cdk5 

inhibitor has been approved for the treatment of neurodegenerative diseases.      

1.2.2.4 LKB1 inhibitors 

LKB1 (liver kinase B1) is involved in several cellular processes, such as growth, 

polarity, and metabolism, but it also acts as a tumor suppressor.250 Hereditary inactivation of 

LKB1 is associated with Peutz-Jeghers syndrome (PJS), and somatic mutations were found in 

patients with non-small cell lung cancer, cervical cancer, and melanoma.273–276 LKB1 also has 

an important role in the neuronal tissue, and it is one of the critical enzymes involved in neuronal 

polarization and axon development.277 

LKB1 kinase is targeted mainly as a tumor suppressor, but due to its ability to activate 

the MARK4 enzyme, it has the potential to become also the neuroprotective target.250,273 Only a 

limited number of LKB1 inhibitors were described, such as radicicol, which is an antimalarial 

and antifungal antibiotic, but none of them is clinically used in treating neurodegenerative 

diseases.278     

1.2.2.5 GSK-3β inhibitors 

GSK-3β is an enzyme involved in multiple cellular processes, such as protein and 

glycogen synthesis, inflammation, differentiation, cell cycle, proliferation, and apoptosis.279 

Activity of GSK-3β was also connected with the development of several pathological states, 

including tau hyperphosphorylation in neurodegenerative diseases or cancer, where it aids the 

metastatic process and is also involved in the resistance development.280 In cancer, GSK-3β 

inhibitors reduce cellular growth and metastasis, and in neurodegenerative diseases, inhibition 

of GSK-3β can help reduce the number of tau aggregates and stabilize the structure of the 

neuronal cytoskeleton.281 GSK-3β inhibitors can be, therefore, used as neuroprotective and also 

anticancer agents. 
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GSK-3β inhibitors have been intensively studied, and many of them have been 

identified. For example, SAR502250, SB-216763, SB-415286, donepezil, and lithium have 

been described with neuroprotective effects.282–285 Donepezil is a clinically used drug prescribed 

for AD treatment as an acetylcholinesterase inhibitor. Its ability to also inhibit GSK-3β can 

enhance its neuroprotective effect.286 Lithium was also clinically used to treat bipolar affective 

disorder. Still, long-term treatment led to build-up toxicity, a severe side effect that greatly 

outweighed the benefits of the treatment.287,288 

Inhibitors 9-ING-41 and 9-ING-87 have been found to be effective in decreasing the 

viability of breast cancer cells, and 9-ING-41 was also able to increase the efficacy of irinotecan 

treatment in vitro.289 Another anticancer GSK-3β inhibitor is, for example, pinosylvin, which is 

a naturally occurring trans-stilbenoid able to reduce the proliferation of colorectal cancer cells 

in vitro.290 

1.2.3 CNS drug design 

The human brain is a unique organ that is key to the function of the human body. For 

this reason, a sophisticated defense system (blood-brain barrier, BBB; blood-cerebrospinal fluid 

barrier, BCB; arachnoid barrier) has been developed to protect the brain against potentially toxic 

compounds.291 BBB has a specific structure (tight junctions, limited pinocytosis, absence of 

fenestrations, and close contact between astrocyte protrusion), which limits the uptake of 

endogenous and exogenous compounds.266,292 There are also membrane transporters, which 

ensure active efflux of their substrate compounds. These transporters include members of the 

ABC protein family, especially Pgp, which can transport broad spectra of lipophilic drugs. 

Identification of the drug as a Pgp substrate can significantly decrease its CNS activity.293 

 Based on these facts, only a few substances can successfully pass into the brain tissue 

or achieve the concentration needed for the therapeutic effect. CNS drug design examines the 

similarities between these compounds and, based on them, tries to design and synthesize new 

molecules that will not only pass through the brain barrier but also have the desired biological 

activity without adverse side effects and off-target interactions.294 

Drug design (primarily focused on orally administered drugs) uses Lipinski´s rule of 

five: the molecular weight of the compound should not be greater than 500 Da, the number of 

hydrogen bond donors should not be greater than 5, and the number of acceptors should be lower 

than 10, octanol-water partition coefficient (logP) lower than 5 and number of rotational bonds 

should be lower than 10.295  

The induction of high-throughput screenings led to the modification of the original 

rules, which were modified for the needs of CNS drug design. Optimized parameters suggest 
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that CNS active compounds, which successfully pass through BBB, should have molecular 

weight lower than 400 Da, logP should be 3-5, number of rotatable bonds should be 5 or lower, 

number of hydrogen bond donors should be lower than 3 and number of acceptors lower than 

10.296–299 There is also additional parameter, topological polar surface area (TPSA), which is the 

summary of the surfaces of nitrogen or oxygen atoms and hydrogen atoms, which are attached 

to them.300 In the case of CNS active compounds, TPSA should be lower than 60-90 Å2.301 
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2 EXPERIMENTAL PART 
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2.1 Aims 

The experimental part aims to show nucleosides' biological activity and their potential 

application as antitumor and neuroprotective drugs. 

In the first part, cellular models of cancer cells resistant to nucleoside-based drugs will 

be developed. Resistant clones will be selected by clinically used drugs: cytarabine, fludarabine, 

and 6-thioguanine. Cross and multidrug resistance will be verified by MTS cytotoxicity assay. 

Successfully developed resistant cell lines will be used to study nucleoside-based drug 

resistance (expression of ABC transporters, nucleoside-based transporters, and proteins 

connected with nucleoside metabolism). 

The second part will develop a kinase assay for detecting enzyme activity. The method 

will be optimized for the detection activity of MARK kinases and GSK-3β. Optimized methods 

will be used for screening MARK4 and GSK-3β inhibitors. The most active and selective 

inhibitors will be verified for their ability to act as neuroprotective drugs and improve AD 

treatment. 
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2.2 Nucleoside-based drugs resistance 

2.2.1 Materials and Methods 

2.2.1.1 Development of resistant cancer cell lines 

CCRF-CEM and K562 cell lines were purchased from ATCC and cultivated in RPMI 

(CCRF-CEM) and Icove's media (K562) containing 10 % heat-inactivated fetal bovine serum, 

penicillin, streptomycin. Cells were incubated at 37°C and 5 % CO2. The selection of resistant 

clones was made by incubation in the presence of the drug (cytarabine, 6-thioguanine, and 

fludarabine, respectively), whereas the drug concentration was slowly increased depending on 

cell viability (Tab. 1). Drug concentration was increased when cellular viability was higher than 

90 %. Cytarabine, 6-thioguanine, and fludarabine were purchased from Merck. 

Table 1. Scheme for the selection of resistant clones.  

 The final concentration of the drug in the culture media [µM] 

 Cycles of selection 

Cell line 1 2 3 4 5 6 7 8 9 10 11 12 13 

CCRF-CEM: 

cytarabine 

selection 

2 4 6 8 10 12 14 16 20 24 28 32 41 

CCRF-CEM: 

6-thioguanine 

selection 

0.5 2 4 8 10 12 14 16 20 24 28 32 36 

CCRF-CEM: 

fludarabine 

selection 

2 4 6 8 10 12 14 16 20 24 28 32 36 

K562: 

cytarabine 

selection 

2 4 6 8 10 12 14 16 20 24 28 32 41 

K562: 

6-thioguanine 

selection 

0.5 2 4 8 10 12 14 16 20 24 28 32 36 

K562: 

fludarabine 

selection 

6 8 10 12 24 36 40 50 60 70 80 90 100 

 

After 13 cycles of increasing drug concentration (Tab. 1), the degree of drug resistance 

was analyzed by the MTS cytotoxicity test. Results were compared to the control (parental cells 

CCRF-CEM or K562 without treatment). Data were processed by Dotmatics software. 

2.2.1.2 MTS cytotoxicity assay 

MTS cytotoxicity test was performed using a 384well plate (Corning). Each well was 

applied 30 μl of cellular suspension, except background control (30 μl media without cells). 

Cells were diluted and seeded (MultiDrop Combi, Thermo Fisher Scientific) according to the 

particular cell type at concentrations of 500 to 4000 cells/ well, incubated for 24 hours at 37°C 
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in a 5% CO2 atmosphere, and then treated by drugs (Echo 550, Labcyte) for 72 hours. 

Compounds were tested in four replicates and nine concentration spots. The concentration range 

tested was 0,78 μM to 200 μM (2-times dilution) for fludarabine-treated K562 cell lines and 

0,76 nm to 50 μM (4-times dilution) for the other cases. MTS (Promega) was added after 72 

hours of incubation with drugs. Viability was assessed based on the color change of the MTS 

reagent and measured spectrophotometrically at 490 nm wavelength (Envision) after 1-4 hours. 

IC50 was calculated by Dotmatics software. 

2.2.1.3 Expression of membrane transporters 

Expression of membrane transporters (MDR proteins, ENTs, CNTs) was done by RNA 

extraction (phenol-chloroform extraction), reverse transcription, and real-time PCR 

(polymerase chain reaction). The quantity and purity of isolated RNA were evaluated 

spectrophotometrically by Spectrophotometer ND-1000 (NanoDrop). Total isolated RNA was 

used for the preparation of cDNA using a Peltier Thermal Cycler (PTC-100, MJ Research). The 

reaction mixture contained 3 µg of isolated RNA, 0.3 µg of hexamers, water, and a master mix  

(reverse transcriptase buffer, dNTP, RNasin) with a total reaction volume of 30 µl. The reaction 

was incubated for 60 minutes at 42°C and then 10 minutes at 70°C. 

TaqMan Gene Expression Assay kits (Thermo Fisher Scientific) were used for real-time 

PCR for each transporter (Pgp, BCRP, MRP1-6, ENT1-4, CNT1-3). Real-time PCR was done 

using a Cobas cycler and 96well plates (ThermoFisher Scientific) with a reaction volume of 

10 μl. Reaction consisted of 1µl of cDNA and 9 µl of master mix (LightCycler 480 Probes 

Master), including 1x TaqMan Gene Expression assay solution. The number of cycles was set 

to 50, and the results were normalized to GAPDH (glyceraldehyde-3-phosphate 

dehydrogenase). DEPC water was used as a negative control. 

2.2.1.4 Expression of proteins involved in the nucleoside metabolism 

Protein expression in nucleoside metabolism was evaluated by protein isolation (RIPA 

buffer treated with protease and phosphatase inhibitors), electrophoresis, and western blotting 

analysis. Electrophoresis was done using TGX Stain-Free FastCast Acrylamide kits 7,5 and 12% 

(BioRad). Voltage was set to 80 V, and separation took around 120 minutes. Multicolor Broad 

Range Protein Ladder (Thermo Fisher Scientific) was used as a molecular weight marker. 

Western blotting was done using semi-dry transfer into nitrocellulose membrane 

(BioRad). Membranes were blocked by 5% BSA in TBST buffer for 60 minutes and then 

incubated with primary antibody overnight at 4°C in the dark. Primary antibodies were 

purchased from CellSignaling () and Thermo Fisher Scientific (). Membranes were washed three 

times for 6 minutes using TBST buffer and then incubated with secondary antibodies (Thermo 
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Fisher Scientific) for 90 minutes at room temperature. Unbound secondary antibody was washed 

out using TBST buffer (washing three times for 6 minutes), and HRP substrate (Millipore) was 

used for visualization done by BioRad ChemiDoc Imaging System. Results were normalized to 

beta actin, which was used as a protein loading control. 
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2.2.2 Results 

2.2.2.1 Development of resistant cancer cell lines 

Human leukemia cell lines (CCRF-CEM and K562) were used for the selection of cell 

lines resistant to nucleoside-based drugs. This part follows the rigorous thesis (L. Hrubá, 2023) 

in which the selection of resistant clones and their basic characterization were made. Compared 

to this work, we continued in the selection using higher concentrations of drugs (Tab. 1), while 

the resulting phenotype was similar to the previous case (Tab. 2 and 3). The level of resistance 

was verified using the MTS test and evaluated using Dotmatics software. 

Cytarabine selection led to the development of cross-resistance between cytarabine, 

gemcitabine, and fludarabine in both the CCRF-CEM and the K562 cell line. Fludarabine 

selection was more successful in the CCRF-CEM cell line, which is naturally more sensitive to 

this drug than K562. The selection of CCRF-CEM cells by fludarabine led to cross-resistance 

development among fludarabine, cytarabine, and gemcitabine, which is similar to the case of 

cytarabine selection. The K562 cell line selected by fludarabine did not develop such a strong 

resistance as the CCRF-CEM cell line. We detected a slight increase in resistance to fludarabine, 

cytarabine, 6-mercaptopurine, and paclitaxel. Selection by 6-thioguanine developed cross-

resistance between 6-thioguanine and 6-mercaptopurine, which are structurally very similar 

compounds, and this resistant phenotype occurred in the CCRF-CEM and K562 cell lines. 

Table 2. Cytotoxicity of selected nucleoside-based drugs to CCRF-CEM cell line and its derived resistant 

clones. Data are mean (n= 4) and sd (standard deviation). Increase/ decrease of resistance is compared to 

control cells without selection. Data were processed, and IC50 values were calculated using Dotmatics 

software. 
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Table 3. Cytotoxicity of selected nucleoside-based drugs to K562 cell line and its derived resistant clones. 

Data are mean (n= 4) and sd (standard deviation). Increase/ decrease of resistance is compared to control 

cells without selection. Data were processed, and IC50 values were calculated using Dotmatics software. 

 

2.2.2.2 Resistant cellular models in the screening of new drugs 

Our developed resistant cell lines were used to screen new compounds to overcome 

nucleoside-based drug resistance. Eight compounds synthesized in the Institute of Organic 

Chemistry and Biochemistry (IOCB) of the CAS were tested. (Tab. 4 and 5) We identified five 

compounds (LEM 10888, 10889, 10892, 11465, and 12791), which were able to overcome 

cytarabine, gemcitabine, fludarabine, 6-thioguanine and 6-mercaptopurine resistance in K562 

cells and two compounds (LEM 11465 and 13267), which were active in all resistant CCRF-

CEM cell lines. LEM 11465 overcame all developed resistant phenotypes and can be an 

interesting structure for another analysis. 

Table 4. Screening of new potential anticancer drugs synthesized in IOCB Prague using K562 cross-

resistant cell lines. The results are mean (n = 4) and standard deviation (sd). Increase/ decrease of 

resistance is compared to control cells without selection. Data were processed, and IC50 values were 

calculated using Dotmatics software. 
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Table 5. Screening of new potential anticancer drugs synthesized in IOCB Prague using CCRF-CEM 

cross-resistant cell lines. The results are mean (n = 4) and standard deviation (sd). Increase/ decrease of 

resistance is compared to control cells without selection. Data were processed, and IC50 values were 

calculated using Dotmatics software. 

 

2.2.2.3 Expression of MDR proteins 

To evaluate the involvement of MDR proteins in rising drug resistance, we analyzed 

expression levels of Pgp (Fig. 13A1, 2), BCRP (Fig. 13B1, 2), and MRP proteins (Fig. 14), the 

most common proteins connected with multidrug resistance. Expression was analyzed on 

mRNA levels using RNA isolation, reverse transcription, and real-time PCR detection. Results 

were done in three replicates and normalized to GAPDH (glyceraldehyde-3-phosphate 

dehydrogenase). 

Pgp levels in non-treated control cells K562 were much higher compared to the CCRF-

CEM cell line, and expression profile after treatment differed between these two cell lines. K562 

cells selected by cytarabine and 6-thioguanine showed decreased Pgp expression, while 

fludarabine selection did not affect the Pgp expression. In the CCRF-CEM cell line, cytarabine 

selection led to the same phenotype, a decrease of Pgp expression, but in the case of 6-

thioguanine and fludarabine selection, there was an increase in its expression levels. (Fig. 13A1, 

A2). 

The expression profile was also different in the case of protein BCRP. There was almost 

no difference after cytarabine selection, but selection by 6-thioguanine and fludarabine 

decreased BCRP levels. Compared to this, the selection of K562 cells led to increased BCRP 

expression in all three cases, most prominently in the case of cytarabine and fludarabine 

selection. (Fig. 13B1, B2) 
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Figure 13. Expression of P-glycoprotein (Pgp) (A1) and breast cancer resistance protein (BCRP) (B1) in 

CCRF-CEM cell line and its derived resistant clones, and Pgp (A2) and BCRP (B2) K562 cell line and 

its derived resistant clones. The data are mean (n= 3) ± sd and normalized to GAPDH. Statistical analysis 

was performed with an unpaired t-test: selected cell lines were compared to the parental line (CCRF-CEM 

or K562) at p < 0,05 using the GraphPad Prism 9.5.1 software program. We represent the level of 

statistical significance in this figure as follows: **** p-value < 0.0001, *** p-value < 0.001, ** p-value 

< 0.01, * p-value < 0.05. For a p-value > 0.05, we consider the differences to be not significant (ns). 

MRP expression was tested for isoforms 1-6, and there were differences between cell 

line CCRF-CEM and K562. MRP1 expression was decreased in all selected cell lines, except 

CCRF-CEM selected by 6-thioguanine, where the expression level was similar to the control 

cell line. (Fig. 14A1, A2) MRP2 expression was increased only after selecting the K562 cell 

line with fludarabine. The rest showed decreased MRP2 levels, and CCRF-CEM selected by 6-

thioguanine had a similar expression level of MRP2 as the control. (Fig. 14B1, B2) MRP3 levels 

were decreased in CCRF-CEM cells after cytarabine selection and K562 after cytarabine and 6-

thioguanine selection. In contrast, selecting K562 cells with fludarabine led to a significant 

increase in MRP3 expression. (Fig. 14C1, C2) Expression of MRP4 was decreased after 6-

thioguanine selection of CCRF-CEM cells and by fludarabine selection in both CCRF-CEM and 

K562 cells. Cytarabine selection of K562 led to a decrease in MRP4 expression. (Fig. 14D1, 

D2) Levels of MRP5 protein expression were quite similar in all tested cell lines, except CCRF-

CEM selected by cytarabine, which showed a slight decrease in expression of this protein, and 

in K562 selected by fludarabine, where the MRP5 expression was quite a higher compared to 
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control. (Fig. 14E1, E2) There was a big difference between MRP6 levels after cytarabine 

selection. In the CCRF-CEM cell line, cytarabine selection didn't affect MRP6 expression, but 

K562 cells selected by cytarabine expressed significantly more MRP6 than the control cell line. 

An increase in the MRP6 levels was also detected after fludarabine selection; this was similar 

in CCRF-CEM and K562 cells. 6-thioguanine selection led to a strong increase in MRP6 

expression in CCRF-CEM, but the same selection led to an MRP6 decrease in the K562 cell 

line. (Fig. 14F1, F2). 

 

Figure 14. Expression of multidrug resistance-associated proteins (MRPs) in the CCRF-CEM cell line 

and its derived resistant clones (A1, B1, C1, D1, E1, F1), and K562 cell line and its derived resistant 

clones (A2, B2, C2, D2, E2, F2). The data are mean (n= 3) ± sd and normalized to GAPDH. Statistical 

analysis was performed with an unpaired t-test: selected cell lines were compared to the parental line 

(CCRF-CEM or K562) at p < 0,05 using the GraphPad Prism 9.5.1 software program. We represent the 

level of statistical significance in this figure as follows: **** p-value < 0.0001, *** p-value < 0.001, ** 

p-value < 0.01, * p-value < 0.05. For a p-value > 0.05, we consider the differences to be not significant 

(ns). 
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2.2.2.4 Expression of nucleoside transporters (ENTs, CNTs) 

 The transport of nucleoside-based drugs across the cellular membrane is 

mediated mainly by the nucleoside transporters, which are divided into two groups: a) ENTs 

(SLC29s) and b) CNTs (SLC28s). We analyzed the expression of all ENT and CNT isoforms 

using RNA isolation, reverse transcription, and real-time PCR. Results were done in the three 

replicates and normalized to GAPDH. 

Selection of CCRF-CEM cells by cytarabine, 6-thioguanine, and fludarabine led to an 

increase in the ENT1 expression. (Fig. 15A1) Compared to the K562 cells, where only 

fludarabine selection caused an increase in the ENT1 expression. Cytarabine and 6-thioguanine 

selection led to a decrease in ENT1 levels. (Fig. 15A2). ENT2 expression was mainly affected 

by cytarabine and 6-thioguanine selection. There was a decrease of ENT2 in CCRF-CEM cells, 

an increase in its expression in K562 after cytarabine selection, and a significant rise in ENT2 

expression in CCRF-CEM cells after 6-thioguanine selection. (Fig. 15B1, B2) ENT3 expression 

levels were decreased in all cases, mostly in K562 cells selected by 6-thioguanine. (Fig. 15C3) 

Only the 6-thioguanine selection of the CCRF-CEM cell line led to a significant increase in 

ENT3 expression. (Fig. 15C1) ENT4 expression was increased after the 6-thioguanine selection 

of the CCRF-CEM cell line (Fig. 15D1) and after the cytarabine and fludarabine selection of 

K562 cells. (Fig. 15D2) The other selections didn't affect the levels of ENT4. 

Figure 15. Expression of equlibrative nucleoside transporters (ENT/ SLC29) proteins in CCRF-CEM cell 

line and its derived resistant clones (A1, B1, C1, D1), and K562 cell line and its derived resistant clones 
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(A2, B2, C2, D). The data are mean (n= 3) ± sd and normalized to GAPDH. Statistical analysis was 

performed with an unpaired t-test: selected cell lines were compared to the parental line (CCRF-CEM or 

K562) at p < 0,05 using the GraphPad Prism 9.5.1 software program. We represent the level of statistical 

significance in this figure as follows: **** p-value < 0.0001, *** p-value < 0.001, ** p-value < 0.01, 

* p-value < 0.05. For a p-value > 0.05, we consider the differences to be not significant (ns). 

The selection of CCRF-CEM with all three tested compounds (cytarabine, fludarabine, 

and 6-thioguanine) caused an increase in CNT1 expression. (Fig. 16A1) In contrast to cytarabine 

and 6-thioguanine selection in the K562 cell line, the treatment caused a decrease in CNT1 

levels. Fludarabine selection of K562 didn't affect CNT1 expression. (Fig. 16A2) CCRF-CEM-

resistant cell lines showed no significant difference in CNT2 expression compared to the control 

(Fig. 16B1) as well as the K562-resistant cells. (Fig. 16B2) CNT3 expression was decreased in 

K562 cells after selection with cytarabine and 6-thioguanine. Fludarabine selection didn't lead 

to a change in the CNT3 expression. (Fig. 16C) CNT3 was not expressed in the CCRF-CEM 

cell line.  

Figure 16. Expression of concentrative nucleoside transporters (CNT/ SLC28) proteins in CCRF-CEM 

cell line and its derived resistant clones (A1, B1), and K562 cell line and its derived resistant clones (A2, 

B2, C). CNT3 transporter was not expressed in the CCRF-CEM cell line. The data are mean (n= 3) ± sd 

and normalized to GAPDH. Statistical analysis was performed with an unpaired t-test: selected cell lines 

were compared to the parental line (CCRF-CEM or K562) at p < 0,05 using the GraphPad Prism 9.5.1 

software program. We represent the level of statistical significance in this figure as follows: **** p-value 

< 0.0001, *** p-value < 0.001, ** p-value < 0.01, * p-value < 0.05. For a p-value > 0.05, we consider the 

differences to be not significant (ns). 
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2.2.2.5 Expression of proteins involved in nucleosides metabolism 

To evaluate the background of developed drug resistance, we analyzed the expression 

of proteins involved in their metabolism. They were mainly activating kinases or kinases, which 

mediate the elimination of these drugs. Analyses were done by western blotting, and results 

were normalized to beta-actin. In addition to enzymes involved in nucleoside metabolism, the 

mTOR pathway influencing protein synthesis was also tested. 

In the first group of analyses, the expression of proteins involved in the metabolism of 

cytarabine and fludarabine was tested. CDA levels slightly increased after the cytarabine, 6-

thioguanine, and fludarabine selection of the CCRF-CEM cell line. (Fig. 17A1) K562-resistant 

cells showed similar CDA expression as the control. (Fig. 17A2) dCK expression significantly 

decreased after the cytarabine and fludarabine selection of CCRF-CEM cells. (Fig. 17B1) 

Cytarabine selection also caused a decrease in the dCK expression in the K562 cells, but the 

selection with 6-thioguanine and fludarabine didn't affect the dCK expression. (Fig. 17B2) GSC 

protein expression was affected only after cytarabine and fludarabine selection of CCRF-CEM 

cells. The other cell lines had a similar expression as the controls. (Fig. 17C1, C2) 
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Figure 17. Expression of proteins involved in the activation/ elimination of cytarabine and fludarabine in 

CCRF-CEM cell line (A1, B1, C1), K562 (A2, B2, C2), and its derived resistant clones. Data were 

normalized to beta-actin and processed using GraphPad Prism 9.5.1 software program. CDA: cytidine 

deaminase, dCK: deoxycytidine kinase, GSC: glycosylceramide synthase. 

Another set of analyses focused on the expression of the proteins involved in expressing 

6-thioguanine and 6-mercaptopurine. TPMT levels were comparable among resistant cell lines 

and the controls. (Fig. 18A1, A2) HGPRT expression was decreased in all resistant K562 cell 

lines (Fig. 18B2) and in the case of 6-thioguanine and fludarabine-resistant CCRF-CEM cell 

lines. (Fig. 18B1) Cytarabine selection didn't affect the expression of HGPRT in CCRF-CEM 

cells. MGMT protein expression was similar to control in CCRF-CEM resistant cell lines. (Fig. 

18C1) Cytarabine and 6-thioguanine selection caused a decrease in MGMT expression in K562 

cells, but fludarabine caused a slight increase in this protein's expression. (Fig. 18C2) 
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Figure 18. Expression of proteins involved in the activation/ elimination of 6-thioguanine in CCRF-CEM 

cell line (A1, B1, C1), K562 (A2, B2, C2), and its derived resistant clones. Data were normalized to beta 

actin and processed using GraphPad Prism 9.5.1 software program. TPMT: thiopurine-S-

methyltransferase, HGPRT: hypoxanthine-guanine phosphoribosyltransferase, MGMT: methylguanine-

DNA methyltransferase. 

mTOR pathway analysis included verification of the expression of mTOR protein and 

its phosphorylated form. (Fig. 19A1, A2, B1, B2) In the case of CCRF-CEM cell lines, mTOR 

expression was not significantly affected, and the levels were comparable to the control. K562-

resistant cell lines showed increased levels of this protein. mTOR phosphorylation was shown 

as a conversion of mTOR protein into its phosphorylated form. This conversion was reduced in 

all resistant cell lines (CCRF-CEM and K562), except CCRF-CEM was selected with 

cytarabine. (Fig. 19B1, B2) 

Other proteins analyzed as a part of the mTOR pathway were p70 S6 kinase and S6 

protein and their phosphorylated forms. (Fig. 20 and 21) Expression of p70 S6 kinase was 

unified in all K562 cell lines. (Fig. 20A2) CCRF-CEM selected with fludarabine showed a 

decrease in the p70 S6 kinase expression. In contrast, the other resistant cells showed an increase 

in its expression. (Fig. 20A1) Phosphorylation of p70 S6 kinase was analyzed in two 
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phosphorylated sites: T421/S424 and S371. Phosphorylation was analyzed as a conversion of 

p70 S6 kinase into its phosphorylated form. There was a conversion of T421/S424 

phosphorylation of p70 S6 kinase in all resistant cell lines, except for CCRF-CEM cells selected 

by fludarabine. (Fig. 20B1, B2) S371 phosphorylation of p70 S6 kinase was not significantly 

affected, except for CCRF-CEM selected with fludarabine, which had an increase in this 

phosphorylation (Fig. 20C1) and K562 also selected by fludarabine, but with a different result. 

In this case, we detected a reduction of the S371 phosphorylation. (Fig. 20C2) 

Levels of S6 ribosomal proteins were uniform in all CCRF-CEM cell lines (Fig. 21A1), 

and all selected K562 had decreased expression of this protein compared to the controls. (Fig. 

21A2) Phosphorylation of S6 ribosomal protein was analyzed in the S235/236, S240/244, and 

244/247 phosphorylation sites. There was no S235/236 phosphorylation in all CCRF-CEM 

resistant cell lines (Fig. 21B1), and these cells also had a substantial decrease in the S244/247 

phosphorylation. (Fig. 21D1) Phosphorylation of S240/244 was more robust than the previous 

two phosphorylations, but there was still a decrease compared to the control cells. (Fig. 21C1) 

The most significant decrease of S6 ribosomal protein phosphorylation in the K562 cells 

was S235/236 phosphorylation after selection with cytarabine. (Fig. 21B2) This 

phosphorylation was also decreased after the 6-thioguanine and fludarabine. There was also a 

decrease in the S244/247 phosphorylation in the K562-resistant cells (Fig. 21D2), but not as 

strong as in the CCRF-CEM cells. S240/S244 phosphorylation was not affected by cytarabine 

selection in K562 cells and increased after 6-thioguanine and fludarabine selection of these cells. 

(Fig. 21C2) 

 

Figure 19. Expression of mTOR protein (CCRF-CEM and its derived resistant cell lines: A1; K562 and 

its derived resistant cell lines: A2) and its phosphorylated form, p-mTOR S448 (CCRF-CEM and its 

derived resistant cell lines: B1; K562 and its derived resistant cell lines: B2). mTOR phosphorylation was 
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expressed as a ratio of conversion of mTOR protein into its phosphorylated form. Data were normalized 

to beta actin and processed using GraphPad Prism 9.5.1 software program. 

 

Figure 20. Expression of p70 S6 kinase (CCRF-CEM and its derived resistant cell lines: A1; K562 and 

its derived resistant cell lines: A2) and its phosphorylated form, p-p70 S6 kinase T421/S424 and S371 

(CCRF-CEM and its derived resistant cell lines: B1, C1; K562 and its derived resistant cell lines: B2, 

C2). p70 S6 kinase phosphorylation was expressed as a ratio of conversion of p70 S6 kinase into its 

phosphorylated form. Data were normalized to beta actin and processed using GraphPad Prism 9.5.1 

software program. 
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Figure 21. Expression of S6 ribosomal protein (CCRF-CEM and its derived resistant cell lines: A1; K562 

and its derived resistant cell lines: A2) and its phosphorylated form, p-S6 ribosomal protein S235/236, 

S240/244 and S244/247 (CCRF-CEM and its derived resistant cell lines: B1, C1, D1; K562 and its derived 

resistant cell lines: B2, C2, D2). S6 ribosomal protein phosphorylation was expressed as a ratio of 

conversion of S6 ribosomal protein into its phosphorylated form. Data were normalized to beta actin and 

processed using GraphPad Prism 9.5.1 software program. 
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2.2.3 Discussion 

In the first part of this thesis, resistant leukemia cell lines have been successfully 

developed. Cytarabine selection led to the development of similar cross-resistant phenotypes 

among cytarabine, gemcitabine, and fludarabine in the CCRF-CEM and K562 cell lines. 

Fludarabine selection of the CCRF-CEM cell line increased resistance to fludarabine, 

cytarabine, and gemcitabine, which is similar to cytarabine selection. There was also a slight 

increase in resistance to daunorubicin. In contrast, the K562 cell line, which is naturally less 

sensitive to fludarabine than CCRF-CEM cells, did not show such a significant development of 

resistance. We observed only a slight increase in resistance among fludarabine, 6-

mercaptopurine, cytarabine, and paclitaxel. 

Also, 6-thioguanine selection resulted in a similar resistant profile in both cell lines, 

cross-resistance between 6-thioguanine and 6-mercaptopurine.  

Cellular models of drug resistance can be useful tools in the identification of effective 

treatment using known drugs for the new application. Drug repurposing is a method that can 

significantly shorten the time needed to apply drugs into clinical practice compared to finding 

completely new structures.302 Known drugs, which have been clinically used for years, have 

proven safety, specified dosage that is not toxic, verified possible side effects, etc., and their 

approval for a new application is much faster. Identifying drugs that can overcome cancer drug 

resistance may be an important step to improving anticancer treatment and a possible way to 

increase the number of patients who achieve complete clinical remission. 

We screened eight clinically used drugs and one experimental compound (roscovitine) 

for their ability to overcome developed drug resistance in CCRF-CEM and K562 cell lines. 

Fludarabine, cytarabine, and gemcitabine cross-resistance were overcome by 6-thioguanine, 6-

mercaptopurine, 5-fluorouracil and paclitaxel in the CCRF-CEM cell line. Suggesting possible 

application of these compounds in the treatment of acute lymphoblastic leukemia insensitive to 

fludarabine, cytarabine, and gemcitabine. 

 6-thioguanine, 5-fluorouracil, and daunorubicine overcame cytarabine, gemcitabine, 

and fludarabine cross-resistance in the K562 cell line. These drugs can be potentially applied in 

treating acute myeloid leukemia cells non-responding to cytarabine, fludarabine or gemcitabine 

treatment. 

5-thioguanine and 6-mercaptopurine cross-resistance was overcome by all tested 

compounds (cytarabine, gemcitabine, fludarabine, 5-fluorouracil, roscovitine, daunorubicine, 

and paclitaxel) in both cell lines. 
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Our developed resistant cell lines were also used in the screenings of new compounds 

synthesized by the Institute of Organic Chemistry and Biochemistry of the CAS. We identified 

five compounds (LEM 10888, 10889, 10892, 11465, and 12791) that were able to overcome all 

resistant phenotypes (resistance to cytarabine, gemcitabine, fludarabine, gemcitabine, 6-

thioguanine, and 6-mercaptopurine) in K562 cell lines, and two compounds, LEM 11465 and 

13267, were able to overcome drug resistance also in the resistant CCRF-CEM cell lines. 

Identifying these compounds can bring information about highly active chemical structures 

(most of these compounds were more active in the resistant cell lines than the control) in the 

resistant cancer cells. These compounds can potentially become new anticancer drugs or start 

structures in synthesizing new highly active compounds.  

2.2.3.1 Cytarabine, gemcitabine, fludarabine cross-resistance 

To explain the emergence of the observed cross-resistance among cytarabine, 

gemcitabine, and fludarabine, we verified the level of expression of membrane transporters 

(ENTs, CNTs, ABC transporters), as well as enzymes involved in the metabolism of these drugs. 

Cellular uptake of cytarabine, gemcitabine, and fludarabine is mediated mainly via 

ENT1, 2, and CNT1. There was a significant decrease in ENT1 expression in K562 cells selected 

by cytarabine. These cells also showed decreased expression of ENT2 and CNT1, which may 

contribute to the development of the observed resistant phenotype. Interestingly, CCRF-CEM 

cells selected by cytarabine had increased ENT1 and CNT1 levels. There was only a decrease 

in the ENT2 expression. CCRF-CEM cells selected by fludarabine had similar or higher 

expression of ENT1, 2, and CNT1 expression compared to control. Suggesting that the observed 

resistance of CCRF-CEM cells is not associated with the nucleoside transporters' expression 

level. 

Efflux of cytarabine is mediated via MRP4, 5, fludarabine via BCRP, and gemcitabine 

via BCRP, MRP1, and 5. K562-cells selected by cytarabine showed a significant decrease of 

MRP1, MRP4, and BCRP, leading to more intensive efflux of cytarabine, gemcitabine, and 

fludarabine and decreased intracellularly of active metabolites. CCRF-CEM cells selected by 

cytarabine and fludarabine had decreased MRP1 and 5 levels. MRP4 and BCRP levels were not 

altered after selection. CCRF-CEM cells selected by fludarabine also showed a decrease in 

MRP1 expression, MRP5, and BCRP expression were not altered, and only MRP4 expression 

was increased, which may have contributed to the development of the observed resistant 

phenotype. 

The results show that the K562 cell line (chronic myeloid leukemia) has its resistant 

phenotype much more associated with the expression of membrane transporters, including both 
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influx and efflux pumps. The resistant phenotype of CCRF-CEM cells seems to be independent 

of the expression of membrane transporters. 

An explanation of observed cross-resistance in the CCRF-CEM cells has been found in 

the expression of the dCK kinase, which mediates the first intracellular phosphorylation of 

cytarabine, gemcitabine, and fludarabine. Both cell lines, CCRF-CEM selected by cytarabine 

and fludarabine, had significantly decreased expression of dCK and, at the same time, also 

increased expression of CDA, which is responsible for the elimination of gemcitabine and 

cytarabine. A decrease in dCK expression was also detected in K562 cells selected by 

cytarabine, suggesting a strong connection between cytarabine, gemcitabine, and fludarabine 

cross-resistance and decreased expression of dCK. This finding is in connection with the current 

literature. 

GSC is a new potential prognostic marker of fludarabine treatment efficacy, and its 

higher expression has been described in connection with fludarabine resistance. We detected a 

significant increase in GSC expression after fludarabine and also cytarabine treatment. The 

connection between GSC expression and cytarabine resistance has not been described yet. 

2.2.3.2 6-thioguanine and 6-mercaptopurine cross-resistance 

Selection of CCRF-CEM and K562 cells by 6-thioguanine resulted in the same 

phenotype in both cell lines – cross-resistance between 6-thioguanine and 6-mercaptopurine. 

This cross-resistance has been previously described in vitro, but in the clinics, 6-thioguanine 

remains an alternative drug for patients resistant or intolerant to 6-mercaptopurine.53,303  

   Both 6-TG and 6-MP are transported into cells via ENT2 and CNT3 nucleoside 

transporters. Our results show no significant connection between ENT2 and CNT3 expression 

and developed cross-resistance to 6-TG and 6-MP, except for a decrease of CNT3 expression in 

K562 6-TG resistant cells. Expression of the other transporters was equal or higher compared 

to the control, and yet there was the development of a resistant phenotype in CCRF-CEM and 

K562 cells. This suggests that the resistance mechanism will be independent of the expression 

of nucleoside transporters. 

The effect of MDR efflux pumps could explain the resistance development in the 

CCRF-CEM cell line, where there were elevated levels of Pgp, MRP4, and MRP5. However, 

no such increase occurred in the K562 line. A common feature was a decrease in the HGPRT 

expression, which is a key enzyme in the activation of both 6-TG and 6-MP. Lower levels of 

HGPRT were connected with thiopurines insensitivity and a worse therapeutic prognosis, 

including shorter overall survival time in in vitro experiments and also in the clinics,304,305 which 

makes HGPRT a valuable prognostic marker of thiopurine treatment. 
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2.2.3.3 Involvement of mTOR pathway in nucleoside-based drug resistance 

Analysis of the mTOR pathway (Fig. 22) showed that all resistant cell lines (except 

fludarabine-selected K562 cells, which did not develop highly resistant phenotype) had reduced 

phosphorylation of S6 ribosomal protein (rpS6) in Ser235/236 and Ser244/247. Resistant 

CCRF-CEM cells also reduced the phosphorylation of S6 ribosomal protein in Ser240/244. 

The main kinase responsible for rpS6 phosphorylation is p70 S6 kinase, which 

phosphorylates all five phosphorylating sites of rpS6. The expression of this kinase was not 

significantly affected after the selection of resistant clones, but a decrease in its phosphorylation 

at the Thr421/Ser424 position was detected. The exception was fludarabine-selected CCRF-

CEM cells, which had no reduction in Thr421/Ser424 phosphorylation, yet rpS6 was not 

phosphorylated. There is the possible involvement of protein phosphatase 1 (PP1), which 

dephosphorylates rpS6.306 

Figure 22. mTOR C1 complex pathway. 

S6 ribosomal protein is a downstream effector of the mTOR pathway, but its 

physiological activity is not entirely understood. In vivo experiments using mice models showed 

the involvement of rpS6 in the regulation of cellular size, but not in all cell types, and glucose 

homeostasis.307,308 The primary phosphorylation site of rpS6 is Ser2, suggesting that inhibition 

of this phosphorylation will significantly affect the function of rpS6 protein.309 

The connection between S6 ribosomal protein phosphorylation and drug resistance 

development has been previously described, but there was always an increase in rpS6 

phosphorylation, leading to improved cancer cell viability. For example, increased 

phosphorylation of rpS6 is related to resistance to PARP inhibitors in BRCA1-deficient cells.310  
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Our results show a significant connection between nucleoside-based drug resistance and 

rpS6 dephosphorylation. However, the mechanism of involvement in the inhibition of the rpS6 

protein in drug resistance has to be further investigated and is beyond the goals of this thesis.  
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2.3 Neuroprotective effect of nucleosides 

2.3.1 Materials and Methods 

2.3.1.1 Kinase assay 

The kinase assay was based on direct detection of peptide substrate and its 

phosphorylated form. CHKtide peptide (m/z 2701; KKKVSRSGLYRSPSMPENLNRPR) was 

used as a substrate for MARK kinases, and GSK peptide substrate (m/z 3028; 

YRRAAVPPSPSLSRHSSPHQ(pS)EDEEE) was used as a substrate for GSK-3β kinase. Each 

phosphorylation creates a shift in the molecular mass of the peptide about 80 kDa. Peptide 

detection was done by MALDI-TOF mass spectrometry (ultraflexXtreme, Bruker Daltonik 

GmbH), whereas the voltage of ion source 1 was 25.11 kV, ion source 2 22.46 kV, the lens 8.02 

kV, reflector 1 26.5 kV, and reflector 2 13.7 kV. 

MARK1-4 and GSK-3β kinases were purchased from Carna Biosciences and stored at 

-80°C. Peptide substrates for all kinases were obtained from SignalChem (aliquoted and stored 

at -20°C). The assay buffer for MARK kinases consisted of 1 mM HEPES (pH 7,5), 1 mM DTT, 

and 1 mM MgCl2. GSK-3β assay buffer consisted of 2 mM HEPES (pH 7,2), 1 mM DTT, and 

4 mM MgCl2.  

Kinase activity was measured as a conversion of peptide substrate to its phosphorylated 

form. The inhibition effect was detected as a decrease in this conversion. Staurosporine was 

used as a control inhibitor. Experimental MARK inhibitors were obtained from ÚOCHB. All 

compounds were diluted in DMSO (the final concentration of DMSO in the reaction was 0.5 

%). Control samples (without inhibition) were treated with DMSO at a final concentration 0.5 

%. MALDI-TOF data were processed by flexAnalysis 3.4 software (Bruker Daltonik GmbH), 

exported by flexAnalysis Batch Process, and analyzed by GraphPad Prism 9 software. 

The percentage of kinase activity was calculated as a ratio of phosphorylated peptide 

(product) peak intensity (IP) to the peptide (substrate) peak intensity (IS), as described below: 

Enzyme activity [%]= 100 x (IP/IS) 

In the case of multiple phosphorylation, phosphorylated peak intensities added up and 

compared to substrate peak intensity as previously described. 

The percentage of inhibition was calculated as a decrease in the conversion of substrate 

to the product in the presence of an inhibitor compared to the control reaction without inhibitors. 

According to dose-response inhibition analysis, IC50 values were calculated by GraphPad 

Prism 9. 
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Inhibition [%]= 100 - [(IPi/ISi)/(IPc/ISc) x 100] 

IPi is the product's peak intensity, and ISi is the intensity of the substrate peak in the 

reaction with the inhibitor present. IPc is the intensity of the product peak, and ISc is the intensity 

of the substrate peak in the control reaction without an inhibitor. 

The method for detection activity of MARK kinases was published in Hrubá et al. 

(2022).266 

2.3.1.2 In vitro pharmacology 

The pharmacological properties of the compounds were measured as described 

previously.311,312 

2.3.1.3 MARK4-tau co-transfection and compound treatment 

HEK293 cells were transfected with human GFP-MARK4 wildtype (Cat. # DU2288, 

MRC PPU Reagents and Services, Dundee, Scotland, UK), and pRK5-EGFP-Tau was a gift 

from Karen Ashe (Addgene plasmid # 46904; RRID: Addgene_46904).313 Before the 

transfection, the cells were plated at the density of 0.5 x 106 cells/ mL in a 6-well plate and 

incubated in a CO2 incubator overnight. The cells were either transfected with 1 µg MARK4 

and 1 µg tau plasmids alone or co-transfected with MARK4 and tau at a 1:1 (1 µg MARK4:1 

µg tau), 1:2 (500 ng MARK4:1 µg tau) and 2:1 (1 µg MARK4:500 ng tau) ratios diluted in 

jetPRIME® Buffer supplemented with jetPRIME® reagent (Cat. # 101000046, Polyplus-

transfection®, Illkirch-Graffenstaden, France) following the manufacturer's protocol for 24 h. 

The total plasmid concentration per well was always ≤ 2 µg. using jetPRIME® reagent. The 

expression of proteins was verified by Western blotting as described below. 

For compounds treatment, the cells were first washed with 1× PBS 24 h post-

transfection and then treated with the compounds at 10, 50, and 75 µM concentrations for 4 

hours. After the treatment, the cells were collected and processed for Western blotting, as 

described below. 
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2.3.2 Results 

2.3.2.1 MARK kinase assay 

MARK kinase assay is based on the direct detection of a peptide substrate (CHKtide, 

m/z 2701) and its phosphorylated form (m/z 2781) by MALDI-TOF mass spectrometry (Fig. 

23). 

Figure 23. (A) Detection of CHKtide peptide substrate (m/z 2701) in the assay buffer by MALDI-TOF 

mass spectrometry. (B) Detection of a peptide substrate (CHKtide) and its phosphorylated form (m/z 

2781) in the presence of MARK4 enzyme in the assay buffer after 60 minutes of incubation. Mass spectra 

were analyzed by flexAnalysis software (Bruker Daltonik GmbH).266 

Method development was done using the MARK4 enzyme and then optimized for other 

MARK isoforms. The method was optimized in four steps. The first one was the optimization 

of MARK4 concentration (Fig. 24A), which was tested in the 0.05- 2.95 μg/ml range using an 

initial concentration of 100 μM ATP and 0.13 mg/ml of CHKtide peptide substrate. We chose 

the optimal conversion ratio of substrate to product (phosphorylated CHKtide) 1:2, obtained by 

using 2.25 μg/ml of MARK4 in the reaction. This concentration was used to optimize ATP 

concentration (Fig. 24B), which was tested in the range of 1.85 – 200 μM using 0.13 mg/ml of 

the peptide substrate. The optimal ATP concentration was 46.4 μM, which was used for 

reevaluation of MARK4 concentration (Fig. 24C) in the same concentrations as in step one. In 

optimized ATP conditions, phosphorylation was more effective, and optimal MARK4 

concentration decreased to 1.19 μg/ml. This concentration and the optimized concentration of 

ATP were used for the dose-dependent analysis of CHKtide optimal concentration. (Fig. 24D). 
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CHKtide was tested in the 0.020 to 0.267 mg/ml range, and KM was calculated. The optimal 

CHKtide concentration was 0.12 mg/ml, corresponding to the KM. 

The final conditions for MARK4 kinase assay were 1.19 μg/ml of MARK4, 46.4 μM of 

ATP, and 0.12 mg/ml of CHKtide. 

Figure 24. (A) Optimization of MARK4 concentration in the range of 0.05 to 2.95 μg/ml at initial 

concentrations of ATP (100 µM) and CHKtide (0.13 mg/ml). The optimal MARK4 concentration was 

2.25 µg/ml. (B) Optimization of ATP concentration in the range of 1.85 to 200 µM at the optimized 

concentrations of MARK4 of 2.25 µg/ml and CHKtide of 0.13 mg/ml. The selected concentration of ATP 

was 46.4 µM. (C) Reevaluation of MARK4 concentration under optimized conditions (46.4 µM ATP and 

0.13 mg/ml CHKtide). (D) Optimization of CHKtide concentration under optimized conditions (1.19 

µg/ml MARK4, 46.5 µM, 0.13 mg/ml CHKtide) in the range of 0.020 to 0.267 mg/ml. The optimal 

CHKtide concentration was 0.12 mg/ml. The reaction rate was calculated as the conversion of substrate 

to the product over time. Data are mean ± SD, n = 3, and were processed using the GraphPad Prism 9.5.1 

software program.266 

Since the method was optimized for the MARK4 enzyme, we also optimized conditions 

for other MARK isoforms (MARK1-3). First of all, we optimized enzyme concentration (range 

0.05 to 2.92 µg/ml in MARK4 optimized ATP (46.4 µM) and CHKtide concentration (0.12 

mg/ml) (Fig. 25A). Optimal enzyme concentration was corresponding to peptide to phospho-

peptide conversion ratio 1:2. Optimal MARK1 concentration was 0.31 µg/ml, MARK2 0.55 
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µg/ml, and MARK3 0.40 µg/ml. In the second step, ATP concentration was optimized using a 

range of 3.21 to 205 µM with a CHKtide concentration of 0.12 mg/ml. (Fig. 25B) The optimal 

ATP concentration was similar to the MARK4 method, 46.4 µM, so reevaluation of enzyme 

concentration was not needed.  

The final condition was 46.4 µM of ATP, 0.12 mg/ml of CHKtide peptide substrate, 

0.31 µg/ml of MARK1, 0.55 µg/ml of MARK2, and 0.40 µg/ml. 

Figure 25. (A) Optimization of MARK1-3 concentration in the range of 0.05 to 2.92 µg/ml with initial 

ATP (46.4 µM) and substrate concentration (0.12 mg/ml CHKtide). The optimal concentration of 

MARK1 was 0.31 µg/ml, MARK2 0.55 µg/ml, and MARK3 0.40 µg/ml. (B) Optimization of ATP 

concentration (range from 3.21 to 205 µM) in the presence of MARK1, 2, or 3, respectively, and 0.12 

mg/ml of CHKtide peptide substrate. The optimal concentration for all MARK isoforms was 46.4 µM. 

Data are mean ± sd, n ≥ 3, and were processed using the GraphPad Prism 9.5.1 software program.266 

Inhibition of MARK1-4 activity was tested using kinase inhibitor, staurosporine, with 

IC50 9.46 nM ± 0.13 (MARK1), 5.82 nM ±.0.12 (MARK2), 3.79 nM ± 0.12 (MARK3) and 4.6 

nM ± 0.12 (MARK4). (Fig. 26) 
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Figure 26. Staurosporine inhibition of MARK1-4 kinases with IC50 values: 9.46 nM ± 0.13 (MARK1), 

5.82 nM ±.0.12 (MARK2), 3.79 nM ± 0.12 (MARK3) and 4.6 nM ± 0.12 (MARK4). Data are mean ± sd, 

n ≥ 3. Data were processed, and IC50 values were calculated using the GraphPad Prism 9.5.1 software 

program.266 

2.3.2.2 Screening of MARK4 inhibitors 

The screening of MARK4 inhibitors was divided into two parts. Part one included the 

primary screening of testing MARK4 inhibitory activity of analyzed compounds in one 

concentration and at least three replicates. The first group of tested compounds consisted of 306 

compounds, and their activity was tested at 50 μM. 144 compounds were identified as MARK4 

inhibitors in this group and were selected for secondary screening. Since the initial concentration 

of 50 μM resulted in a high number of positive compounds, the concentration was decreased to 

20 μM for the second batch of compounds (174 analyzed compounds and 72 positive MARK4 

inhibitors) and to 10 μM for the third batch (758 tested compounds and 229 positive MARK4 

inhibitors). We analyzed 1238 compounds, and 445 compounds were tested in the secondary 

screening. The secondary screening was the dose-response analysis of the inhibitory activity in 

concentration from 2,44 nm to 50 μM. Based on this data, the IC50 value was calculated. We 

identified 15 compounds with IC50 lower than 1 μM and 5 compounds with IC50 between 1 μM 

and 2 μM (Fig. 27). These 20 compounds were used for further analyses. Dose-response curves 

are summarized in Tab. 6A, B and C.  
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Figure 27. MARK4 screening. The primary screening included 1238 compounds divided into three 

groups tested in concentrations 50, 20, and 10 μM. 445 compounds were analyzed in the dose-response 

secondary screening. Data were evaluated, and the IC50 value was calculated by GraphPad Prism 9.5.1 

software program. 
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Table 6A. Dose-response analyses of the most active MARK4 inhibitors. Each graph is mean IC50 ± 

standard deviation (n ≥ 2). Data were processed, and IC50 was calculated using the GraphPad Prism 9.5.1 

software program. 
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Table 6B. Dose-response analyses of the most active MARK4 inhibitors. Each graph is mean IC50 ± 

standard deviation (n ≥ 2). Data were processed, and IC50 was calculated using the GraphPad Prism 9.5.1 

software program. 
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Table 6C. Dose-response analyses of the most active MARK4 inhibitors. Each graph is mean IC50 ± 

standard deviation (n ≥ 2). Data were processed, and IC50 was calculated using the GraphPad Prism 9.5.1 

software program. 
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2.3.2.3 MARK1-3 inhibitory activity 

20 compounds selected from MARK4 screening were tested for their ability to inhibit 

other MARK isoforms (MARK1, 2, and 3). Compounds that were active MARK1-3 inhibitors 

(LEM 2999, 2998, 2997, 2994, 2695, 2990, 12737, 2993, and 10983) were removed from the 

tested group, and further experiments were done only for selective MARK4 inhibitors. Results 

are summarized in Tab. 7. Dose-response curves are provided in Supplementary Table 1, 2, and 

3 (A-C). 

Table 7. IC50 values for the most active compounds from the MARK4 screening (IC50 < 2 µM). 

Compounds were also tested for their activity against other MARK isoforms (1-3). Data shows mean IC50 

values and standard deviation (sd). n ≥ 6. Data were processed using the GraphPad Prism 9.5.1 software 

program. 

IC50 [µM] 

LEM code MARK 4  sd MARK 1 sd MARK 2 sd MARK 3 sd 

2999 0.10 0.02 5.48 1.42 0.39 0.12 0.29 0.17 

2998 0.26 0.09 3.67 1.19 1.42 0.53 1.04 0.03 

21033 0.32 0.18 >50 0 20.87 5.58 >50 0 

2997 0.36 0.08 2.23 2.08 1.65 0.88 1.02 0.84 

2994 0.42 0.09 7.57 2.41 42.16 3.21 1.75 1.41 

11482 0.47 0.13 >50 0 >50 0 >50 0 

2695 0.49 0.12 15.39 2.79 19.94 6.56 0.17 0.05 

20776 0.50 0.29 >50 0 >50 0 >50 0 

2990 0.58 0.18 0.48 0.14 0.31 0.22 0.38 0.35 

11480 0.59 0.08 >50 0 >50 0 38.8 18.86 

12737 0.60 0.03 11.62 4.2 0.13 0.02 0.34 0.53 

2993 0.68 0.24 0.98 0.34 0.11 0.08 0.11 0.04 

1223 0.83 0.12 43.12 9.4 33.46 3.27 40.87 15.81 

11134 0.85 0.07 >50 0 >50 0 >50 0 

2989 0.95 0.33 >50 0 >50 0 >50 0 

11133 1.22 0.37 >50 0 46.21 5.2 >50 0 

20967 1.30 0.25 >50 0 >50 0 >50 0 

11152 1.31 0.52 >50 0 >50 0 >50 0 

2387 1.63 0.44 >50 0 >50 0 >50 0 

10893 1.71 0.30 5.35 1.57 0.24 0.06 0.11 0.01 

 

2.3.2.4 Cytotoxicity of MARK inhibitors 

Tab. 8 summarizes the cytotoxicity of the selective MARK4 inhibitors using human 

cancer and non-cancer cell lines. Cytotoxicity was evaluated by the MTS test. The data were 

obtained from the IMTM MedChemBio portal (data were done by Dr. S. Gurská, IMTM). 

All of the tested compounds, except LEM 20776, were not toxic for non-tumor cell lines 

(BJ, MRC-5). LEM 20776 and LEM 11133 were highly toxic for all tested cancer cell lines, and 

the other compounds were slightly or non-active.  
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Table 8. IC50 values of selective MARK4 inhibitors using human cancer (CCRF-CEM, CEM-DNR, 

K562, K562-TAX, A549, HCT 116, HCT 116 p53-/-, U-2 OS) and non-cancer cell lines (BJ, MRC-5, 

HEK-293 MARK4). Data are mean ± standard deviation (sd), n ≥ 4. Nt – not tested 

LEM 
code 

IC50 [μM) 

BJ MRC-5 
HEK293 
MARK4 

CCRF-
CEM 

CEM-
DNR 

K562 
K562-
TAX 

A549 
HCT 
116 

HCT 116 
p53-/- 

U-2 OS 

21033 > 50 > 50 Nt > 50 > 50 > 50 > 50 > 50 > 50 > 50 > 50 

11482 > 50 > 50 > 50 > 50 > 50 > 50 > 50 > 50 > 50 > 50 > 50 

20776 
3.99  

(± 1.1) 
4.73  

(± 0.9) 
Nt 

1.75 
(± 0.3) 

1.48 
(± 0.08) 

0.68 
(± 0.08) 

1.37 
(± 0.2) 

0.64 
(± 0.04) 

0.62 
(± 0.04) 

0.92 
(± 0.04) 

0.66 
(± 0.07) 

11480 > 50 > 50 > 50 > 50 > 50 > 50 > 50 > 50 > 50 > 50 > 50 

1223 > 50 > 50 > 50 
36.37 

(± 5.2) 
> 50 > 50 > 50 > 50 

49.66 

(± 3.8) 

39.27 

(± 4.8) 
Nt 

11134 > 50 > 50 > 50 > 50 > 50 > 50 > 50 > 50 > 50 > 50 > 50 

2989 > 50 > 50 47,3 > 50 > 50 > 50 
12.86 
(± 4.3) 

> 50 > 50 > 50 > 50 

11133 > 50 > 50 Nt 
1.03 

(± 0.1) 
1.34 

(± 0.1) 
0.36 

(± 0.04) 
0.54 

(± 0.05) 
0.48 

(± 0.05) 
0.47 

(± 0.03) 
0.53 

(± 0.05) 
0.49 

(± 0.04) 

20967 > 50 > 50 Nt 
27.55 
(± 2.2) 

42.4 
(± 6.9) 

47.7 
(± 6.1) 

33.39 
(± 4.9) 

> 50 
33.95 
(± 2.9) 

48.17 
(± 2.6) 

> 50 

11152 > 50 > 50 Nt 
33.91 
(± 4.9) 

> 50 > 50 > 50 > 50 
48.87 
(± 1.8) 

48.1 
(± 3.8) 

> 50 

2387 
44.28 
(± 6.2) 

43.03 
(± 10.9) 

Nt 
3.85  

(± 0.9) 
28.92 
(± 0.9) 

31.95 
(± 2.7) 

28.54 
(± 0.8) 

37.59 
(± 2.6) 

32.24 
(± 4.2) 

24.8 
(± 3.1) 

19.69 
(± 1.7) 

 

2.3.2.5 In vitro pharmacological parameters 

In vitro pharmacological parameters were analyzed to predict the behavior of selected 

compounds in the human body. In vitro metabolism, binding to plasma proteins, and active 

transport across the blood-brain barrier (BBB) were tested (Tab. 9). The data were obtained 

from the IMTM MedChemBio portal (data were done by Dr. B. Lišková, IMTM). 

Stability in the solution is a fundamental property of successful drug candidates, and 

most of our tested compounds demonstrated quite a high chemical stability in the phosphate-

buffered saline (PBS pH 7,4) after 120 minutes at 37 °C. The compounds 11482, 20776, and 

11134 showed a lack of stability that may be due to non–enzymatic processes (less than 70% 

presence in PBS after 120 min). The synthesized compounds were incubated with human plasma 

in vitro for fast determination if they maintained acceptable concentration and half-life to 

achieve desirable pharmacological effects.314 Compounds were found to be stable in plasma (all 

compounds showed more than 80% presence in plasma after 120 min). The exception is 

compound 20776, which is potentially labile to the plasma enzymes. 

The binding of studied molecules to plasma proteins can impact their stability in plasma, 

distribution, and efficacy. The measurement of plasma protein binding was performed using a 
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Rapid Equilibrium Dialysis device, and studied compounds reported a percent of fraction bound 

in the range of 40 - 95%. The intrinsic clearance calculated from the microsomal stability assay 

indicated a high category, except for the derivatives 2989, and 2387, which reported a medium 

sort of intrinsic clearance.  

The derivatives 20967, 11152, and 2387 had the medium ability (- log Papp 4.9 - 6 cm/s) 

to diffuse passively through an artificial cellular membrane in the Parallel artificial membrane 

permeability assay (PAMPA) for the remaining studied compounds, another alternative 

mechanism of intracellular transport may be necessary. It can be concluded that studied 

molecules could be divided into three groups. 

First, 11152 and 2387 showed the best permeability properties based on cell assays from 

the studied compounds. Molecules 11152 and 2387 showed high and moderate (PappAB 5-

20×10-6 cm/s; moderate category) probability of intestinal absorption and cross blood-brain 

barriers (PappAB > 10×10-6 cm/s; CNS +). We assessed rates of transport across Caco-2 and 

MDCK-MDR1 monolayers in both directions (apical to basolateral (A-B) and basolateral to 

apical (B-A)) across the cell monolayer, which enables us to determine the efflux ratio and 

shows if the compound undergoes active efflux. Studied derivatives 11152 and 2387 were 

actively exported from the cells in both barrier models as indicated by efflux ratios > 2. Still, 

values of efflux ratio were very close to the limit of active and passive efflux that the compounds 

could not be clearly identified as substrates of the MDR1 (Pgp) efflux pump present in both cell 

types. 

The second group, studied compounds reported better permeability in the intestinal 

barrier model than in the blood-brain barrier model, including 11133 (not actively exported from 

the cells in both barrier models as indicated by efflux ratios < 2) and other 2989, 1223, and 

20967 (actively exported from the cells in both barrier models as indicated by efflux ratios > 2). 

The third group, the other studied compounds 21033, 11482, and 20776, manifested a 

low category of permeability in both cell assays and were actively exported from the cells in 

both barrier models. 
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Table 9. In vitro pharmacological parameters for selected MARK4 inhibitors. Data were analyzed using 

a Rapid Equilibrium Dialysis device. 

  

Metabolism 
Plasma 
protein 
binding 

Permeability 

  
in vitro in vitro in vitro in vivo 

LEM code Compound 

Chemical stability Plasma stability Microsomal stability 
Rapid 

Equilibrium 
dialysis 

PAMPA Caco-2 MDR1-MDCK 

Time 
(min) 

% 
compound 
remaining 

Time 
(min) 

% 
compound 
remaining 

Time 
(min) 

% 
compound 
remaining 

Intrinsic 
clearance 

The fraction 
bound (%) 

log Pe Category Category 
CNS 

negative/positive 

21033 YC122 

0 
100 

0 
100 

0 
100 

Medium 78.76 -8.03 Low 

Low CNS negative 

15 
93 

15 
100 

15 
99 

Papp (x10e-6): 
1.23 

Papp (x10e-6): 
0.11 

30 
103 

30 
97 

30 
76 Efflux ratio: 8.59 Efflux ratio: 8.00 

60 
86 

60 
86 

60 
70 

Active efflux: 
yes 

Active efflux: yes 

120 
80 

120 
84 

 ND 
 ND 

% recovery: 
41.67 

% recovery: 41.88 

11482 IK-1032-I 

0 100 0 100 0 100 

Medium 83.98 -8.05 Low 

Low CNS negative 

15 93 15 97 15 99 
Papp (x10e-6): 

1.25 
Papp (x10e-6): 

0.53 

30 84 30 92 30 85 Efflux ratio: 3.01 Efflux ratio: 7.41 

60 79 60 89 60 58 
Active efflux: 

yes 
Active efflux: yes 

120 54 120 87  ND  ND 
% recovery: 

45.67 
% recovery: 96.52 

20776 MIT891 

0 100 0 100 0 100 

Medium 38.71 -6.97 Low 

Low CNS negative 

15 96 15 105 15 79 
Papp (x10e-6): 

0.063 
Papp (x10e-6): 

1.36 

30 106 30 86 30 80 Efflux ratio: 4.33 Efflux ratio: 1.44 

60 89 60 64 60 47 
Active efflux: 

yes 
Active efflux: no 

120 60 120 46  ND  ND 
% recovery: 

65.47 
% recovery: 47.28 

11480 IK-1029-I Nt 

1223 PNH760 

0 100 0 100 0 100 

Low 89.87 -7.08 Low 

Moderate CNS negative 

15 97 15 99 15 95 
Papp (x10e-6): 

10.30 
Papp (x10e-6): 

2.31 

30 98 30 105 30 89 Efflux ratio: 5.78 Efflux ratio: 19.01 

60 103 60 98 60 82 
Active efflux: 

yes 
Active efflux: yes 

120 92 120 98  ND  ND 
% recovery: 

68.43 
% recovery: 96.14 

11134 IK-886-I 

0 100 0 100 0 100 

Low 95.42 -7.39 Low 

Low CNS negative 

15 77 15 103 15 98 
Papp (x10e-6): 

3.45 
Papp (x10e-6): 

4.61 

30 67 30 100 30 97 Efflux ratio: 1.00 Efflux ratio: 1.67 

60 65 60 94 60 89 Active efflux: no Active efflux: no 

120 49 120 105  ND  ND 
% recovery: 

59.02 
% recovery: 87.77 

2989 SPS25 

0 100 0 100 0 100 

High 96.74 -6.94 Low 

Moderate CNS negative 

15 100 15 98 15 71 
Papp (x10e-6): 

12.06 
Papp (x10e-6): 

2.61 

30 96 30 97 30 57 Efflux ratio: 2.47 Efflux ratio: 3.37 

60 96 60 102 60 16 
Active efflux: 

yes 
Active efflux: yes 

120 84 120 100  ND  ND 
% recovery: 

48.74 
% recovery: 92.88 

11133 IK-888-I 

0 100 0 100 0 100 

Medium 78.45 -7.68 Low 

Moderate CNS negative  

15 99 15 93 15 72 
Papp (x10e-6): 

6.13 
Papp (x10e-6): 

2.83 

30 93 30 95 30 50 Efflux ratio: 0.97 Efflux ratio: 1.36 

60 85 60 93 60 27 Active efflux: no Active efflux: no 

120 88 120 87  ND  ND 
% recovery: 

64.17 
% recovery: 86.26 

20967 MFC170 

0 100 0 100 0 100 

Medium 79.81 -5.84 Medium 

Moderate CNS negative 

15 92 15 92 15 91 
Papp (x10e-6): 

9.01 
Papp (x10e-6): 

9.56 

30 95 30 91 30 81 
Efflux ratio: 

10.21 
Efflux ratio: 6.99 

60 95 60 90 60 68 
Active efflux: 

yes 
Active efflux: yes 

120 100 120 78     
% recovery: 

108.22 
% recovery: 94.75 

11152 IK-963-I 

0 100 0 100 0 100 

Medium 68.14 -4.95 Medium 

High CNS positive 

15 104 15 104 15 86 
Papp (x10e-6): 

36.98 
Papp (x10e-6): 

15.80 

30 102 30 88 30 75 Efflux ratio: 2.00 Efflux ratio: 3.66 

60 106 60 82 60 64 Active efflux: no Active efflux: yes 

120 102 120 80  ND  ND 
% recovery: 

54.47 
% recovery: 

109.28 

2387 IK725 

0 100 0 100 0 100 

High 87.79 -5.89 Medium 

Moderate CNS positive 

15 95 15 105 15 75 
Papp (x10e-6): 

18.52 
Papp (x10e-6): 

13.93 
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30 102 30 101 30 52 Efflux ratio: 2.64 Efflux ratio: 2.84 

60 103 60 97 60 18 
Active efflux: 

yes 
Active efflux: yes 

120 103 120 88  ND  ND 
% recovery: 

92.47 
% recovery: 77.75 

 

2.3.2.6 Physiochemical parameters 

Compounds selected in the MARK screening were also analyzed for their 

physiochemical parameters, which affect their ability to cross the BBB, such as their molecular 

mass, lipophilicity (Log Po/w), number of H-bond donors and acceptors, number of rotatable 

bonds and polar surface area (TPSA). All parameters were analyzed according to the structure 

of tested compounds using the SwissADME service (Swiss Institute of Bioinformatics) and 

summarized in Tab. 10. 

According to physiochemical parameters, only compounds 2989 and 11133 should be 

able to passively cross the BBB. Compound 11133 is also the substrate for P-glycoprotein (Pgp), 

which is an efflux pump reducing the concentration of potentially toxic compounds in the brain 

tissue, which may decrease the activity of this compound. 2989 was not identified as a Pgp 

substrate. 

Table 10. Physiochemical parameters of most active MARK4 inhibitors. Molecular mass (Mw), 

lipophilicity (Log Po/w), number of H-bond donors and acceptors, number of rotatable bonds, and total 

polar surface area (TPSA). The SwissADME service was used to analyze these parameters, and 

accordingly, a prediction of their ability to cross the BBB was made. Based on their structure, there was 

also a prediction of being a substrate of P-glycoprotein (Pgp) for those compounds. 

LEM code Mw Log Po/w 
H-bond 
donors 

H-bond 
acceptors 

Rotatable 
bonds 

TPSA [Å] 
Ability to 
cross the 

BBB 

Pgp 
substrate 

21033 473.50 2.95 3 7 3 142.01 No No 

11482 409.44 4.11 1 6 5 85.81 No Yes 

20776 405.50 3.97 1 5 4 131.09 No Yes 

11480 423.42 4.09 1 7 4 98.95 No Yes 

1223 383.35 0.50 4 7 3 133.74 No No 

11134 276.29 2.42 2 3 2 80.73 No Yes 

2989 265.27 2.80 1 4 2 63.94 Yes No 

11133 286.33 3.16 2 2 2 67.59 Yes Yes 

20967 421.41 0.77 3 8 3 131.59 No No 

11152 325.25 2.44 1 9 4 85.81 No Yes 

2387 231.27 2.48 1 3 2 79.04 No No 

 

2.3.2.7 Selectivity of MARK4 inhibitors 

Based on previous analyses, we selected compounds LEM 2989, 11133, 11152, and 

2387 for additional tests. To investigate the selectivity of our selected compounds, inhibitory 

activity against 50 kinases was analyzed. Analysis was done by Carna Sciences, Inc. (Japan). 

Inhibitory activity was tested in a single concentration 5 μM and two replicates. Results are 
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summarized in Tab. 11. All compounds showed high inhibitory activity to at least one of the 

tested kinases. The most selective compound was LEM 11152, which highly inhibited just 

Cdk2/CycA2 and GSK-3β.   

Table 11. Inhibitory activity of compounds LEM 2989, 11133, 11152, and 2387 in concentration 5 μM 

against a panel of 50 kinases. Data are mean (n = 2). 

Kinase 
% Inhibition  

Kinase 
% Inhibition 

2989 11133 11152 2387  2989 11133 11152 2387 

ABL 5.9  88.3  2.6  97.0   CHK1 30.5  53.0  10.4  39.7  

CSK 0.9  53.3  -1.9  43.0   CK1ε 72,.7  31.9  -1.1  17.4  

EGFR 6.1  62.6  3.2  24.1   DAPK1 39.8  6.2  0.8  18.5  

EPHA2 0.1  89.4  -1.6  83.5   DYRK1B 41.0  54.9  5.5  5.9  

EPHB4 2.0  83.9  -1.3  82.6   ERK2 -9.2  -6.3  -6.9  -6.5  

FGFR1 2.8  29.9  -4.2  16.9   GSK-3β 28.1  92.8  61.7  69.0  

FLT3 31.2  92.3  -4.4  85.8   HGK 99.9  96.3  3.6  78.6  

IGF1R 3.1  2.8  -1.2  15.7   IKKβ 17.8  1.5  -4.0  2.1  

ITK 7.9  52.5  -2.3  61.9   IRAK4 13.8  17.0  0.1  15.6  

JAK3 45.6  71.9  0.6  48.9   JNK2 -1.3  1.9  -0.6  15.6  

KDR 11.3  61.9  -2.2  59.2   MAPKAPK2 -10.1  -14.4  -8.1  -11.1  

LCK 2.3  66.6  -3.8  67.7   MST1 70.0  18.1  -1.5  7.4  

MET -0.5  9.8  -5.7  18.8   NEK2 -3.1  29.7  0.8  9.2  

PDGFRα 18.0  103.7  -5.9  93.9   p38α -7.2  1.0  -5.0  -3.9  

PYK2 51  33.4  -1.1  31.0   p70S6K 70.5  18.2  0.3  18.6  

SRC 11.1  86.0  -0.8  89.8   PAK2 -11.7  -12.7  -15.7  -9.8  

SYK -17.8  59.5  -18.6  55.4   PBK 4.5  -1.1  15.1  1.1  

TIE2 1.9  16.5  -2.6  20.3   PDK1 16.4  11.5  -2.3  13.6  

TRKA 35.8  81.4  0.5  77.9   PIM1 10.6  -7.7  1.6  -2.6  

TYRO3 6.8  70.5  1.7  58.0   PKACα 40.6  -4.2  -7.1  -14,.9  

AKT1 -7.0  -11.1  -12.3  -11.2   PKCα 11.5  7.7  0.1  -1.8  

AMPKα1/β1/γ1 -1.3  -3.6  -10.6  -6.0   PKD2 5.0  -9.1  -16.4  -10.1  

AurA 9.1  64.9  -2.4  63.5   ROCK1 23.2  -2.5  -1.6  1.3  

CaMK4 1.6  1.9  -0.1  3.0   SGK 36.7  8.4  1.0  6.0  

Cdk2/CycA2 8.3  72.7  66.9  67.9   TSSK1 9.3  1.3  -0.5  6.3  
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2.3.2.8 GSK-3β kinase assay 

Since GSK-3β is a kinase, which is, together with MAKR4, involved in pathological 

tau hyperphosphorylation, we optimized the kinase assay for detecting GSK-3β activity. GSK-

3β phosphorylates substrate (GSK-3 peptide; m/z 3028) (Fig. 28A) in three phosphorylation 

sites, where one phosphorylation exists naturally. So we detected twice, three, and four times 

phosphorylated GSK-3 substrates with m/z 3108, 3188, and 3268. (Fig. 28B) Staurosporine was 

used as a control inhibitor of GSK-3β activity. (Fig. 28C) 

Figure 28. (A) GSK-3 peptide substrate detected by MALDI-TOF in the GSK-3 assay buffer. (B) GSK-

3 substrate and its phosphorylated forms (m/z 3108, 3188, and 3268) after two hours of incubation with 

the GSK-3β enzyme (concentration 4 µg/ml) in the assay buffer. (C) Decrease of GSK-3 peptide 

phosphorylation in the presence of staurosporine (100 nM). 

GSK-3β kinase dose-response analysis was done for compounds LEM 11133, 11152, 

and 2387, which showed activity higher than 50 % at a concentration 5 µM. LEM 11133 and 

11152 had a nanomolar inhibitory activity against GSK-3β (LEM 11133 IC50 130 nM, LEM 

11152 IC50 18 nM), which is higher than their activity against MARK4. LEM 2387 was the less 

active, with IC50 7.41 μM. Staurosporine was used as a control GSK-3β inhibitor with an IC50 

value of 43.68 nM. (Fig. 29) 
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Figure 29. Dose-response curves of staurosporine, 11133, 11152, and 2387 against GSK-3β. Data are 

mean ± sd, n ≥ 3. Data were processed using the GraphPad Prism 9.5.1 software program. 

2.3.2.9 Inhibition of MARK4-mediated tau phosphorylation 

Tau peptides (R1, R2, R3, and R4) were used for the evaluation of MARK4 

phosphorylation of tau protein and its inhibition. Phosphorylation was detected only for R1, R3, 

and R4 peptides (Fig. 30) corresponding to tau phosphorylating sites Ser262 (R1), Ser324 (R3), 

and Ser356 (R4).  

 

Figure 30. (A) Tau peptide R1 (m/z 3299,4) was detected in the assay buffer without the presence of the 

MARK4 enzyme and after 2 hours of incubation with MARK4. After two hours, we detected the R1 

peptide and its phosphorylated form (m/z 3379,7). (B) Tau peptide R2 (m/z 3265,4) was detected in the 

assay buffer. There was no phosphorylated form after incubation with MARK4 for the R2-tau peptide. 

(C) Tau peptide R3 (m/z 3247,5) was detected in the assay buffer and its phosphorylated form (m/z 

3327,5) after two hours of incubation with the MARK4 enzyme. (D) Tau peptide R4 (m/z 3468,8) was 

detected in the assay buffer and its phosphorylated form (m/z 3548,1) after 2 hours of incubation with the 

MARK4 enzyme. Data were obtained using MALDI-TOF mass spectrometry. 
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Since MARK4 phosphorylation was detected only for R1, R3, and R4 tau peptides, the 

R2 peptide was not used for inhibition experiments. Inhibitors were tested in the three 

concentrations corresponding to 1x, 5x, and 10x MARK4 IC50. LEM 2989 was tested in 

concentrations 0.95 μM, 4.75 μM, and 9.5 μM, LEM 11133 in concentrations 1.22 μM, 6.1 μM, 

and 12.2 μM, LEM 11152 in concentrations 1.31 μM, 6.55 μM, and 13.1 μM, and LEM 2387 

in concentrations 1.63 μM, 8.15 μM, and 16.3 μM. Staurosporine was used as a control inhibitor 

and was tested in concentrations of 4.6 nM and 23 nM. 

All four tested compounds inhibited R1-tau peptide phosphorylation, whereas 

compound LEM 2989 had similar inhibitory activity as staurosporine. The other compounds 

also showed dose-dependent inhibitory activity and inhibited MARK4-mediated R1-tau peptide 

phosphorylation (Fig. 31). 

R3-tau peptide showed the highest conversion to a phosphorylated form among all the 

tested tau peptides. This phosphorylation was strongly inhibited by staurosporine and LEM 

2989. Dose-dependent inhibition was also observed for 2387, but the inhibitory activity was 

lower than inhibition by LEM 2989 and control. LEM 11133 and 11152 also decreased the 

conversion of R3-tau peptide to its phosphorylated form (around 50% inhibition), but increasing 

the concentration did not enhance the inhibitory effect (Fig. 31). 

R4-tau peptide was strongly inhibited by staurosporine, and all four tested compounds 

showed dose-dependent inhibitory activity. In the case of compounds LEM 2989 and 11133, 

there was a significant increase in their activity regarding increasing concentration. Compounds 

LEM 11152 and 2387 also showed inhibitory activity against R4 peptide phosphorylation, but 

there was no significant difference between their activity in concentration 5x and 10x IC50.  (Fig. 

31). 
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Figure 31. Conversion of tau peptides (A: R1 peptide; B: R3 peptide; C: R4 peptide) to their 

phosphorylated forms by MARK4 in the absence/presence of inhibitors (staurosporine, LEM 2989, 

11133, 11152, and 2387). Results were normalized to a positive control (tau peptide without inhibitors), 

and graphs show mean values (n = 3) and standard deviation. Staurosporine was used as a control 

inhibitor. Statistical analysis was performed with an unpaired t-test: selected cell lines were compared to 

the parental line (CCRF-CEM or K562) at p < 0,05 using the GraphPad Prism 9.5.1 software program. 

We represent the level of statistical significance in this figure as follows: **** p-value < 0.0001, *** p-

value < 0.001, ** p-value < 0.01, * p-value < 0.05. For a p-value > 0.05, we consider the differences to 

be not significant (ns). 

2.3.2.10 Compounds inhibit MARK4-mediated tau phosphorylation in cells 

To evaluate the activity of our MARK4/GSK-3β inhibitors in the more complex system, 

we used a dual-gene expressing (MARK4 and tau) cellular model. We selected four BBB-

penetrating compounds to determine if they inhibit MARK4-mediated Ser262 phosphorylation 

of tau protein. This evaluation was done by Dr. V. Das and Dr. N. Annadurai. 

Compounds LEM 2989 and 11133 were identified as BBB-positive using the 

SwissADME service, whereas LEM 2387 and 11152 were identified by in vitro 

pharmacological studies. To generate the cell model, MARK4 and tau protein were 
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overexpressed in HEK293 cells after co-transfecting with MARK and tau protein at different 

ratios. Tau expression was detected in cells only when transfected with tau plasmid (Fig. 32). 

Although a low level of pTau-Ser262 in cells in the absence of MARK4 co-transfection was 

noted, this possibly resulted from the activity of the endogenous MARK4. However, pTau-

Ser262 levels increased when the cells were co-transfected with MARK4 or when tau was over-

expressed (Fig. X). Based on these findings, a ratio of 1:2 for MARK4 and tau co-transfection 

was used to study compounds' effect on pTau-Ser262 levels. 

 

Figure 32. Validation of MARK4 and tau expression levels after transfection of HEK293 cells. (A) 

Representative immunoblots blots showing changes in protein levels in untransfected cells and cells 

transfected with 1 µg MARK4 only, 1 µg tau only, and co-transfected with MARK4 and Tau at 1:1 (1 

µg:1 µg), 1:2 (500 ng:1 µg) and 2:1 (1 µg:500 ng) ratios. Total plasmid concentration was always ≤ 2 µg. 

GAPDH was used as a loading control. n = 3. (B-D) Graphs showing the quantification of MARK4 (B), 

total tau (C), and pTau-Ser262 (D) protein levels. MARK4 and total tau band intensities were normalized 

to GAPDH, whereas pTau-Ser262 band intensities were first normalized to GAPDH, followed by 

normalizing to the normalized values of total tau + MARK4 according to the method described 

elsewhere.315 Results are mean ± SEM, n = 3 independent experiments. *** p-value < 0.001, ** p-value 

< 0.01, * p-value < 0.05; One-way ANOVA, Dunnet’s multiple comparisons test. 

Next, cells were treated with three concentrations (10, 50, and 75 μM) of the selected 

compounds for 4 hours (Fig. 33). A similar shorter treatment time has been previously reported 

to be effective for cell line studies.316,317   While LEM 2989 reduced pTau-Ser262 levels only at 

the highest tested, LEM 11133 reduced pTau-Ser262 levels dose-dependently. Likewise, 

compound LEM 2387 effect on the level of pTau-Ser262 was evident at 50 and 75 µM. Although 

LEM 11152 reduced pTau-Ser262 levels compared to the untreated controls, the effect was 

insignificant. None of the compounds had statistically significant impacts on MARK4 and total 

tau levels. 
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Figure 33. Effect of drug treatment on MARK4-mediated tau phosphorylation. (A) Representative 

immunoblots showing the changes in MARK4, total tau, and p-Tau-Ser262 levels following treatment of 

cells co-transfected with MARK4 and tau plasmids at a ratio of 1:2 with LEM 2989, 11133, 2387, and 

11152 at the indicated concentrations. GAPDH was used as a loading control. The final plasmid 

concentration was always < 2 µg. n = 2. (B) Graphs showing the quantification of MARK4, total tau, and 

pTau-Ser262 band intensities after treatment with ith LEM 2989, 11133, 2387, and 11152. MARK4 and 

total tau band intensities were normalized to GAPDH, whereas pTau-Ser262 bands were normalized to 

total tau. Data are mean ± SD, n = 2. ** p-value < 0.01, * p-value < 0.05. One-way ANOVA, Dunnet's 

multiple comparisons test. 
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2.3.3 Discussion 

2.3.3.1 MALDI-TOF kinase assay 

We successfully developed and optimized a new method for the detection of enzyme 

activity. Originally, the method was developed for MARK4 enzyme, then optimized for 

MARK1-3 isoforms and additionally optimized also for other kinases (polo-like kinases, PLK; 

aurora kinases, Aur; glycogen synthase kinase-3 alfa and beta, GSK-α, and β). In this thesis, we 

used MARK1-3 and GSK-3β methodology. Our method combines the automatic transfer of 

assay components (assay buffer and ATP solution via Multidrop Combi Dispenser, enzyme, 

peptide, and analyzed compounds via Echo 550 acoustic dispenser), which makes the processes 

more precise and faster (we are able to analyze more than 1536 data points in 3-4 hours) and 

allows us to use low reaction volume, compare to other methods used for enzyme detection. Our 

reaction volume is only 2.593 µl. The automatic transfer also decreases the risk of sample cross-

contamination. 

Another advantage of our method is its simplicity. Due to detection using a MALDI-

TOF mass spectrometer, it was necessary to reduce the composition of the reaction buffer to the 

necessary minimum, at which the enzymatic reaction would still occur. The reaction comprises 

an assay buffer, enzyme, peptide substrate, and ATP. Due to the small reaction volume, the 

reaction is incubated at room temperature to avoid sample evaporation. Conversion of peptide 

substrate to its phosphorylated product for all tested enzymes took around 1-2 hours. Higher 

volume usage allows to heat the samples and thus speed up the reaction. 

Using mass spectrometry for detecting enzyme activity was previously described, which 

confirms the suitability of using mass spectrometry for this application.318–321 However, MARK4 

activity was not previously tested in this way. The activity of the MARK4 enzyme is usually 

tested by colorimetric assays (ATPase enzyme assays).260,322 Compared to these assays, mass 

spectrometry has a lower limit of detection, which allows the usage of lower concentrations of 

reagencies. 

2.3.3.2 Screening of MARK4 inhibitors 

Our developed kinase assays are standardly used for the screening of kinase inhibitors 

at the Institute of Molecular and Translational Medicine (IMTM) at Palacky University. In this 

thesis, we screened 1 238 nucleoside/ nucleobases-based analogs synthetized from 2018 to 2020 

at the Institute of Organic Chemistry and Biochemistry (IOCB) of the CAS. Since compounds 

were screened for three years, they were divided into separate groups. Initially, a high 

concentration (50 µM) was used for the primary screening to ensure we don´t miss any MARK4 

inhibitors. However, the dose-response analysis revealed relatively high IC50 values for these 
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compounds, and we gradually reduced the concentration for primary screening to 20 and 10 µM, 

respectively. 

In total, we analyzed 1238 compounds in the primary and 445 compounds in the 

secondary screening, but only 20 of them had MARK4 IC50 under 2 µM. These compounds 

were further characterized for their potential toxicity, selectivity, and their ability to inhibit tau 

phosphorylation in vitro. 

2.3.3.3 Analysis of the most active MARK4 inhibitors 

All 20 selected compounds were tested for their ability to inhibit MARK1-3. Nine of 

them have been identified as active inhibitors of these MARK isoforms. Since we wanted to 

find selective MARK4 inhibitors, these compounds were removed from the tested group, and 

only 11 compounds passed to the other phase of analyses (LEM 21033, 11482, 20776, 11480, 

1223, 11134, 2989, 11133, 20967, 11152, 2387). 

Another important parameter that was checked for these compounds was their toxicity. 

All compounds, except LEM 20776, were non-toxic for physiological cell lines (BJ and MRC-

5). This compound also had high activity against analyzed cancer cells. The high anti-cancer 

activity also had compound 11133, suggesting the potential application of LEM 20776 and 

11133 in both anti-cancer and neuroprotective applications. 

 This dual activity, neuroprotective and anti-cancer, has been previously described for 

many anti-cancer drugs. For example, 5-fluorouracil, which is clinically used for the treatment 

of solid tumors (breast, colon, pancreas, etc.) protects neuronal tissue by improving motor 

activities in amyotrophic lateral sclerosis.323–325 Another anticancer drug, cladribine, which is 

used for the treatment of hematologic malignancies, has been identified to reduce demyelination 

in multiple sclerosis.326–328 Others could be named, such as bexarotene, carmustine, dactolisib, 

dasatinib, paclitaxel, or lonafarnib with potential neuroprotective effect in Alzheimer's disease, 

erlotinib in the amyotrophic lateral sclerosis or mitoxantrone and methotrexate in multiple 

sclerosis.329–335  

Since our MARK4 inhibitors should be used as CNS drugs, their ability to penetrate the 

blood-brain barrier is essential for their biological activity in the human body. We used two 

different approaches to analyze their potential ability to cross the BBB. The first was an analysis 

of in vitro pharmacological parameters, such as in vitro metabolism (chemical, plasma, and 

microsomal stability), binding to plasma proteins, and their in vitro and in vivo permeability 

using cell monolayer. In this case, the prediction of their ability to cross the BBB was based on 

the experimental evaluation, and only actively transporter compounds were identified as CNS 

positive, in this case compounds LEM 11152 and 2387. 
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The second approach was based on the chemical structure of the analyzed compounds. 

The prediction was made by the SwissADME service, which evaluates the molecular mass of 

compounds, their lipophilicity, TPSA, logP, number of H-bond donors and acceptors, and 

number of rotatable bonds and based on this data, LEM 2989 and 11133 should be able to 

passively pass the BBB. LEM 11133 was also identified as a potential substrate of the Pgp efflux 

pump, which may decrease its CNS activity. However, this should be evaluated experimentally, 

so this compound was not removed from the tested group. 

We combined results from both approaches, and all four compounds (LEM 11152, 

2387, 2989, and 11133) were tested by Carna Sciences for their ability to inhibit a panel of 50 

kinases. These results showed a lot of of-targets in the case of LEM 11133 and 2387. LEM 2989  

had high activity only against CK1ε (casein kinase 1) and HGK (hepatocyte progenitor kinase-

like/ germinal center kinase-like kinase), but the best results were obtained for LEM 11152, 

which was identified, and GSK-3β and Cdk2/CycA2 inhibitor. 

Based on this data, compound LEM 11152 becomes the most promising candidate. Its 

ability to act as a dual MARK4-GSK-3β may enhance its neuroprotective effect.  

Since also compounds LEM 11133 and 2387 were identified to be GSK-3β inhibitors, 

we evaluated their IC50 values. The highest activity (IC50 18 nM) was detected for LEM 11152, 

LEM 11133 was approximately 10 times less active, and LEM 2387 had IC50 7.41 µM. This 

compound was the least active. 

All these kinase experiments were done using commercial peptides, which suppliers 

recommend. To evaluate the ability of our inhibitors to reduce tau protein phosphorylation, we 

used tau peptides corresponding to the repeat domain (R1-R4). Each peptide included one 

phosphorylation site: R1-Ser262, R2-Ser293, R3-Ser324, and R4-Ser356. We optimized our 

MARK4 kinase assay to detect tau peptides phosphorylation, and we detected MARK4-induced 

phosphorylation of R1, R3, and R4 tau peptides. 

Experiments with inhibitors (LEM 2989, 11133, 11152, and 2387) showed dose-

dependent reduction of MARK4 phosphorylation of R1 and R4 tau peptides, whereas this trend 

was most significant in the case of peptide R1, which corresponds to phosphorylation at Ser262. 

This phosphorylation has been identified as one of the most important to AD development, and 

its effective inhibition can reduce pathological aggregation of the tau protein and improve 

neuronal viability. In the case of the R3 tau peptide, which corresponds to the phosphorylation 

site Ser324, which was also identified to be connected with AD development, there was strong 

inhibition by LEM 2989. The other compounds reduce MARK4 phosphorylation, but this 

inhibition was not dose-dependent, and even the highest concentration didn´t increase their 

inhibitory effect. 
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Since then, all kinase experiments have been done in vitro using very simple reactions 

consisting of assay buffer, ATP, enzymes, and peptides. Evaluation of inhibitors' activity in the 

more complex system was needed. We used double-transfected (MARK4 and tau) cell lines and 

tested the inhibitory activity of Ser262 MARK4 phosphorylation in the cellular system. The 

highest inhibition was detected using LEM2387 and 11133. There was also a slight decrease in 

phosphorylation using LEM 2989. In the case of LEM 11152, there was also a decrease of 

Ser262 phosphorylation, but the effect was insignificant. Results can be evaluated using a longer 

time of incubation with inhibitors from the recent 4 hours to longer time points, such as 12, 24, 

48, or 72 hours. 

Based on the cellular data, LEM 2989 seems to be the most promising candidate with a 

low number of of-targets and good activity in all in vitro experiments. Due to the excellent 

properties of LEM 11152, its activity in the cellular system should be evaluated in longer time 

points, and in the case of unsatisfactory results, this compound can serve as a basis for the 

synthesis of new inhibitors that could show higher activity. 
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3 Summary 
 

The aim of this dissertation was to verify the biological activity of nucleoside 

derivatives and confirm their applicability in antitumor and neuroprotective treatment using 

microtubules as a molecular drug target. 

In the first part of the work, cancer cell lines resistant to well-known nucleoside-based 

drugs, namely cytarabine, fludarabine, and 6-thioguanine, were successfully developed. These 

cell lines were subsequently used to test the emergence of possible cross-resistance to other 

clinically used anticancer drugs and also to screen new compounds with the potential to 

overcome the resistant phenotype. These resistant cell lines were used as an in vitro model of 

nucleoside-based drug resistance. Some known mechanisms of resistance were confirmed, but 

also some new mechanisms were outlined. These mechanisms will be further investigated and 

verified. 

In the second part of the work, the neuroprotective activity of nucleoside-based 

derivatives was investigated. Specifically, inhibition of enzymes involved in the pathological 

phosphorylation of the tau protein (MARK4, GSK-3β) leads to the degeneration of microtubules 

in the neuronal cells, typical for Alzheimer's disease. In this work, 4 highly active MARK4 

inhibitors (LEM 2989, 2387, 11133, and 11152) were identified, whereas two of these 

compounds (LEM 11133 and 11152) were also GSK-3β inhibitors with submicromolar IC50 

values. The activity of these compounds was verified using commercially recommended 

substrates and tau peptides, and inhibition of MARK4-tau phosphorylation at Ser262 was also 

analyzed in the cellular system. All tested compounds reduced this phosphorylation, while the 

highest inhibitory effect was observed for the compounds LEM 2387 and 11133. However, 

based on the obtained results, the most interesting compound was LEM 11152, which did not 

show toxicity on tumor and non-tumor cell lines, had only one detected off-target interaction 

(inhibition of Cdk2/CycA2), and was a dual inhibitor of MARK4 and GSK-3β. In the cellular 

experiments, it did not show such activity as the LEM 2387 and 11133, but it can be verified 

again using a more extended time period. Even in the case of negative results, LEM 11152 can 

be an interesting structure for the development of other dual MARK4-GSK-3β inhibitors. 
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4 Souhrn 
 

Cílem disertační práce bylo ověřit biologickou aktivitu nukleosidových derivátů, ověřit 

jejich aplikovatelnost do protinádorové a neuroprotektivní léčby s využitím mikrotubulů jako 

molekulárních cílů.  

V první části práce byly úspěšně vytvořeny nádorové buněčné linie rezistentní vůči 

vybraným cytostatikům s nukleosidovou strukturou (cytarabin, fludarabin a 6-thioguanin). Tyto 

linie byly následně využity pro testování vzniku případných zkřížených rezistencí vůči dalším 

klinicky užívaným protinádorovým léčivům a také pro screening nových látek s potenciálem 

překonávat vzniklý rezistentní fenotyp. U rezistentních buněčných linií byly potvrzeny některé 

známé mechanismy vzniku rezistence pro konkrétní léčiva, ale byly nastíněny take některé další 

mechanismy, které budou dále zkoumány. 

V druhé části práce byla nastíněna neuroprotektivní aktivita látek s nukleosidovou 

strukturou. Konkrétně v podobě inhibice enzymů zapojených do patologické fosforylace tau 

proteinu vedoucí k degeneraci mikrotubulů nervových buněk, například u Alzheimerovy 

choroby. Konkrétně se jednalo o enzymy MARK4 a GSK-3β. V rámci této práce byly nalezeny 

4 vysoce aktivní MARK4 inhibitory (LEM 2989, 2387, 11133 a 11152), přičemž dvě z těchto 

látek (LEM 11133 a 11152) byly také GSK-3β inhibitory se submikromolární hodnotou IC50. 

Aktivita těchto látek byla ověřena in vitro s použitím komerčně doporučených substrátů, tau 

peptide a také v buněčném systému, kde byla ověřena fosforylace tau protein v pozici Ser262 

pomocí MARK4 kinázy. Všechny testované látky snižovaly tuto fosforylaci, přičemž nejvyšší 

efekt byl pozorován pro látky LEM 2387 a 11133. Nejzajímavější látkou, na základě získaných 

výsledků, byla ovšem látka LEM 11152, která nevykazovala toxicitu na nádorových a 

nenádorových buněčných liniích, měla pouze jednu detekovanou of-target interakci (inhibici 

Cdk2/CycA2) a byla duálním inhibitorem MARK4 I GSK-3β. V buněčných experimentech 

nevykazovala takovou aktivitu jako zmíněné látky LEM 2387 a 11133, ovšem aktivita by mohla 

být znovu ověřena při působení v delším časovém úseku. I v případě negativních výsledků by 

mohla být látka LEM 11152 zajímavou vedoucí strukturou pro odvození dalších derivátů, které 

by mohly sloužit jako duální inhibitory MARK4 a GSK-3β. 
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5 Supplementary 

Table 1A. Dose-response analyses of the MARK1 inhibition. Each graph is mean IC50 ± standard 

deviation (n ≥ 2). Data were processed, and IC50 was calculated using the GraphPad Prism 9.5.1 software 

program. 
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Table 1B. Dose-response analyses of the MARK1 inhibition. Each graph is mean IC50 ± standard 

deviation (n ≥ 2). Data were processed, and IC50 was calculated using the GraphPad Prism 9.5.1 software 

program. 
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Table 1C. Dose-response analyses of the MARK1 inhibition. Each graph is mean IC50 ± standard 

deviation (n ≥ 2). Data were processed, and IC50 was calculated using the GraphPad Prism 9.5.1 software 

program. 
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Table 2A. Dose-response analyses of the MARK2 inhibition. Each graph is mean IC50 ± standard 

deviation (n ≥ 2). Data were processed, and IC50 was calculated using the GraphPad Prism 9.5.1 software 

program. 
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Table 2B. Dose-response analyses of the MARK2 inhibition. Each graph is mean IC50 ± standard 

deviation (n ≥ 2). Data were processed, and IC50 was calculated using the GraphPad Prism 9.5.1 software 

program. 
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Table 2C. Dose-response analyses of the MARK2 inhibition. Each graph is mean IC50 ± standard 

deviation (n ≥ 2). Data were processed, and IC50 was calculated using the GraphPad Prism 9.5.1 software 

program. 
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Table 3A. Dose-response analyses of the MARK3 inhibition. Each graph is mean IC50 ± standard 

deviation (n ≥ 2). Data were processed, and IC50 was calculated using the GraphPad Prism 9.5.1 software 

program. 
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Table 3B. Dose-response analyses of the MARK3 inhibition. Each graph is mean IC50 ± standard 

deviation (n ≥ 2). Data were processed, and IC50 was calculated using the GraphPad Prism 9.5.1 software 

program. 
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Table 3C. Dose-response analyses of the MARK3 inhibition. Each graph is mean IC50 ± standard 

deviation (n ≥ 2). Data were processed, and IC50 was calculated using the GraphPad Prism 9.5.1 software 

program. 
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6 Abbreviations 
 

6-MMPT 6-methyl-mercaptopurine 

6-MP 6-mercaptopurine 

6-TG 6-thioguanine 

6-TIMP 6-thioinosine-5-monophosphate 

ABC ATP-binding cassette 

AD Alzheimer´s disease 

ADCs Drug-conjugated antibodies 

AChE Acetylcholinesterase 

AK Adenylate kinase 

Akt Protein kinase B 

ALL Acute lymphoblastic leukemia 

AML Acute myeloid leukemia 

ANLL Acute non-lymphocytic leukemia 

ApDCs Aptamer-drug conjugates 

Ara-C Cytarabine 

Ara-CDP Cytarabine diphosphate 

Ara-CMP Cytarabine monophosphate 

Ara-CTP Cytarabine triphosphate 

Ara-U Uracil arabinose 

ATP Adenosine triphosphate 

AZA Azathioprine 

BBB Blood-brain barrier 

BCB Blood-cerebrospinal fluid barrier 

BCRP Breast cancer resistance protein 

BRCA Breast cancer gene 

cAMP Cyclic adenosine monophosphate 

CBD Corticobasal degeneration 

CD73 Ecto-5-nucleotidase, S-NT 

CDA Cytidine deaminase 

Cdk2 Cyclin-dependent kinase 2 

Cdk5 Cyclin-dependent kinase 5 

cGMP Cyclic guanosine monophosphate 

CK1ε Casein kinase 1 

CLL Chronic lymphocytic leukemia 

CN-II 5-nucleotidase 

CNS Central neuronal systém 

CNT Concentrative nucleoside transporter 

dCK Deoxycytidine kinase 

dFdC Gemcitabine 

dFdCDP Gemcitabine diphosphate 

dFdCMP Gemcitabine monophosphate 

dFdCTP Gemcitabine triphosphate 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

dNT-1 Deoxynucleotidase-1 

ENT Equlibrative nucleoside transporter 



88 
 

Erk Extracellular signal-regulated kinase 

ERK2 Extracellular signal-regulated kinase 2 

F-ara-ADP Fludarabine diphosphate 

F-ara-AMP Fludarabine monophosphate 

F-ara-ATP Fludarabine triphosphate 

FDA U.S. Food and Drug Administration 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

GIT Gastrointestinal tract 

GSC Glucosylceramide synthase 

GSH Glutathione 

GSK-3β Glycogen synthase kinase 3β 

HGK Hepatocyte progenitor kinase-like/ germinal center kinase-like kinase 

HGPRT Hypoxanthine-guanine phosphoribosyltransferase 

HH Hedgehog pathway 

HIV Human immunodeficiency virus 

HRP Horseradish peroxidase 

IC50 Half maximal inhibitory concentration 

IMPDH Inosine-5-monophosphate dehydrogenase 

IMTM Institute of Molecular and Translational Medicine at Palacky University 

IOCB Institute of Organic Chemistry and Biochemistry 

ITPA Inosine triphosphatase 

LKB1 Liver kinase 1 

logP Octanol-water partition coefficient 

LRP Lung resistance-related protein 

MAP Microtubule-associated protein 

MAPT Microtubule-associated protein tau 

MARK Microtubule-affinity regulating kinase 

MDR Multidrug resistance 

MGMT Methylguanine-DNA methyltransferase 

MOC Mechanisms of chemoresistance 

MRP Multidrug resistance-associated protein 

mTOR Mammalian target of rapamycin 

MTS 
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2h-

tetrazolium  

MXR Mitoxantrone resistance-associated protein 

NDPK Nucleotide diphosphate kinase 

NMPK Nucleotide monophosphate kinase 

Notch1 Neurogenic locus notch homolog protein 1 

NPs Nanoparticles 

NT5C2 Cytosolic-5-nucleotidase II 

NUD15 Nudix hydrolase 15 

p-70S6K Ribosomal protein S6 kinase 

PAMPA Parallel artificial membrane permeability assay 

PARP Poly (ADP-ribose) polymerase 

PCR Polymerase chain reaction 

PDACs Pancreatic ductal adenocarcinoma cells 

PDMP 1-phenyl-2-decanoylamino-3-morpholino-1-propanol 

PEITC β-phenetyl isothiocyanate 

Pgp P-glycoprotein 
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PJS Peutz-Jeghers syndrome 

PLGA Poly(lactic-co-glycic) acid 

PNS Peripheral neuronal systém 

PP1 Phosphatase 1 

PSP Progressive supranuclear palsy 

PXE Pseudoxanthoma elasticum 

RNA Ribonucleic acid 

ROS Reactive oxygen species 

rpS6 S6 ribosomal protein 

SAMHD1 SAM and HD domain-containing protein 1 

SLC Solute-carrier 

STAT3 Signal transducer and activator of transcription 3 

TAT Trans-activating transcriptor 

TBST Tris-buffered saline with Tween 20 

TGDP 6-thioguanine diphosphate 

TGTP 6-thioguanine triphosphate 

TPMT Thiopurine-S-methyltransferase 

TPSA Topological polar surface area 

VEGFR Vascular endothelial growth factor receptor 

Wnt Wingless-related integration site 

XO Xanthine oxidase 
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