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Abstract: 

In this work, we focused on the role of the nucleolus in the cell. We explored its structure, 

nucleolar stress induction, and its effects. Furthermore, we have explored molecular 

pathogenesis of Diamond-Blackfan anemia (DBA), which is congenital anemia originating in 

ribosomal proteins aberration, and it is usually treated by glucocorticosteroids. 

The first aspect of this study was to estimate the impact of oxaliplatin (L-OHP) and RPS7 

mutation on the structure of nucleoli. We revealed that nucleoli structure is an essential factor 

in ribosomal stress and can be used for its evaluation. Next, we focused on the role of nucleoli 

structure protein BYSL (encoded by Bystin gene) in the DBA phenotype. We employed 

biochemical, molecular biology and in silico modelling methods and observed the details of 

BYSL behaviour and interaction with the other proteins and investigated bystin targeting by 

small molecules. In summary, we have identified bystin as the first disease-modifying gene in 

DBA. Mutation of bystin gene improves DBA phenotype and thus it is interesting molecular 

target. Furthermore, we determined that bystin improves DBA pathology through c-Myc 

regulation via direct interaction. We also proved that bystin is targeted by routinely used 

glucocorticosteroid therapy in DBA. This finding may lead to development of novel class of 

DBA therapies in future. 

Abstrakt: 

V této práci jsme se zaměřili na roli jadérka v buňce. Zkoumali jsme jeho strukturu, indukci 

nukleárního stresu a jeho účinky. Dále jsme se zabývali DBA, což je vrozená anémie mající 

původ vaberacích ribozomálních proteinů a jejíž léčba je většinou založena na 

kortikosteroidech. 

Prvním aspektem této studie bylo popsání vlivu L-OHP a mutace v RPS7 proteinu na strukturu 

jadérek. Zjistili jsme, že struktura jadérek je důležitým faktorem ribozomálního stresu a může 

být použita pro jeho hodnocení. Dále jsme se zaměřili na roli strukturního proteinu jadérka 

BYSL (kódovaným genem Bystin) na fenotyp DBA. Identifikovali jsme bystin jako první možný 

gen modifikující onemocnění DBA. Dále jsme zjistili, že bystin řídí patologii DBA 

prostřednictvím regulace c-Mycu skrze přímou interakci. Dále jsme prokázali, že bystin je 

molekulárním cílem terapie DBAglukokortikoidy. Toto zjištění může vést k vývoji nové terapie 

pro DBA pacienty bez závažných vedlejších účinků glukokortikoidů. 
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1 Introduction 

1.1 Nucleolus 
The nucleolus is the largest membrane-free structure in the nucleus. Initially, it was thought 

that the nucleolus is mainly the space, where ribosome biogenesis occurs, but the increasing 

evidence points to the nucleolus as the main component in various cellular processes. 

Although control of ribosome production seems to be the most important because this step 

regulates overall cellular protein production, which is mandatory for cell growth and 

proliferation [1], other roles of nucleolus have come into the spotlight recently. Among others, 

the nucleolus plays an important part in metabolic maintenance, oncogene regulation, and 

cell cycle progression [2]. Furthermore, its emerging role in cellular stress detection and 

response is undeniable [3]. 

1.1.1 Nucleolar structure 

The nucleolus is mainly composed of structural proteins and factors required for ribosomal 

RNA (rRNA) maturation and ribosomes production [4]. 

The nucleolus is organized around so-called NORs (nucleolus organizer region). NORs can be 

found on short arms of acentric chromosomes, specifically chromosomes 13, 14, 15, 21, and 

22. Each NOR contains a highly repetitive DNA sequence encoding rRNA [5]. Three out of four 

mammalian rRNA are expressed in NORs by RNA polymerase I as one 47S RNA precursor, 

which needs to be cleaved to 18S, 5.8S, and 28S rRNA [6], while fourth rRNA - 5S rRNA is 

expressed in the nucleolus by RNA polymerase III [7]. 

We can distinguish three structural features of the nucleolus. At the nucleolar centre, there 

are round fibrillar centres (FC), each FC is tightly surrounded by a dense fibrillary centre (DFC), 

and both FC and DFC are enveloped by granular components (Gc) (Fig.l) [2]. The structures of 

the nucleolus reflects ribosome biogenesis. At FC, there are DNA encoding rRNAs and 

elements necessary for DNA transcription, mainly RNA polymerase I, DNA topoisomerases, 

upstream binding factors, and other components of transcriptional machinery [8]. The 

ribosomal RNA transcription occurs on FC/DFC borders in the form of 47S rRNA, and rRNA is 

further processed in DFC. Therefore, DFC contains mostly factors necessary for rRNA 

modification, specifically fibrillarin, which is the main element of small ribonucleoprotein 

particles involved in rRNA primary modifications (snoRNA) [9]. GC occupy the largest area of 
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the nucleolus. In the GC area, rRNA is maturated and interacts with ribosomal proteins and 

other factors to assemble almost mature ribosomes [10]. 

A Nucleolus B 

Cell Dense fibrillar component 
(pre-rRNA processing) 

Granular component 
(pre ribosome assembly) 

Fibrillar center 
(rRNA transcription) 

Figure 1: Nucleolus structure: A) nucleoli structure scheme (adopted from [2]), B) structure of nucleolus in 

electron microscope (adopted from [11]). 

Furthermore, nucleoli structure is not rigid, and its size and structure reflect proliferative and 

metabolic state of the cell. More specifically, cells that require swift protein production for 

their rapid proliferation, like embryonic or cancer cells, produce a higher amount of rRNA and 

ribosomes, and therefore, overall nucleoli size is increased. In contrast, old or senescent cells 

reduce their ribosome requirement, thus decreasing their nucleolar size and metabolic activity 

[2]. Moreover, nucleoli size can also be affected by physiological changes or congenital 

disorders [3]. 

1.1.2 Nucleolus function 

Ribosomes are multi-molecular complexes responsible for translation of the DNA code into 

functional proteins. The main function of the nucleolus is ribosomes production. The 

ribosomes translate mRNA to proteins and play an irreplaceable role in all living cells. In recent 

years, it has become clear that the nucleolus also plays a unique role in multiple cellular 

processes - from mitosis regulation to stress response and uncoupling of ribosomal function 

from other cellular processes may lead to multiple human pathologies. 

1.1.2.1 Ribosome production 

Ribosome biogenesis is a complex and highly coordinated process in which many proteins and 

other factors participate. Every human ribosome (the 80S) composes of two subunits-a small 

ribosomal subunit (40S) and a large ribosomal subunit (60S). Each subunit contains rRNA), 

which creates ribosome backbone and appropriate space for ribosomal protein annealing on 
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given rRNA. The large subunit consists of three rRNA (5S,28S, and 5,8S) and 46 RPs, whereas 

the small subunit contains only one rRNA (18S) and 33 RPs [12]. 

Ribosome biogenesis begins by transcription of 47S rRNA by DNA polymerase I. This transcript 

contains rRNA for both large and small ribosome subunits divided by internal transcribed 

spacers ITS1 and ITS2 and flanking regions EST1 and ETS2. During biogenesis, rRNA is folded 

around ribosomal proteins, cut (Fig. 2) and modified by many factors to assemble 90S pre-

ribosome within the early biogenesis process. Cleavage of ITS1 between sequences of pre-18S 

and 5.8S rRNA leads to decay of 90S ribosome into two parts, pre-40S and the pre-60S 

ribosome. 

At this stage, the 40S ribosome is almost completed. Just minor adjustments like 18S rRNA 

cleavage or beak formation are further required to achieve a full maturation state. However, 

the development of the 60S ribosome requires a wide range of further modifications before 

it matures. The most important is the connection of the pre-60S ribosome with the 5S 

ribonucleoprotein (5S RNP). Unlike other rRNAs, 5S rRNA is transcribed in the nucleolus by 

polymerase III. Subsequently, it is associated with RPL11 and RPL5 ribosomal proteins and 

forms 5SRNP. This complex functions as the main stress sensor, if not incorporated into the 

ribosome. After 5SRNP incorporation to pre-60S ribosome, mature 60S ribosome is 

translocated to the cytoplasm. 

D 47S 

I 45S 

pre-60S 
i iss i i n — r 

pre-40S « - Tpre-6DS 
I IBS I ] [I 1 I 2BS I I IBS I ] 

21S 5.8 12S 21S 

t 
["l§S~ D 

5.S 
28S l~18S~ 

28S I 
32S 

Figure. 2: Scheme of rRNA processing 
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1.1.2.2 The additional functions of the nucleolus 

Ribosome production is an undeniable primary function of the nucleolus. Nevertheless, 

around 70% of proteins found in nucleolus do not participate in ribosome biogenesis [13]. 

Increasing evidence suggests nucleolus a key organell determining the cell fate. It was shown 

that the nucleolus regulates mitosis, cell cycle, or cellular metabolism. Although these roles of 

the nucleolus are important, they were not the main aim of this work, and comprehensive 

literature about extraribosomal functions of nucleoli can be found elsewhere [14-16]. The only 

function of the ribosome, which we have investigated more closely, was the nucleolus's role 

during cellular stress. 

1.2 Ribosomal stress 

Ribosomal biogenesis is essential for cell survival and proliferation. Not surprisingly, this 

process is energetically demanding and may consume substantial proportion of cellular energy 

reservoir. Correct ribosome assembly and function are strictly controlled, and any disruption 

in this orchestrated process can lead to so-called ribosomal and/or nucleolar stress. 

1.2.1 Ribosomal stress induction 

External or internal cellular conditions can induce ribosomal stress, which arises in fact from 

ribosome biogenesis impairment. This impairment can happen on several levels. More 

specifically, the ribosomal stress pathway is activated if aberration in the following processes 

occurs: rRNA transcription, rRNA maturation, and pre-ribosomal assembly. Furthermore, 

ribosomal stress can also be induced extrinsically by various nonspecific insults like UV light, 

hypoxia, heat shock, nucleotide depletion, and various chemotherapeutic agents [17]. 

Comprehensive reviews on this topic can be found elsewhere [3, 18, 19]. In this dissertation 

thesis, we will focus on impairment in pre-ribosomal assembly, usually caused by RP-rRNA 

imbalance. A typical example of such pathology is Diamon Blackfan anemia caused by an 

aberration, usually mutation, in RPs. 

The degree of nucleolus damage can be naturally detected in nucleolar structure (Fig. 3). 

Depending on the stress inducer, we can distinguish two main types of nucleolar morphology 

aberration: nucleolar segregation vs nucleolar disruption. 

Nucleolar segregation is usually characterized as the condensation and subsequent separation 

of the FC and Gc, together with the formation of nucleolar caps [20]. Nucleolar segregation is 
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caused by rDNA damage or impairment of rRNA transcription and can be caused by 

chemotherapy, typically actinomycin D, targeting rRNA transcription and/or early steps of RNA 

processing [21]. 

Nucleolar disruption can accompany nucleolar segregation, which means nucleolar proteins 

are released to the nucleoplasm. Nucleolar disruption results in homologous staining of the 

nucleus with nucleolar protein antibodies. Furthermore, different proteins behave differently 

during ribosomal stress. For example, fibrillarin forms nucleolar cups after actinomycin D 

treatment, while nucleophosmin is released to the nucleoplasm [22]. 

Interestingly, some insults can have only a minor impact on the nucleolar structure. Typically, 

the aberration of ribosomal protein leads to the accumulation of rRNA in the nucleolus and 

only a slight change in nucleolar morphology [23]. Nevertheless, any aberration in nucleolar 

structure impacts cellular well-being and the ability to generate fully-functional maturated 

ribosomes. 

Control H 2 0 2 Hypoxia u v Heat EBSS ActD 
V 

• • 4 

• • • 
»• 

• 

• 

• • • 

Figure. 3: Nucleoli structure: Malformation in nucleoli structure after various stimuli (adopted from [3]) 

1.2.2 p53 dependent ribosomal stress 

The tumor suppressor p53 plays a key role in numerous stress signal pathways. Depending on 

stimuli, p53 activation determines cells to different fates - from cell cycle arrest to apoptosis. 

The key regulator of the p53 level is ubiquitin ligase M D M 2 . In the normal state, M D M 2 binds 

to p53 and marks it for degradation by the proteasome. Various proteins can bind to MDM2 

under stress conditions and modify its binding capacity to p53. 

RPs are one class of M D M 2 interacting proteins. The first M D M 2 interacting RP reported was 

RPL5 [24], followed by many others. Over the years, an increasing amount of evidence 
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suggested that the main players in the ribosomal stress-dependent activation of p53 are RPL5 

and RPL11 [25] (Fig. 4). 

Normal conditions 

Ribosomal stress 

Figure. 4: Scheme of p53 activation during ribosomal stress. 
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The reason is obvious, the RPs are released from the nucleolus upon its disruption and can 

activate various stress response pathways. Fortunately, majority of free RPs are rapidly 

degraded via the ubiquitin-proteasome system and this mechanism is largely supressing their 

stress inducing capacity [26]. However, unlike other RPs, RPL5 and RPL11 form a stable 

complex with 5S rRNA-5S ribonucleoprotein (5S RNP), which protects them from degradation 

and allows them to execute ribosomal stress sensor functions [25]. Moreover, 5S RNP binding 

to ribosome and M D M 2 is mutually exclusive [27]. This highlights 5S RNP's role in ribosomal 

stress signalling. Extensive study by Nicolas et al. [23] showed that although numerous RPs 

bind to M D M 2 , only a small portion can activate p53. Furthermore, none of the p53 activating 

RPs can activate p53 upon simultaneous depletion of RPL5 or RPL11. This finding further 

supports the irreplaceable role of these two ribosomal proteins in p53 stabilization when 

translation machinery is altered. 

Apart from p53-mediated ribosomal stress, nucleolus can respond to stress also by p53-

independent pathways. Some of these mechanisms will be discussed later. More detailed 

description of p53-independent ribosomal stress induction can also be found elsewhere [28]. 

1.3 RP functions beyond building ribosomes 

RPs are the main structural components of ribosomes and create a significant part of nucleolus 

content. Most RPs are rapidly degraded if not incorporated in the ribosome, but some have 

additional roles. Herein we summarise some of the most important roles of free RPs, except 

for p53 activation described above. 

1.3.1 Oncogene regulation 

Oncoprotein c-Myc is a crucial transcriptional factor promoting cell survival and proliferation 

[29]. c-Myc induces transcription of almost all components of translational machinery. It is 

involved in the translation of ribosomal proteins, proteins participating in rRNA synthesis, 

and some translational factors [30]. The Main RP regulators of c-Myc activity are RPL5, 

RPL11, and RPS14 [31, 32] (Fig. 5). All three interact with c-Myc mRNA and recruit the RISC 

complex, which is responsible for miRNA-mediated mRNA decay. Through this mechanism, 

free RPs prevent uncontrolled cell proliferation and cell cycle progression in a p53-

independent manner. Moreover, RPL11 and RPS14 can inhibit c-Myc transcriptional activity 
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via direct interaction. Both proteins bind to c-Myc protein and block the motive essential for 

c-Myc coactivator TRRAP binding, which is necessary for c-Myc and DNA interaction [32]. All 

these findings were also validated in mouse models. RPL11 deficient mice lost p53-

dependent responses to ribosomal stress and exhibited increased c-Myc protein expression, 

which promoted lymphomagenesis [33]. 

Apart from c-Myc, RPs are also involved in NF-kB signalling. RPS3 was identified as a 

component of the NF-kB complex required for its enhanced DNA binding [34]. Knockdown of 

RPS3 resulted in decreased NF-kB activity. RPS27 is another modulator of NF-kB activity. Its 

repression inhibited NF-kB function, suppressed cell migration and invasion and promoted 

apoptosis [35]. On the other hand, the knockdown of RPL22 stimulated NF-kB and accelerated 

transformation [36]. 

Transcriptional factor E2F can act both as an oncogene and tumor suppressor. Association 

with M D M 2 stabilizes E2F. As mentioned above, during ribosomal stress free RPL11 binds to 

MDM2 and induces p53 activation. Apart from that, RPL11-MDM2 interaction competes with 

MDM2-E2F association and thus determines its kinetics of proteasomal degradation [37]. 

Decreased level of E2F results in G l cell cycle arrest. 
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Normal conditions 

RPL5/RPL11 abberation 

Figure 5: Activation of c-Myc upon RPL15/RPL11 aberration. 
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1.3.2 Tumor suppressor regulation 

PIM1 is a constitutively active serotonin/threonine-protein kinase regulating survival, cell 

cycle, and proliferation, especially in hematopoietic cells. PIM1 is stabilized by interaction with 

RPS19 and binding to ribosomes [38]. Lack of available ribosomes results in decreased PIM1, 

consequently PIM1 dependent stabilization of CDK inhibitor p27, and G l cell cycle arrest. 

Moreover, PIM1 also induces the increased activity of c-Myc by its phosphorylation. 

Decreased PIM1 reduce the activity of c-Myc and cellular proliferation [39]. 

p21 is a well-known p53-dependent cell cycle inhibitor. Apart from p53, the expression of p21 

can be regulated by the RPL3-NMP-Spl complex [40]. RPL3 released from nucleolus or 

damaged ribosome initiates the formation of this complex and induces p53-independent 

expression of p21. 

1.3.3 RP in cancer 

RPs can act both as tumor suppressors and as oncogenes. RPs impairment is common in 

multiple types of cancer [41]. Common characteristics of cancers are rapid proliferation and 

relative resistance to cell-death mechanisms. Cancer cells need a tremendous amount of 

newly synthesized proteins for this purpose. This is consistent with the increased expression 

of many RPs in cancers. A complete overview of the upregulation of RP in cancers can be found 

elsewhere [42, 43]. 

Surprisingly, mutations and deletions of RPs have also been detected in several cancers. 

Notably, some deletions are identical to DBA patients [41]. Interestingly, cancer cells are 

willing to jeopardize effective translation to activate c-Myc signalling and deregulate 5SRNP 

dependent activation of p53 to escape several cancer checkpoints controls. 

1.3.4 RPs tissue-specific functions, specialized ribosomes 

Cells live in changing environments; therefore, they need to adapt rapid to internal and 

external conditions. Over the years, several mechanisms were described to regulate 

adaptation process - from DNA methylation through splicing and expression pattern changes 

to miRNA silencing. Recent studies suggest yet another mechanism involving the structure of 

ribosomes [44]. It seems that cells can create different types of ribosomes as a response to 

stress conditions. 
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Evidence has been given that specific RPs are responsible for translating a specific set of 

RNAs. For example, depletion of RPL38 results in skeletal development malformations [45]. 

Interestingly, RPL38 deficient mice did not manifest any other abnormalities apart from 

defects in the skeleton. The altered translation of Hox genes explained this defect. Similarly, 

deregulation of RPSA results in missing spleen in humans, but no other phenotype has been 

observed [46]. Furthermore, the absence of RPL22 and its homolog RPL22L is not lethal for 

cells or animals [47]. It was also shown that the depletion of these genes causes distinct 

phenotypes. Depletion of RPL22 results in T-cells development deficiency, while depletion of 

RPL22L leads to HSCs maturation impairment. Those results show that RPs homologs may 

have a distinct role in selecting translated mRNAs [47]. 

Surprisingly, yeast can create different ribosomes based on external conditions [48]. They 

showed that yeast in high-salt or high-pH environments creates ribosomes lacking RPS26 [48]. 

This type of ribosome preferably expresses mRNA with a mutation in their Kozak sequence, 

which usually encodes genes for stress response proteins. Unexpectedly, ribosomes lacking 

RPS26 are not the result of RPS26 down-regulation but RPS26 exclusion from mature 

ribosomes [48]. 

1.4 Ribosomal protein aberration in molecular pathology of diseases 

Protein production is a fundamental process in cells. For this purpose, cells contain large and 

abundant quantity of ribosomes. Each ribosome consists of four rRNA and around 82 

ribosomal proteins (RPs). Mature ribosomes require all components for proper function, and 

defects in rRNA or ribosomal protein(s) usually lead to instability and rapid ribosome 

degradation. Germinal defects in ribosome structure manifest as variety of phenotypes linked 

to individual ribosomopathy diseases. Interestingly, many congenital ribosomal protein 

aberrations are compatible with survival, one possible explanation is lethal mutations are 

eliminated in early embryonal development. 

The most significant number of defective ribosomal proteins was associated with Diamond 

Blackfan anemia (DBA). DBA is usually diagnosed early after birth as severe macrocytic or 

normocytic anemia with reticulocytopenia, normal platelet and neutrophil counts, and 

deficiency of red blood cell precursors in bone marrow [49]. In approximately 35-50% of cases 

are, these symptoms accompanied by physical malformation, mainly of the craniofacial 
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region, upper limbs, and growth retardation [50]. Another clinical manifestation is the 

increased level of adenosine deaminase [51]. 

The first gene linked to DBA was RPS19 [52], and variants in RPS19 account for 25% of DBA 

cases [53]. Over the years, the number of RP genes associated with DBA has escalated, and to 

date, mutations in 16 RP genes of both large and small ribosomal subunits have been 

described [54]. Due to the rapid development of sequencing techniques, this number is 

expected to increase. But still, in up to 20-50% of cases, molecular disease pathology is 

unknown. 

DBA phenotype is mainly attributed to RP haploinsufficiency, but several dominant-negative 

models of RP mutation have also been reported. RPS19 is the most extensively studied protein 

as a cause of DBA pathology. Interestingly, although none of the RPS19 mutated forms showed 

stability comparable with WT, there have been described two classes of point mutations in 

RPS19 - one induces protein instability and nucleus localization, and the other has a minor 

impact on stability and shows predominant nucleolus localization [55]. Notably, interactome 

analysis of R62W and R101H RPS19 mutants showed distinct binding capacities for numerous 

partner proteins. For example, both mutants but not WT have high binding capacity for BYSL 

[56]. The dominant-negative effect of several point mutations has been described on DBA 

animals' models. Introduction of mutated RPS19 mRNAto WTzebrafish background resulted 

in phenotype similar RPS19 depletion [57]. Furthermore, the introduction of mutated RPS19 

mRNA to RPS19 depleted zebrafish background resulted in increased severity of phenotype 

[58]. Knock-in mice with RPS19 R62W also manifested developmental defects and harmed 

rRNA processing and erythropoiesis. All these studies indicate the dominant-negative effect 

of RPS19 mutants if located in selected domains of the protein [59]. 

Another interesting feature of DBA is incomplete penetrance and variable expressivity [60]. 

Commonly, family members sharing the same mutation manifest different severity of 

phenotype [61]. These observations point toward an important role of disease-modifying 

genes. However, until now, no such gene has been described. 

To the same ribosome family, the biogenesis defect also belongs to the 5q- syndrome (5q-). 

5q- originate in partial loss of the small arm of chromosome 5. The cause of the disease was 

traced to the depletion of RPS14 in the knock-down study [62]. Although 5q- is classified as a 
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separate disease, it shares a standard feature with DBA, reflecting a similar phenotype 

mechanism [63]. 

Another interesting example of RP imbalance disease is isolated congenital asplenia (ICA). 

Mutations in RPSA were recognized as a cause of ICA in genetic population studies [64]. Unlike 

DBA and 5q- MDS, the ICA does not present as anemia [63]. Patients diagnosed with ICA are 

born without a spleen, which puts them in danger of life threating infection, but they do not 

present any additional malformations. 

Apart from RP disbalance, ribosomopathies can be also caused by other genetic alterations. A 

comprehensive review on this topic can be found elsewhere [63]. 

1.4.1 Possible causes of erythropoiesis failure in ribosomopathies 

Since mutation in RPS19 has been pointed out as the cause of DBA, the link among ribosomal 

protein aberrations and anemia has been elusive. Our understanding of molecular 

mechanisms behind this phenomenon has been increasing over time, but the underlying 

mechanisms are still not fully understood. Here, we present possible mechanisms of how 

defective RPs may lead to specific blood phenotypes. 

1.4.1.1 Uncoupling of transcription and translation 

The common feature of ribosomopathies is decreased availability of ribosomes and, 

therefore, a decreased translational activity [65]. Diminished number of ribosomes can lead 

to an imbalance in between mRNA, which is supposed to be translated, and mRNA, which is 

being translated [66]. Indeed, it has been shown that the depletion of RPL11 or RPS19 causes 

a decrease in the translation of IRES-mediated transcripts compared to cap-dependent ones 

[66]. More specifically, the expression of several genes essential for erythropoiesis are driven 

by IRES. For example, Bagl is crucial for red blood cell maturation. Bagl knockdown mice die 

at E13.5 from absence of erythropoiesis [67]. Bagl shows increased mRNA levels in RP 

deficient cells but decreased protein levels [66]. Furthermore, a similar trend was observed 

for the hemoglobin gene, its mRNA was 50-fold upregulated in RP depleted zebrafish, but 

protein level was significantly downregulated, while there was no change in mRNA to protein 

ratio in the neutrophil-specific gene [58]. 

On the other side, some transcripts are preferably translated. It seems that transcripts 

containing 5-terminal oligopyrimidine tract sequence in their 5' UTR are more likely to enter 
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the ribosome successfully. The group of these mRNA, among others, accounts for ribosomal 

proteins and genes under transcriptional control of mTOR [66]. 

GATA1, the specific erythropoiesis master regulator, is affected in DBA [68]. GATA1 is 

expressed during the last steps of erythrocyte development. It triggers haemoglobin 

transcription, eliminates organelles during erythroid differentiation, and induces other 

erythropoiesis-related genes [69]. Its mRNA level is slightly increased or similar in RP-depleted 

cells or DBA patients compared to controls, but protein levels are downregulated [69]. The 

origin of this phenomenon is controlled by the 5' UTR region [69]. GATA1 protein level was 

restored when this region was substituted, and overall erythroid differentiation was improved 

[69]. 

It has been hypothesised that DBA anemia is due to GATA1 translation inhibition [68]. GATA1 

is expressed when committed cells are in the CFU-E red blood cell development [70]. 

Downregulation of GATA1 protein, at this stage, leads to apoptosis [71] which is consistent 

with the DBA phenotype. Furthermore, if RBC precursors escape apoptosis at the CFU-E stage, 

GATA1 decreased signalling may lead to impaired cell responses in the following RBC 

developmental stages. Mutations in the GATA1 gene have been described in several DBA-like 

patients [72, 73]. However, in patients with impaired erythropoiesis similar to DBA, other 

typical features like physical malformations are missing [72,73]. Furthermore, arsenic induced 

disruption of GATA1 also lead to DBA-like erythropoiesis disruption [74]. 

Nevertheless, recent findings suggest that erythropoiesis failure in DBA is more complicated 

than originally thought. More specifically, it seems that GATA1 impairment plays a key role in 

DBA phenotype, but only in RPS, not RPL-related disorders [75]. Furthermore, defects in small 

ribosomal subunits seem to significantly influence mRNA selected for translation more than 

those in large subunits [76]. Ribosome profiling combined with whole proteome and 

comprehensive transcriptome analysis can provide a deeper understanding of this 

phenomenon in future. 

1.4.1.2 Metabolic changes 

Erythrocytes differ from other cell types in many features. One, except for the early stages, is 

the absence of mitochondria and, therefore, the absence of aerobic respiration. Hence, 

erythrocyte energy metabolism relies mainly on glycolysis. Increased p53 and cellular stress 
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induce the expression of genes involved in aerobic respiration to increase available ATP. It 

suppresses the expression of genes involved in glycolysis [77]. This approach can be helpful in 

many types of cells, but in the case of erythrocytes, it results in further depletion of the ATP 

reservoir. 

Reduced ATP cell content and elevated blood glucose levels have been also observed in DBA 

animal models [78]. This phenomenon is known from the initial state of diabetes II and 

suggests impaired insulin signalling in DBA. Moreover, insulin signalling is particularly 

important in erythrocyte development and its impairment reduces proliferation of red blood 

cell precursors [78]. 

Furthermore, autophagy is crucial in RBC development [79]. In erythrocyte differentiation, 

cells must discard almost all cellular structures from mitochondria to the nucleus. The nucleus 

is removed through the enucleation step, and the other organelles are removed mostly via 

autophagy [80]. Autophagy is mediated by GATA1 [81] and mTOR [82] induced of autophagy 

proteins transcription. Noteworthy, mTOR and/or autophagy aberrations lead to macrocytic 

anemia [83], consistent with the DBA phenotype [84]. 

mTOR kinase has a dual role in RBC development [85]. Its activity is necessary for proper BFU-

E and CFU-E proliferation in the primary steps of RBC development. But in advance steps of 

erythropoiesis, it needs to be silenced for autophagy induction. The mTOR is frequently 

activated in DBA cells [86]. Activated mTOR in DBA probably facilitates the increased 

proliferation of BFU-E and CFU-E and translation status improvement via RPS6 

phosphorylation [87]. 

Furthermore, L-leucine, an inductor of mTOR activation, is used as a DBA treatment [88, 89]. 

It can be assumed that induction of mTOR is beneficial for DBA cells, especially during RBC 

development until the CFU-E stage. On the other hand, high catalytic activity of mTOR during 

later steps of erythroid differentiation may lead to autophagy failure followed by aberrant 

terminal maturation to erythrocytes. We can speculate that this is the cause in DBA associated 

erythroid differentiation defect, because DBA derived erythroid progenitors treated with 

mTOR inhibitor rapamycin showed increase of late erythroid cells [90]. 

In DBA cells, autophagy is increased despite mTOR activation [86]. Autophagy in DBA cells 

seems to be induced by ROS [91], hypoxia [92], or some mTOR-independent pathways [93]. 
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However, mTOR-independent autophagy may not be sufficient for proper RBC development 

[94]. Therefore, autophagy induction remains as a potential treatment for DBA [90]. 

1.4.1.3 Defective c-Myc signaling 

Enucleation is a critical step in erythropoiesis; the cells lose the nucleus to generate 

reticulocytes. Inhibition of the process may explain reticulocytopenia in DBA patients [95]. 

Before enucleation, nucleolus must be condensed and histones deacetylated. 

Transcriptional factor c-Myc is known to promote proliferation, and therefore one can 

speculate that genome-wide histone modification by c-Myc plays a role in several cell 

transduction pathways [96]. Interestingly, GATA1 silences c-Myc expression in RBC precursors 

[37], highlighting the importance of c-Myc during erythropoiesis. A slight increase in c-Myc 

levels may complicate enucleation and reticulocyte development by impairing histone 

deacetylases activity [96]. Activated c-Myc also induces proerythroblast apoptosis during RBC 

development [96]. 

c-Myc is deregulated in DBA in multiple ways. Downregulated GATA1 is probably the central 

axis of upregulation of c-Myc in all DBA erythroid cells. Some RPs affected in DBA regulate c-

Myc independently; RPL11 and RPL5 are the best known examples. Both RPs actively induce 

ribosomal stress [25] and c-Myc regulation [31]; on both mRNA and protein levels [33]. The 

impairment of these RPs has been associated with the more severe DBA phenotype [97]. c-

Myc driven lymphomagenesis was also observed in the DBA mice model [33]. Interestingly, 

similar or identical mutations of those RPs, reported in DBA are also detected in some cancers 

[98, 99], deactivating p53 and activating c-Myc signalling. 

As was mentioned above, a high level of c-Myc is critical for the proliferation of bone marrow 

stem cells. Reduction of c-Myc expression by RPS19 deficiency can lead to decreased 

proliferation of erythroid stem cells. Furthermore, disruption of RPS19 leads to c-Myc 

downregulation through the PIM1 signalling pathway and upregulation of miR-34 known to 

regulate p53 levels. 

The common feature of RP disbalance is decreased GATA1 translation. Apart from the primary 

function as transcriptional activator during erythropoiesis, GATA1 also acts as a transcriptional 

repressor. It was demonstrated that GATA1 binds directly to c-Myc promotor and blocks its 

transcription, thus decreasing c-Myc protein level and allowing condensation and enucleation 
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of the nucleolus. RP defect can therefore lead to aberrant negative c-Myc back-loop control 

and apoptosis of erythroblasts and markedly decreased count of reticulocytes, which is a 

typical DBA phenotype. 

1.4.1.4 Iron metabolism 

For a long time it has been hypothesized that the erythropoiesis phenotype can be in both 

DBA, and 5q- syndrome accounted for delayed globin synthesis and iron accumulation. 

Indeed, a recent study showed that early proerythroblast is particularly vulnerable because, 

at this stage, heme synthesis increases while globin expression is still low. Furthermore, 

defective erythropoiesis in DBA cells prolongs the window to heme and globin equilibrium. 

Thus, heme accumulates in RP deficient cells, which leads to increased ROS production. It has 

been shown that cells capable of reducing heme content in the cytoplasm are more likely to 

reach erythrocyte maturity. 

There are to main pathways to decrease heme content in RB deficient cells. ALAS2 mediates 

the first step in heme synthesis. DBA cells expectedly display downregulation of ALAS2 mRNA 

expression, which helps to deal with heme overload. On the contrary, RP haploinsufficient 

cells upregulate the expression of heme exporter FLVCR1. Notably, due to aberrant splicing 

machinery, FLVCR1 mRNA undergoes alternative splicing resulting in a non-functional isoform. 

Thus, although cells are trying to export heme, their energy investment to FLVCR1 expression 

is frequently misplaced. 

Hepcidin prevents cellular iron export and increases the iron content. Interestingly, increased 

hepcidin level is associated with transfusion dependency in DBA. All this finding highlights 

heme toxicity in DBA erythroid precursors. 

Excess iron can also trigger apoptosis and a newly discovered type of cell death - ferroptosis. 

A detailed description of ferroptosis can be found elsewhere [100]. Briefly, ferroptosis is non-

apoptotic iron-dependent cell death. Under normal circumstances, the SLC7A11 transporter 

mediates cysteine uptake and cellular glutamate efflux. Imported cysteine is a further process 

for glutathion (GSH). Glutathione peroxidase GPX4 uses GSH to repair ROS-induced lipid 

peroxidation. However, if ROS activation reaches a critical level, and the cell is incapable of 

appropriate repair due to insufficient cysteine influx or small-molecule inhibition of critical 

pathways and undergoes ferroptosis (Fig.6). 
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Figure.6: Scheme of ferroptosis activation in DBA cells. 

Further evidence for crucial role of iron in cell homeostasis brought the discovery that heme 

iron binds directly to p53 and initiates its degradation without involvement of MDM2 . 

Moreover, p53 is a transcriptional repressor of SLC7A11. Therefore, increased stress stimuli 

and in turn p53 activation sensitize cells to ferroptosis, which can be prevented by heme-

mediated p53 degradation and increased expression of SLC7A11. 
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1.4.2 Glucocorticoid therapy in DBA treatment 

Although DBA was discovered a long time ago, there is no curative treatment available. DBA 

phenotype is usually treated with glucocorticosteroids (GC). This type of treatment is 

nonspecific, leading to GC resistance and a high risk of severe GCs site effects. 

I. 4.2.1 Glucocorticosteroids 

Glucocorticosteroids (GC) are stress hormones produced in the adrenal cortex. They regulate 

diverse cellular functions, including development, homeostasis, metabolism, cognition, and 

inflammation [101]. GCs are widely used as a treatment for many pathologies, from 

autoimmune syndromes to cancer [102]. GCs are also the first treatment option for DBA. 

Although GC has a wide range of applications, its use is limited by severe adverse effects, 

especially in long-term or high-dose therapies. These side effects include osteoporosis, skin 

atrophy, diabetes, abdominal obesity, glaucoma, cataracts, avascular necrosis and infection, 

growth retardation, and hypertension [103]. These adverse effects have a profound impact, 

especially on infants. 

Most GC effects are mediated by the glucocorticoid receptor (GCR), encoded by the NR3C1 

gene on chromosome 5. GCR is a ligand-activated transcription factor. In the inactive form, 

GCR is dominantly located in the cytoplasm in a complex with chaperone proteins and 

immunophilins [104]. Its conformation changes upon ligand binding. It gets disassociated from 

the complex and translocates to the nucleolus, where it binds to GCRe sequences and initiates 

the expression of target genes. Interestingly, GCR mediate expression is tissue-specific, and 

only a small portion of genes is activated in all tissues [105]. This is probably caused by tissue-

specific DNA methylation [106]. Furthermore, activated GCR can also interact with other 

proteins except for expression initiation. For example, it can modulate the kinase activity of 

several kinases [107] or regulate GATA1 during erythropoiesis [108]. 

Moreover, GCR has several isoforms [109] and is highly polymorphic [110]. This impacts body 

mass index, bone density or coronary artery diseases, the probability of developing diabetes 

II, and GC treatment outcome [111, 112]. This also applies to DBA. Surprisingly, variability of 

GCR seems to have no or minor impact on GCs treatment outcome in DBA [113]. But, it seems 

to modulate the onset of disease [113]. It was shown that particular SNPs (rs6196 and 

rs860457) in GCR result in the early onset of DBA which can be caused by modified GCs 

response during ontology [113]. 

25 



1.4.2.2 GCs and GATA1 

The impaired GATA1 protein level seems to be the primary defect in DBA RBC precursor cell 

function [114]. Therefore, one could propose that GCs could restore GATA1 translation and 

related signalling pathways and consequently increase erythrocyte precursors counts. 

Nevertheless, GCs do not increase GATA1 but deplete it. GCs inhibit GATA1 by transcriptional 

repression and direct interaction of GR with GATA1 [25]. GCs also decrease protein synthesis 

in cells through mTOR and subsequent S6 phosphatase inhibition [115]. This reduction affects 

the levels of HSP70 [116], a chaperone that protects GATA1 from caspase-3 degradation 

during erythropoiesis [71]. Therefore, we can conclude that GCs do not improve GATA1 status 

but further deplete it. 

GCs can promote erythropoiesis by two mechanisms to overcome GATA1 impairment. First, 

GCs can act before the CFU-E stage and increase the number of CFU-E precursors. Secondly, 

even though GCs do not rescue GATA1, they can regulate GATAl-related steps in 

erythropoiesis. In the following paragraphs, we will discuss these possibilities. 

1.4.2.3 Role of GCs in CFU-E precursors 

Stress erythropoiesis is caused by blood loss, oxygen deprivation, hemolytic anemia, or long-

term stress [117] (Fig. 2). This type of erythropoiesis leads to the rapid proliferation of RBC 

precursors driven by Epo and GCs [21]. Because DBA fulfils several criteria, we can hypothesize 

that stress erythropoiesis plays a crucial role in RBC development in DBA patients. 

When the body is under stress, C o r t i s o l , the body's GC, induces many physiological responses. 

One of them is erythropoietin produced in the kidney [118]. EPO stimulates CFU-E, and its 

primary target is GATA1 [119]. Due to GATA1 impairment, DBA is one of the few Epo-

insensitive anemias [120]; therefore, we can speculate that Epo induction via stress 

erythropoiesis probably does not lead to DBA phenotype improvement. 

GCs induce stress erythropoiesis directly by activating glucocorticosteroid receptors (GCR) and 

indirectly through Epo [121]. Activation of GR is conditional for stress erythropoiesis [121] and 

stimulates several transcription factors necessary for CFU-E precursor BFU-E proliferation, 

precisely, Myb, Kit, and Lmo2 [122]. Together with GATA1 inhibition, these transcription 

factors lead to the rapid proliferation of BFU-E. This induction is strictly specific to BFU-E cells 

and results in the expansion of CFU-E precursor up to 10-fold [123]. Increased BFU-E leads to 
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increased CFU-E, which, after Epo stimulation, results in rapid differentiation [117]. Thus, 

stress erythropoiesis leads to a significant increase in RBC number originating from one 

precursor cell. 

Furthermore, it seems that stress erythropoiesis impairment mediated by ZFP36L2 plays a 

crucial role mainly in RPL-related DBA, and its external stimulation by corticosteroid treatment 

may result in the restoration of this pathway [75]. 

HSC BFU-E CFU-E proerytroblast reticulocyte 

Normal 
errytropoesis 

Stress 
errytropoesis • 

Myb, Kit, Lmo2 
stimulation and 
GATA1 inhibition 

Epo induction 

rapid proerytroblast production 
after Epo stimulation 

Figure7: Scheme of stress erythropoiesis. 

1.4.2.4 Regulation of ribosomal stress and p53 

It was believed that apoptosis in DBA RBC precursors is caused by p53 induction via ribosomal 

stress [124]. This hypothesis was partially refuted since the haploinsufficiency of most RP does 

not lead to p53 stimulation via ribosomal stress [23]. Even though ribosomal stress and p53 

signalling are critical for normal erythropoiesis [125], the activation of p53 in DBA is most likely 

mediated by impaired metabolism and DNA damage [54,126]. 

It is difficult to elucidate the interplay between p53 and GCs. On the one hand, GCs decrease 

p53 levels [127], and on the other hand, increased p53, common in DBA cells, limits proper 

GSs receptor activation [128]. Nevertheless, GCs don't need to regulate p53 directly but 

indirectly by reducing p53 activation signals. Furthermore, we can speculate that this may be 

the main course of action of GCs in p53 signalling. 
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As mentioned above, except for ribosomal stress, p53 could be activated by HEM-mediated 

ROS production [91, 129]. Although it was reported that GCs reduce ROS species [130-132], 

their overall influence on ROS production is ambiguous [133]. Short-term GC usage reduces 

ROS, while long-term exposure leads to ROS induction [133]. Furthermore, increased ROS level 

was detected in DBA patients regardless of treatment [91], so we can assume that GCs-

mediated p53 regulation does not reflect ROS levels. The precise mechanism by which GCs 

modulate p53 levels in DBA is still elusive. Nevertheless, we can conclude that GCs treatment 

improves p53 status in DBA [134]. 

1.4.2.5 Regulation of enucleation through c-Myc 

As mentioned above, c-Myc plays a crucial role in RBC development. Its silencing is important 

for the enucleation step. c-Myc levels are deregulated in DBA, which probably leads DBA 

associated reticulocytopenia. 

GCs transcriptionally repress c-Myc expression [135], leading to cell cycle arrest but not 

apoptosis, necessary for proper RBCs differentiation [136]. In DBA, GCs may support 

enucleation during erythropoiesis and prevent reticulocytopenia by downregulating c-Myc. 

1.4.2.6 mTOR and autophagy 

Inhibition of mTOR by GCs is followed by autophagy, which was described in several cell types 

[137-139]. Therefore, a plausible hypothesis is that GCs may improve erythropoiesis by 

modulating mTOR and autophagy. The other important pathway is the inactivation of Akt 

signalling by GCs in DBA cells [86, 140]. Even though GCs mTOR inactivation may lead to a 

decreased proliferation of BFU-E and CFU-E [85], stress-induced erythropoiesis may 

overcome this obstacle [70]. 

1.4.2.7 GCs resistance 

GCs resistance is common in almost all GCs-based therapies; DBA is no exception [141]. 

Multiple mechanisms may induce GCs resistance, and these mechanisms probably vary 

between patients [142]. GCR polymorphism, alternative splicing, or downregulation of GCR 

expression may also lead to GCR resistance [142]. GCs resistance in DBA is associated with 

p57 dysregulation [141]. The expression of p57 is directly induced by GCR responsive element 

promoter [143]. Therefore, more than one mechanism may play a role in the effect of GC 

resistance. 
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1.4.2.8 Other DBA treatment 

Besides GCs, the treatment of DBA is limited. Another treatment option is supplementation 

of patients with the amino acid L-leucite [88]. When GCs or L-leucine fail, only treatment 

remains blood transfusion and chelation [49]. When also this treatment fails, a bone marrow 

transplant is the only option [49]. 

BFU-E CFU-E proerytroblast reticulocyte 

Normal 

autophagy problem due to mTor 
and GATA1 deregulation 

death due to GATA1 impairment 

Figure. 7: Scheme of corticosteroids effect on erythropoiesis in DBA. 

1.5 Bystin 

Bystin (Bysl) is encoded by BYSL gene localized on the 6p21.1 chromosome and is conserved 

across many eukaryotes [144]. Bysl was first identified as cytoplasmic protein, forming a 

complex with tropin and tastin and enabling embryonal implantation [145]. Furthermore, 
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Bystin was subsequently identified as a structural protein of the nucleolus [144]. The gene is 

conserved across species, highlighting its significance in cells biology [146]. 

Recent data show that Bysl plays an irreplaceable role in small ribosomal subunit biogenesis 

[147]. It is responsible for the final steps of 18S rRNA maturation, and bystin downregulation 

leads to the accumulation of pre-18S rRNA [146]. Furthermore, BYSL seems to be critical 

nucleolar structure protein. Its knockdown leads to aberrant nucleoli restoration after mitosis 

[148]. Like other factors involved in ribosome biogenesis and protein translation, Bysl is a 

direct c-Myc target gene [149] and its role in nucleolar integrity was revealed by the siRNA 

screen [150]. 

Moreover, increased levels of Bysl have been observed in several cancers and cancer cell lines 

[148,151-153]. Its role seems quite significant, especially in glioma cells [154-156], which can 

be due to bystin's ability to regulate mTOR and other signalling pathways [156,157]. Based on 

existing literature we can hypothesize that up-regulated Bysl levels may lead to more rapid 

ribosome production and restoration of nucleolus after mitosis. 

Altogether, we conclude that BYSL is a relatively poorly studied nucleolar protein and may play 

various roles waiting to be explored and described. Therefore, it become one of my research 

interests. 
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2 Aims 

• Investigate impact of anticancer treatment by oxaliplatin on nucleolar structure. 

• Determine impact of RPS7 V134F mutation on nucleolar structure and rRNA processing 

in clinical case of suspect DBA. 

• Explain the role of Bystin in Diamond Blackfan anemia and glucocorticoid-based 

therapies. 
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3 Experimental part 

3.1 Aberration of nucleoli structure caused by oxaliplatin 

3.1.1 Introduction 

Nucleolar structure reflects the cell state. Xenobiotics or congenital defects can lead to 

aberration in nucleolar structure and impairment in ribosomal production. Here, we have 

investigated an impact of oxaliplatin on nucleolus structure to confirm its ability to induce 

ribosomal stress indicated by proteomic analysis of oxaliplatin treated cells. 

Oxaliplatin (L-OHP) belongs to the third generation of platinum-based chemotherapy. This 

drug is widely used to treat many types of cancer [158-160]. L-OHP is relatively nonspecific, 

and its interaction with nucleophiles, DNA, RNA, and proteins has been described [161]. To 

better elucidate the oxaliplatin mechanism of action, we performed a systematic proteomic 

analysis of the whole proteome of cells treated with L-OHP and discovered that a significant 

portion of deregulated protein after treatment belongs to the class of ribosomal proteins or 

proteins of the nucleolus (Appendix 1). To confirm the impact of L-OHP on nucleolar structure, 

we performed staining of nucleoli marker proteins and rRNA. Results indicate that oxaliplatin 

has a profound impact on nucleoli structure and therefore function. 

3.1.2 Methods 

3.1.2.1 Chemicals and antibodies, and lentiviral particles 

Unless stated otherwise, chemicals were obtained from the Merck company. Used antibodies 

were anti-NCL (ab52631, Abeam), anti-FBL (ab5821, Abeam), anti-rabbit Alexa fluor 488 

(A11017, Thermo Fisher Scientific), Origene (RPS7 (NM_001011), human ORF Clone 

Lentiviral Particles, RC209074L3V and Lentiviral Control Particles, PS 100092V). 

3.1.2.2 Cell lines 

Cell lines were cultured in appropriate growth media supplemented with 10% fetal bovine 

serum and penicillin/streptomycin; and maintained at humidified, 5% C02 atmosphere at 

37°C. Cell line U20S (ATCC) was cultured in McCoy medium (Lonza). 
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3.1.2.3 Immunodetection 

The day before detection, cells were plated on cover glass or panels at an appropriate cell 

density. On the day of detection, cells were fixed with 4% formaldehyde for 15 minutes, 

washed with IX PBST, and blocked for 45 minutes in a blocking buffer (5% FBS and 0,3%Triton 

X in 1XPBS). Cells were then rinsed in IX PBST and incubated with the required primary 

antibody in blocking buffer overnight, washed in IX PBST and incubated for one hour at RT 

with appropriate secondary antibody, washed in IX PBST, and stained with Hoechst. Images 

were acquired using a Yokogawa CV7000 microscope (Yokogawa) and analyzed by Columbus 

Image Analysis System (PerkinElmer). 

3.1.2.4 rRNA fluorescent in-situ hybridisation 

Cells were seeded and fixed as described above and permeabilized by 70% ethanol at -20 °C 

overnight. Cells were washed twice in wash buffer (2 xSSC, 10% formamide), followed by 

hybridization at 37 °C for 4 hours in hybridization buffer (10% formamide, 2 x SSC, 0.5 mg/mL 

tRNA, 10% dextran sulphate, 250ug/ml BSA, 10 m M ribonucleoside vanadyl complexes and 

0.5ng/uL 5'ITSl probe: CCTCGCCCTCCGGGCTCCGTTAATGATC conjugated with cy5). 

Afterwards, samples were washed twice in preheated wash buffer at 37 °C and stained with 

Hoechst 33342 (62249, Thermo Scientific). The cells were examined using CV7000 Voyager 

Cell High throughput cellular imaging and discovery system (Yokogawa). Image quantification 

was calculated as a corrected spot intensity in the nucleolus by the Columbus software version 

3.1.3 Results 

3.1.3.1 Nucleoli structure at protein level 

Cells treated with L-OHP show a markedly different distribution of nucleoli marker proteins 

compared to control cells. More specifically, FBL, which is generally concentrated in DFC and 

participates in rRNA transcription, is after L-OHP treatment concentrated in so-called 

nucleolar caps (Fig. 8). On the other hand, NCL, which is concentrated in the granular 

component of nucleoli, is after L-OHP treatment released into the nucleoplasm (Fig. 8). 
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Figure 8: Impact of L-OHP on structural proteins of nucleoli. 

3.1.3.1.1 rRNA aberration 

rRNA in situ hybridization is a method that stains the amount of non-processed rRNA in the 

nucleolus. After L-OHP treatment, we detected a massive drop in rRNA amount in the 

nucleolus (Fig. 9), confirming a major insult to ribosome production. 
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Figure 9: Impact of L-OHP on rRNA amount in the nucleolus. 

3.1.4 Discussion 

Ribosomal production is fundamental for the proliferation and survival of cells. Because a 

significant portion of this machinery is localized in the nucleolus, its structure and proper 

function are directly linked to ribosome biogenesis. Any internal or external insult may lead to 

the crippling of ribosome production machinery. 
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We show that the primary treatment by L-OHP impacts nucleolar structure and function. Not 

only that the proteomics study showed the deregulation of ribosome production machinery, 

but experiments on cells showed that L-OHP has a profound effect on the localization of 

nucleolar marker proteins, but we also show that L-OHP leads to inhibition of rRNA 

production. Furthermore, a recent report provides evidence that L-OHP causes cell death 

through a nucleolar stress response rather than through the DNA damage pathways long 

considered operative for cisplatin [162]. This finding leads to a growing picture that while both 

compounds form lesions on DNA and other biomolecules, oxaliplatin acts primarily through 

an impact on the nucleolus [163]. 

3.2 Impact of mutation V134F in RPS7 on nucleoli structure and rRNA processing 

Diamond-Blackfan anemia (DBA) is a rare congenital red cell aplasia with causative mutations 

in genes encoding ribosomal proteins (RPs) [164]. Using N G S we detected RPS7 mutation in 

clinical D B A case (Apendix 2). This variant was discovered in one family suffering from DBA 

[164]. To better understand the pathophysiology of mutated RPS7 protein, we evaluated its 

impact on the CRISPR model of the given variant (Appendix 2). Part of this evaluation was also 

the investigation of nucleolar morphology by rRNA fluorescent in-situ hybridization. 

3.2.1 Methods 

All methods and materials were described in methodology 2, except for the northern blot 

method, which is described below. 

3.2.1.1 Northern blotting 

Pre-rRNA species were analyzed by northern blotting. 10 ug of total R N A were mixed with 1 

volume of loading buffer (50% formamide, 0.06% formaldehyde, 10% glycerol, 0.05% 

bromophenol blue in l x M O P S buffer) and separated on a 2% agarose gel in the presence of 

M O P S buffer (20mM M O P S , 5 m M sodium acetate, 2 m M E D T A , p H 7.0) containing 2% 

formaldehyde, and run in 1 x M O P S buffer at 23 V overnight at 4 °C. R N A s were then 

transferred to a nylon membrane (Amersham Hybond-N+, G E Healthcare, USA ) . After fixation 

by UV-crosslinking, the membranes were pre-hybridized for 1 h at 45 °C in D I G Easy Hyb 

(DIG Northern Starter Kit , Roche, Switzerland). The digoxigenin-labeled oligodeoxynucleotide 
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probe was then added and incubated overnight at 45 °C. The probes used in this study were: 

5 ' ITSl ( 5 - C C T C G C C C T C C G G G C T C C G T T A A T G A T C - 3 ), ITS2b ( 5 -

C T G C G A G G G A A C C C C C A G C C G C G C A - 3 ), ITS2d/e ( 5 -

G C G C G A C G G C G G A C G A C A C C G C G G C G T C - 3 ) (Generi Biotech, Czech Republic) [23]. 

For detection of ITS2, probes ITS2b and ITS2d/e were mixed in equal amounts. After probes 

hybridization took place, the stringency washes followed. Firstly, two times for 5 min at room 

temperature in 2 x SSC (0.15 M NaC l , 15 m M sodium citrate, p H 7.0) containing 0.1% SDS 

and twice for 15 min in 0.25 x SSC with SDS 0.1%. Before the blocking step, the membranes 

were briefly washed in washing buffer (0.1 M Maleic acid, 0.15 M NaC l , 0.3% Tween 20, p H 

7.5), then blocked in blocking solution for 30 min and incubated with the anti-digoxigenin-AP 

antibody (both D IG Northern Starter Kit , Roche, Switzerland) for 1 hour at room temperature. 

Unbound antibodies were removed by two washing steps for 15 min in a washing buffer. Before 

measurement of the chemiluminescence signal, membranes were equilibrated for 5 min at 

detection buffer (0.1 M Tr is -HCl , 0.1 M NaC l , p H 9.5), then the CDP-Star substrate was added 

and the signals were acquired by the ChemiDoc M P Documentation system (Bio-Rad, USA ) . 

3.2.2 Results 

The V134F mutation in RPS7 leads to a significant accumulation of pre-rRNA in the nucleolus 

(Fig. 10a, b). This highlights the importance of WT RPS7 during rRNA processing. Next, we 

performed a northern blot to prove that aberration in RPS7 leads to defects in rRNA processing 

and accumulation of non-processed rRNA. Norther blot of pre-rRNA revealed that V134F RPS7 

results in accumulation of 18S rRNA precursor, more specifically, 26S rRNA and C-18S rRNA, 

same as in patient and was reverted by transduction by RPS7 WT lentivirus (Fig. 10c, d). 
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Figure 10: Detection of pre-ribosomal RNA by FISH and Northern blotting in the RPS7-WT and RPS7-mut cell lines. 

(A) From the left: cell nuclei stained with Hoechst 33342, localization of pre-rRNA using an ITS1 probe, merge. 

(B) Statistical analysis of pre-rRNA levels in nucleoli (mean corrected spot intensity per nucleolus). (C) Detection 

of pre-rRNA species in RPS7-WT and RPS7-mut cell lines by Northern blotting. (D) RPS7 p.V134F phenotype was 

reversed by transduction of RPS7-WT and RPS7-mut cell lines with control and RPS7 WT lentiviruses. And a 

comparison of rRNA maturation profiles (ITS1 probe) of the patient's sister carrying identical. 
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3.2.3 Discussion 

Here we show that congenital variant V134F in the RPS7 gene affects the processing of 18S 

rRNA precursors. Although the role of RPS7 in ribosome biogenesis is well established [23], we 

were wondering if the change only in one amino acid can lead to significant changes in nucleoli 

structure. Indeed, our results supports this hypothesis. Furthermore, in situ rRNA 

hybridization is cheap, quick, and carries fewer critical points than standardly used northern 

blots and could be easily used for diagnostics of ribosomal disorders. Here, we prove that the 

accumulation of non-processed rRNA in the nucleolus can serve as a validation parameter for 

the DBA phenotype. 

3.3 Bysl drives Diamond Blackfan Anemia via c-Myc regulation 

Although RPL11 is commonly mutated in DBA patients [165,166], deletion of one whole allele 

of RPL11 should be incompatible with successful embryogenesis [33], yet we discovered one 

patient with single RPL11 allele deletion in our cohort with mild DBA phenotype. This clinical 

observation together with existing animal data on RPL11" / + mice suggested the presence of 

disease modifier gene(s) supressing otherwise lethal disease phenotype. Therefore we have 

preformed whole exome sequencing (WES) of the patient and discovered an interesting non

sense mutation in nucleoli structure protein BYSL [144]. Further study revealed that mutated 

BYSL normalizes RPL11 deregulated c-Myc activity. 

As mentioned above, the treatment opportunities for DBA patients are limited. The most 

common approach is glucocorticosteroids therapy which has severe side effects, especially in 

infants. GCs have been used for DBA treatment since 50' , but their mechanism of action 

remains unclear [120]. Although many theories have been proposed, none seem fully explains 

pharmacological mechanism of action (for more details see appendix 3). More interestingly, 

GCs are also used as a treatment for many cancers, many of which are c-Myc driven [167]. 

Although some articles suggest that GCs can regulate mRNA c-Myc levels in leukaemias [135], 

we suggest in this work that GCs may also regulate c-Myc protein levels through BYSL GCs 

interaction. 
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In this study, we have explored BYSL as a potential new promising target for DBA and c-Myc-

driven cancers using an extensive range of experimental techniques. Apart from identification 

c-Myc protein as direct BYSL partner, we also identified and experimentally confirmed binding 

of dexamethasone, the most frequent therapy for DBA to BYSL, thus preventing BYSL-c-Myc 

interaction and enabling c-Myc protein degradation via ubiquitin independent mechanisms. 

Herein, the bystin was for the first time identified as disease modifier gene for c-Myc 

dependent pathologies and a potential target for novel therapies avoiding GCs side effects. 

3.3.1 Methods 

3.3.1.1 Chemicals and antibodies 

Unless stated otherwise, chemicals were obtained from the Merck company. Used antibodies 

were: anti-BYSL- N-terminal (abl94961, Abeam), anti-BYSL-middle (HPA031217, Merck), anti-

BYSL-C-terminal (ab251811, Abeam), anti-c-Myc (ab32072, Abeam), ant i -NMPl (ab52631, 

Abeam), anti-actin (A2228, Abeam), anti-RPLll(18163S, CST), ani-p53 (abl54036, Abeam), 

anti-p21 (2947S, CST), anti-CD71 (11-0711-81, Thermo fisher scientific), ant i-Terl l6 (15-5921-

81, Thermo fisher scientific), anti-OAZ2 (ab32072, Abeam), anti-GCR (18163S, Abeam), anti-

mice HRP (A2304, Roche), anti-rabbit (A0545 Thermo fisher scientific), anti-rabbit Alexa fluor 

568 (A11036, Thermo fisher scientific), anti-mice Alexa fluor 488 (A11017, Thermo fisher 

scientific). 

3.3.1.2 Exome sequencing and analysis 

DNA was isolated from blood samples using a Magcore isolation station (RBC bioscience). The 

sequencing library was prepared by Nextera Rapid Capture Exome and Expanded Exome 

Enrichment Kit (lllumina) according to the Nextera Rapid Capture Enrichment Guide (version 

November 2013, lllumina). Obtained data were aligned to hgl9 by the BWA algorithm[168] 

and further processed by SAMtools [169]. The Mpileup algorithm of the SAMtools package 

was used for variant calling, followed by annotation by ANNOVAR [170]. From the resulting 

list, variants in gene-related to the nucleolus and ribosomal stress were extracted to select 

the final candidate gene. 

3.3.1.3 Array GCH 

Was performed by Josef Srovnal M.D. , PhD. CNVs were tested using single nucleotide 

polymorphism (SNP) array for comparative genomic hybridization. A Cytoscan HD instrument 
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(Affymetrix) was used for SNP aCGH analysis according to the manufacturer's protocols. The 

CHAS v l .2 .2 program (Affymetrix) was used to call CNVs. 

3.3.1.4 cDNA generation and RT-PCR 

RNA was isolated from blood samples or cell lines by the Trizol method. Following reverse 

transcription was performed using random primers (Thermo fisher scientific) and reverse 

transcriptase (Thermo fisher scientific). RT-PCR was performed using primers for bystin 

AGGAGAAGCGGAGGAAGAGTATG and GTCATTGTGGCAGCCTTCTCC or c-myc 

TAGTGGAAAACCAGCAGCCT and GGTGTGACCGCAACGTAGG and analyzed on a Light cycler 

480 (Roche). 

3.3.1.5 Sanger seguencing 

Amplicon for sequencing was obtained from the family members' cDNA using specific primers 

ATCCTGGCCTTTCTTCAGTCC and AGTCACCAACGGGGGTCTTG for the seventh exon of the BYSL 

gene. The amplicon was sent to SEQme company (Czech Republic) for sequencing. The result 

was then analysed in Chromas software (Technelysium). 

3.3.1.6 Plasmid generation 

PCR products for plasmid generation were obtained from patient cDNA using specific primers 

AGGTCCCTGGGGAATACCAT and GCTTGGAGATCAAGGGAGGTG for BYSL transcripts. For the 

construction of the untagged BYSL plasmid, TOPOTA cloning kit (K490001, Thermo Fisher 

Scientific) was used. The inserted DNA was then analysed by sequencing, and BYSL WT and 

BYSL mutants were selected. 

3.3.1.7 Cell lines and transfection 

Cell lines were cultured in appropriate growth media supplemented with 10% foetal bovine 

serum and penicillin/streptomycin; and maintained at humidified, 5% C02 atmosphere at 

37°C. Cell line U20S (ATCC) was cultured in McCoy medium (Lonza), and cell line K562 (ATCC) 

was cultured in Iscove's Modified Dulbecco's medium (Lonza). 

Plasmid transfections into U20S cells was performed using X-tremegene 9 (6365779001, 

Merck). For siRNA-mediated knockdown, appropriate siRNA (Origene) and jet prime (Polyplus 

transfection) were used. For both transfection and siRNA-mediated knockdown of K562, a 
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Neon electroporation system (Merck) was employed. Every transfection was performed 

according to the manufacturer's guidelines. 

3.3.1.8 Immunoprecipitation 

For immunoprecipitation, 5 x l 0 6 cells were lysed for 30 minutes in RIPA buffer (Thermo Fisher 

Scientific) supplemented with phosphatase and protease inhibitors (Roche), then centrifuged, 

and the supernatant was collected. Immunoprecipitation was performed by anti-c-Myc 

magnetic beads (Thermo Fisher Scientific) according to the manufacturer's protocol. 

3.3.1.9 Western blot analysis 

Samples were separated on SDS-page, transferred to PVDF membrane, blocked in blocking 

solution (37516, Thermo Fisher Scientific), incubated with required primary antibody 

overnight at 4°C, and washed in Tris buffered saline with 0.1% Tween (TBST) and incubated 

with appropriate secondary antibody in 5% BSA for 1 hour. Results were then visualized using 

Immobilon Forte Western HRP substrate (Merc) on the Odyssey FC instrument (Li-Cor). Band 

intensities were quantified using Li-cor software (Li-Cor). 

3.3.1.10 Immunofluorescence analysis 

The day before detection, cells were plated to 60-80% confluence on microscopic cover glass 

or plates and treated, eventually. 24 hours after incubation, cells were fixed with 4% 

formaldehyde for 15 minutes, washed with IX Phosphate Buffered Saline with 0.1% tween 20 

(PBST), and blocked for 45 minutes in a blocking buffer (5% FBS and 0,3%Triton X in 1XPBS). 

Cells were then rinsed in IX PBST and incubated with the required primary antibody in 

blocking buffer overnight, washed in IX PBST and incubated for one hour in RT with 

appropriate secondary antibody, washed in IX PBST, and counterstained with Hoechst 33342. 

Photographs were taken by Yokogawa CV7000 confocal microscope (Yokogawa) and analysed 

by Columbus Image Analysis System (PerkinElmer). 

3.3.1.11 Erythropoiesis differentiation analysis by flow cytometry 

K562 cells were treated with 50 u.M hemine and dexamethasone at in 10 u.M concentration 

one day after transfection. Cells were processed after 3 days of incubation. For flow cytometry 

studies, cells were washed and fixed with Cellfix (BD) and labelled using CD71 (20438801, 

Thermo Fisher Scientific) and T e r l l 9 (1953012, Thermo Fisher Scientific) antibodies in 
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Cellwash (BD Biosciences). After 30 min incubation with antibodies, cells were washed by PBS, 

stained with 10 nM Hoechst 33342 in PBS for 10 minutes, and then measured using a FACSAria 

II flow cytometer (BD Bioscences). First, the intact cells were gated from FCS/SSC dot-plot (not 

shown). Finally, the T e r l l 9 positive cell population was brought to Hoechst histogram, and 

enucleated reticulocytes were quantified. At least l x l O 4 cells have been acquired for each 

sample. 

3.3.1.12 Benzidine staining 

Differentiated, control and treated K562 cells were cytocentrifuged on glass slides using Cyto-

track (Sakura), fixed for 5 minutes in ice-cold methanol, and dried. Vizualization of 

haemoglobin production was performed using benzidine staining (20 u.g/ml) in water with 2% 

H2O2 for 2 hours in dark. This was followed by a wash in PBS and counterstaining with 1:20 

Giemsa solution for 2 minutes in room temperature. After the final wash in PBS, cells were 

visualized by Zeiss LAB.A1 microscope (Zeiss) and images were processed in Zen software 

(Zeiss). 

3.3.1.13 Isothermal Titration Calorimetry (ITC) 

ITC was operated by my colleague Martina Medvedikova, M.Sc. ITC experiments were 

performed at 25 °C with a Nano ITC Low Volume (TA Instruments). During all measurements, 

injections of 2.5 pL of ligand (6 pM) were titrated into 250 pL protein (0.74 pM) with time 

intervals of 300 s, a stirring speed of 250 rpm. All ITC experiments were conducted with 

degassed buffered solutions 25 mM HEPES buffer, pH 7.4, in the presence of 1% DMSO. 

The resulting thermograms were analysed using the independent model of the NanoAnalyze 

Software. ITC is a straightforward method for measuring not only the binding affinity constant 

(K) and binding stoichiometry (n), but also enthalpy of binding (AH) that occur throughout a 

reaction in solution, and the entropy changes (AS), was calculated from the equation 

AG = -R-T-\nKa = AH-TAS. 
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3.3.1.14 In silico modelling 

Thus part was performed by Olena Mokshyna, Ph.D. For all molecular docking studies, we 

employed the PLANTS [171] software both for blind docking and for docking into a particular 

binding site. 

3.3.1.15 Statistics 

All experiments were performed in triplicates, and the data were analysed by ANOVA or t-test 

method using Graphpad software (Prism). 

3.3.2 Results 

3.3.2.1 BYSL mutant compensates RPL11 depletion 

In one patient from our DBA cohort, a small deletion in the Ip36.11-lp36.12 area (Fig. la) was 

detected by array GCH (comparative genome hybridization). This area includes the RPL11 

gene. Mutations in this gene are known to cause DBA, and deletion of this gene was previously 

reported [165, 166, 172]. Surprisingly, it was shown that deletion of single RPL11 allele is 

embryonically lethal in mice [33]. 

In subsequent WES analysis, we detected non-sense mutation R343X in the gene coding BYSL 

protein. We subjected the whole patient's family to Sanger sequencing, and have discovered 

that silent carriers of this mutation are the mother and the brother, but with no clinical 

symptomatology (Fig. lb ) . Unexpectedly, when we performed protein analysis of family 

members, we detected the mutated short version of BYSL protein only in the patient but not 

in her mother or brother (Fig. lc) . 

Additionally, we have studied the profile of selected proteins commonly deregulated in DBA 

and known to effect erythropoiesis to better understand the suppressive effect of mutant 

BYSL protein on DBA phenotype. Interestingly, the major difference observed after 

transfection of mutant bysl gene into U20S cells was downregulation of c-Myc protein (Fig. 

Id). 

The major phenotype of DBA is a defect in erythropoiesis leading to reticulocytopenia [49], 

which means that during differentiation, pro-erythroblasts fail to exclude nucleolus. 

Reticulocytopenia is directly connected with c-Myc deregulation, inability of cells to supress 

c-Myc activity results in inefficient enucleation process [96]. To test whether mutated BYSL 

balances the RPL11 deficient DBA phenotype via regulation of c-Myc, we induced erythrocyte 
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differentiation in the K562 cell line by hemin [173] and analysed the impact of mutant BYSL 

on enucleation. As expected, the knockdown of RPL11 resulted in a drop in the number of cells 

with decreased DNA levels corresponding to enucleation failure. In contrast, mutant BYSL 

improves the number of RPL11 deficient (Fig. l l e fg ) . 

Our finding that mutant BYSL normalizes the c-Myc expression in RPL11 deficient cells may 

explain the mild erythropoietic phenotype in our patient and suggest bystin as a novel disease 

phenotype modifying gene in DBA. Based on our data we can also hypothesize BYSL may play 

broader and more important role in regulation of c-Myc dependent transcriptional activity in 

normal or cancer cells. 
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Figure 11: BYSL mutant protein compensates RPL11 depletion: A) Array CGH showed that our DBA patient was 

diagnosed with deletion on the first chromosome, including the RPL11 gene, B) Sanger sequencing of BYSL cDNA 

showed that patient,her mother and brother are carriers of mutant BYSL R343X, C) Western blot shows only the 

patient expresses mutant (truncated) BYSL protein, D) combination of mutant BYSL and RPL11 knockdown leads 

to normalization of c-Myc expression, E) combination of mutant BYSL and RPL11 knockdown leads to 

improvement of hemin induced erythroid differentiation of K562 cells, F) combination of mutant BYSL and RPL11 
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knockdown results in significantly increased number of T e r l l 9 + , CD71 + ' and Hoechst" cells compared to RPL11 

knockdown alone, G) benzidine staining of hemoglobin producing differentiated cells showed combination of 

mutantBYSL and RPL11 knockdown leads to normalization of differentiation in hemin treated K562 cells. 

3.3.2.2 BYSL regulates c-Myc through OAZ2 mediated proteasomal degradation 

To better understand BYSL's role in c-Myc regulation, we used the BYSL knockdown model. 

This simple experiment revealed that siRNA knockdown of BYSL results in a decrease of c-Myc 

protein (Fig. 12a). Gene versus protein expression analysis of c-Myc in cells transfected with 

BYSL siRNA versus scrambled siRNA revealed both mRNA and protein levels are affected, 

however the decrease of protein levels was more significant (Fig. 12b). 
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Fig. 12: BYSL regulates c-Myc predominantly on protein level: A) knock-down of BYSL leads to the distinct 

decrease of c-Myc protein level, B) knock-down of BYSL leads to more significant downregulation of c-Myc 

protein levels compared to mRNA levels, C) ubiquitination inhibitor PYR41 does not normalize protein c-Myc 

level upon BYSL knock-down compared to proteasome inhibitor bortezomib (BZ), D) knock-down of OAZ2 

normalizes protein c-Myc levels in BYSL down-regulated U20S cells, E) c-Myc translocate to the nucleolus 

(counterstained with ant i -NMPl ) of BYSL knock-down cells, F) translocation of c-Myc to the nucleolus is 

significantly increased in BYSL knock-down cells treated with bortezomib. 

Because c-Myc is well known target of ubiquitin-dependent proteasome degradation, we 

inhibited proteasome by bortezomib and ubiquitination by PYR 41. Interestingly, results 

showed that although bortezomib increases c-Myc protein level in both control and BYSL 
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siRNA cells, PYR41 increases c-Myc protein level only in control cells (Fig. 12c). Furthermore, 

we noticed that upon BYSL siRNA, the c-Myc signal concentrates in the nucleolus compared 

to the control (Fig. 12e). C-Myc localization in the nucleolus was higher in BYSL siRNA cells, 

and the difference was significant when cells were treated with bortezomib (Fig. 12f). Those 

results cumulatively indicate BYSL mediated ubiquitin independent proteasome degradation 

of c-Myc in the nucleolus [174], which is a known space for c-Myc degradation. Recently, the 

novel ubiquitin-independent proteasome degradation mediator ornithine decarboxylase 

antizyme 2 (OAZ2) was described [175]. To test whether OAZ2 is involved in c-Myc degradation 

mediated via BYSL, we performed a double knockdown of BYSL and OAZ2. Results show that 

single OAZ2 knockdown of U20S cells leads to slight increase in c-Myc level, but double 

knockdown results in high increase in c-Myc signal compared to BYSL knockdown alone (Fig. 

12d). From all those observations, we conclude BYSL regulates c-Myc on protein levels via 

OAZ2 mediated proteasomal degradation. 

3.3.2.3 BYSL is a target during glucocorticosteroid treatment in DBA 

Because we assumed that BYSL improves DBA phenotype via c-Myc regulation, and since 

glucocorticosteroids (GCs) are a standard treatment available for DBA patients, however with 

an unknown mechanism of action [176], we tested effect of GCs on c-Myc and BYSL expression 

and function. In older publications, corticosteroids were reported to decrease c-Myc mRNA 

levels in leukemia cells [135]. We used dexamethasone as GCs representative on U20S cells 

and did not observe any decrease in c-Myc mRNA level (Fig. 13b). Although corticosteroids did 

not reduce c-Myc mRNA level, on contrary it was increased 24 hours post treatment, we 

detected significant decrease in c-Myc protein level (Fig. 13a). One of the possibilities was that 

dexamethasone binds to the BYSL protein and mimicks (inhibits) its ability to bind and protect 

c-Myc from degradation. Indeed, hypothesis was independently confirmed by both ITC 

indicating specific binding of dexamethasone to recombinant BYSL protein (Fig. 13c) and 

molecular dynamic modelling on BYSL interaction with dexamethasone scaffold (Fig. 13de). 

Interestingly, the putative binding site of dexamethasone on BYSL was localized on C-terminal 

part of the protein, which is absent in BYSL mutant identified in our DBA patient, thus 

indirectly confirming the importance of BYSL C-terminus for c-Myc interaction. 

Direct evidence that dexamethasone regulates c-Myc through BYSL came from 

immunoprecipitation experiments of cells (un)treated with dexamethasone. After 24 hours, 
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dexamethasone significantly decreased the amount of BYSL bound to c-Myc and subsequently 

increased its binding to OAZ2 (Fig. 13f-h). This observation together with isothermal 

calorimetry and molecular dynamic data indicate dexamethasone binds to BYSL in the c-Myc 

binding site and prevents interaction of both proteins, thus targeting c-Myc to OAZ2 

dependent proteasomal degradation. 

1 i — " i r -
control DEX control DEX 

Fig.13: Corticosteroid dexamethasone directly interacts with BYSL, prevents BYSL-c-Myc interaction, thus 

targeting c-Myc to OAZ2 dependent degradation: A) DEX induced reduction of c-Myc protein levels is not due 

to decreased c-Myc gene transcription B) Dexamethasone (DEX) treatment of U20S cells results in reduced c-

Myc protein levels, C) ITC results indicate direct dexamethasone binding to BYSL, D) BYSL structure after replica 

exchange with binding sites detected by DeepSite, E) two stable binding poses of dexamethasone around 

ARG372, F), G), H) c-Myc immunoprecipitation experiments indicate reduced binding of BYSL to c-Myc and 

increased association with OAZ2 upon 24-hour treatment with DEX. 

3.3.3 Discussion 

Rare diseases are great models for basic molecular mechanisms studies[177]. DBA arises from 

RPs aberrations and helps us understand the roles of RPs beyond ribosome building blocks 

and to reveal the importance of RPs as stress detectors and regulators [31, 125, 178]. 
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Furthermore, a novel expression regulation mechanism with great impact in cell biology was 

discovered exploiting DBA models - specialized ribosomes [45]. 

RPL11 alteration is known cause of DBA [165]. Moreover, RPL11 and RPL5 are superior to other 

RPs in ribosomal stress signalling capability [23]. It was shown that the loss of one allele of 

RPL11 led to failure in embryogenesis [33]. Interestingly, we diagnosed one patient with 

deletion of the whole RPL11 locus in our DBA registry. That led us to the hypothesis that some 

variants in other disease modifying genes may compensate for the RPL11 deficiency and lead 

to successful in-utero development of the patient and relatively mild form of DBA. We 

analysed WES data and found an interesting nonsense mutation in the BYSL gene, which 

results in expression of C-terminus truncated protein. Furthermore, although this variant was 

detected on mRNA in asymptomatic patient's family members with normal RPL11 status, 

aberrated BYSL protein was expressed only in the DBA patient. Further experiments revealed 

that RPL11 depletion stabilizes BYSL mutated protein. 

When we searched for the mechanism of DBA phenotype modification mediated by mutant 

BYSL, found C-terminus truncated BYSL compensated RPL11 mediated c-Myc upregulation. 

Furthermore, mutant BYSL significantly improved hemin induced erythroid differentiation 

K562 cells. The fact that mutated BYSL leads to c-Myc downregulation and erythropoiesis 

improvement suggests BYSL as the first DBA phenotype modifying gene. 

In general, BYSL is a poorly understood structural protein of the nucleolus[144]. The nucleolus 

is known to play a key role in c-Myc turnover [174], and some nucleolar proteins regulate c-

Myc to control ribosome production [174]. Moreover, nucleolus also controls c-Myc 

compartmentalization and degradation by proteasome [174]. As mutat BYSL controlled c-Myc 

protein levels in our model of RPL11 deficient cells, we further explored the relationship 

between c-Myc and BYSL. We discovered BYSL regulates c-Myc protein levels via ubiquitin-

independent proteasomal mediated degradation in nucleolus mediated by OAZ2 [175]. Thus, 

our data also highlight BYSL as a novel modulator of c-Myc and putative target for novel 

therapies targeting c-Myc-dependent pathologies across several disorders, including cancer. 

GCs are used to treat numerous disorders, including DBA [49] and cancers [120]. Because GCs 

regulate a broad range of cellular responses, their mechanism of action in individual 

pathologies remain poorly understood. Here we show that dexamethasone, one of the most 
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frequently used GCs in the clinic, binds to BYSL protein C- terminus, which is truncated in our 

RPL11 deficient DBA patient. Binding of DEX prevents protective interaction of BYSL and c-

Myc, which is in turn subjected to OAZ2 mediated proteasomal degradation. We can assume 

that GCs may via binding to bystin regulate c-Myc level during the process of erythropoiesis 

and facilitate enucleation of DBA erythroid progenitors. Our research elucidates the 

mechanism of action of GCs in DBA and highlights BYSL as an interesting target for treatment 

of DBA patients and other c-Myc related disorders. 

Altogether, we propose a new target to mitigate phenotypes connected with deregulated 

oncogene c-Myc. Importantly, c-Myc is a so-called undruggable target protein because of its 

structure [179]. Therefore, finding its targetable regulators may lead to discovery new 

therapeutic opportunities for other disorders. For example, GCs are used nowadays to treat a 

broad range of c-Myc-driven cancers [167]. The precise mechanism of action of GCs in these 

cancers is not fully understood [167], but our work suggests GCs may indirectly regulate c-Myc 

via inhibition of interaction with BYSL. 

4 Conclusion 

In this work, we focused on the role of the nucleolus in the cell. We explored its structure, 

nucleolar stress induction, and ribosomal disorders known to affect structure and function of 

the nucleolus. We have specifically focused on DBA, which is congenital rare anemia 

originating in ribosomal protein aberration, and the role of glucocorticosteroids in the disease 

management. 

In the experimental part, we evaluated the impact of L-OHP and V134F RPS7 mutation on the 

structure of nucleoli. We revealed that both conditions impact structure, rRNA production or 

processing, and ribosome biogenesis. 

Next, we identified Bystin as the first disease-modifying gene in DBA. Furthermore, we 

determined that BYSL modulates DBA pathology through direct interaction with c-Myc and 

regulation c-Myc protein stability. We also proved that BYSL is molecular target during 

dexamethasone treatment of DBA. We have employed various in silico modelling methods, 

physical and biochemical techniques to validate BYSL interaction with dexamethasone. Future 

studies should evaluate the role of BYSL in modulation of DBA pathologies other than caused 

by RPL11 deficiency and develop small molecular inhibitors of BYSL and c-Myc interaction 
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lacking corticosteroid side effects to improve erythroid differentiation and decrease cancer 

risk in DBA patients. 
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5 List of important abbreviations 

5S RNP -5S ribonucleoprotein 

BFU-E - burst forming unit-erythroid 

CFU-E - colony-forming unit-erythroid 

DBA - Diamond Blackfan anemia 

DFC - dense fibrillary center 

FC - fibrillar centers 

GC - glucocrticosteroid 

Gc - granular component 

GCR - glucocrticosteroid receptor 

ICA - isolated congenital asplenia 

L-OHP - oxaliplatin 

NOR - nucleolus organizer region 

RBC- red blood cells 

r D N A - ribosomal DNA 

RP - ribosomal protein 

RPL- ribosomal protein of large subunit 

RPS - ribosomal protein of large subunit 

r R N A - ribosomal RNA 

ROS - reactive oxidative species 

W T - w i l d type 
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Oxaliplatin is widely used to treat colorectal cancer in both palliative and adjuvant settings. It is also being tested 
for use in treating hematological, esophageal, biliary tract, pancreatic, gastric, and hepatocellular cancers. Despite 
its routine clinical use, little is known about the responses it induces in cancer cells. Therefore the whole-cell pro
teomics study was conducted to characterize the cellular response induced by oxaliplatin. Chemosensitive CCRF-
CEM cells were treated with oxaliplatin at 29.3 uM (5 x IC 5 0) for 240 min (half-time to caspase activation). The 
proteomes of tin —/treated cells were then compared by high-resolution mass spectrometry, revealing 4049 pro
teins expressed over 3 biological replicates. Among these proteins, 76 were significantly downregulated and 31 
significantly upregulated in at least two replicates. In agreement with the DNA-damaging effects of platinum 
drugs, proteins involved in DNA damage responses were present in both the upregulated and downregulated 
groups. The downregulated proteins were divided into three subgroups; i) centrosomal proteins, ii) RNA process
ing and iii) ribosomal proteins, which indicates nucleolar and ribosomal stress. In conclusion, our data supported 
by further validation experiments indicate the initial cellular response to oxaliplatin is the activation of DNA dam
age response, which in turn or in parallel triggers nucleolar and ribosomal stress. 
Biological significance: We have performed a whole-cell proteomic study of cellular response to oxaliplatin treat
ment, which is the drug predominantly used in the treatment of colorectal cancer. Compared to its predecessors, 
cisplatin and carboplatin, there is only a small fraction of studies dedicated to oxaliplatin. From those studies, 
most of them are focused on modification of treatment regimens or study of oxaliplatin in new cancer diagnoses. 
Cellular response hasn't been studied deeply and to our best knowledge, this is the first whole-cell proteomics 
study focused exclusively to this important topic, which can help to understand molecular mechanisms of action. 

© 2017 Elsevier B.V. All rights reserved. 

1. I n t r o d u c t i o n 

Oxal ip la t in ( [ (1R,2R)-cyclohexane-1,2-diamine] (ethanedioato-
0 ,0 ' ) p la t inum( l l ) ; L-OHP) is a member of the p la t inum drug family. 
Members of this family are derived from cisplatin, wh i ch can be 
regarded as the first generation platinum drug. Cisplatin has some seri
ous side effects that l imit its clinical utility, particularly nephrotoxicity 
[ 1 ]. The second generation p lat inum agents (of w h i c h carboplatin is 
the most we l l -known) were introduced to avoid these drawbacks. 
Wh i l e these drugs have fewer side-effects than cisplat in, they suffer 
from cross-resistance wi th the first generation agent [2|. To overcome 

* Corresponding author at: Institute of Molecular and Translational Medicine. Faculty of 
Medicine and Dentistry. Palacký University Olomouc, Hnevotinska 1333/5, Olomouc 775 
15, Czech Republic. 

E-mail address: petr.dzubak@upol.cz (P. Dzubak). 

this issue, the newer and safer p lat inum drug L-OHP was synthesized 
in 1980 and approved by the FDA in 2005131. L-OHP differs from cisplat
in in that the amine groups of the latter are replaced w i t h a 
diaminocyclohexane moiety. In plasma, L-OHP rapidly undergoes non-
enzymatic transformations to form various reactive species. Most of 
these are pharmacologically inactive, but some are dichloro plat inum 
complexes that can enter cells and exert cytotoxic effects. 

L-OHP is wide ly used to treat colorectal, but also gastric and pan
creatic metastatic cancer [4,5], and is being evaluated for the treat
ment of hematological , ovarian, breast, b i l iary tract, hepatocel lular 
and non-smal l cell lung cancers [6,7]. It is generally applied in com
binat ion w i th other therapeutic agents. For example, in the FOLFOX 
regimen it is combined w i t h 5-f luorouracil and folinic acid; when ap
pl ied as a first-line therapy, this combinat ion yields response rates of 
up to 50% in co lorecta l cancer, compared to 15% for 5- f luorourac i l 

http://dx.doi.org/10.1016/jjprot.2017.05.005 
1874-3919/0 2017 Elsevier B.V. All rights reserved. 

64 

http://www.elsevier.com/locate/jprot
mailto:petr.dzubak@upol.cz
http://dx.doi.org/10.1016/jjprot.2017.05.005


/A T.Ozdlana al /Journal of Pmleomia 162(2017) 73-85 

alone [S]. Similar ly, in the G E M O X regimen it is appl ied in combina
t ion w i t h gemcirabine to treat pancreatic cancer and non-Hodg ldn 
l ymphomas [7.8]. It can also be comb ined w i t h a range of other 
agents, inc lud ing targeted biologies such as bevac izumab [9] or r i -
tux imab [7]. The use of targeted therapy and monoc lona l ant ibody 
drugs w i t h conventional drugs l ike L-OHP should be based on ratio
nal and scientific combinations. It is therefore valuable to study and 
understand molecular mechanisms of convent ional chemotherapeu-
tic agents w h i c h can help to design new synergistic combinat ions for 
cl inical trials and avoid rapid development o f drug resistant disease. 

The most ser ious side-effect of L-OHP t reatment is per iphera l 
neuropathy, and most of the research on its use has focused on this 
side-effect [10] and the development of exist ing and novel treatment 
combinations. Only a few studies have investigated L-OHP resistance 
[11] or DNAdamage induced by L-OHP treatment [12] and the poten
tial result ing ionic [13] and/or oxidative stress [14]. L-OHP binds to 
nucleophi les , DNA, RNA and prote ins, and forms in t ra -s t rand ad -
ducts be tween guanine and/or aden ine residues, thus d i s rup t ing 
repl icat ion and transcr ipt ion. Nucleot ide excis ion repair pathway is 
bel ieved to be ma in D N A damage repair sys tem induced by L-OHP 
treatment. However, it has also been reported to induce epigenetic 
changes, detoxi f ication pathways, cel l death, and changes in NF-kB 
signal ing [15]. 

Ce l lu lar response to L-OHP can be e lucidated by very power fu l 
tools, such as systemat ic p to teomic analys is . Prev ious ly , we have 
conducted complex proteomic studies based on 2D electrophoresis 
pro f i l ing to character ize the responses o f cancer cells to 
anthracycl ines (doxorubic in , daunorub i c in and mi toxantrone ) , re
veal ing that exposure to these drugs changes the expression and ac
tiv i ty of proteins involved i n metabol ic processes, transport proteins, 
and immune system proteins, among others [16]. A s imi lar work f l ow 
based on 2D electrophoresis has also been used by us to elucidate the 
mechanisms responsib le for resistance to the kinase inh ib i t o r 
bohemine 117]. This proteomic approach is thus a valuable tool for 
elucidation of cel lular response to single dtugs. Proteomic prof i l l ing 
of single drugs cel lular response can be valuable tool in comparison 
of drug effects in vitro. 

In recentyears there have been several important advances in the 
methods and technologies available for use in proteomic analysis; as 
a result, we have replaced our electrophoresis-based approach w i th 
a more s t ta ight forward alternative based on high reso lut ion mass 
spectrometry (Orbitrap) that offers increased sensit iv ity and a great
er ab i l i ty to detect and quanti fy changes in the express ion of less 
abundant proteins. Here, we describe this n ew approach and its ap
p l i ca t i on i n an analysis of the ce l lu lar effects o f L-OHP treatment . 
Out a im in conduct ing this work was both to obtain new knowledge 
concerning the response to the drug and (perhaps more important
ly) to establ ish a general ly appl icable set of condi t ions fot mecha
n i sm of act ion test ing and -omics pro f i l ing of cytotox ic drugs. Our 
method involves treating a cancer cel l l ine (in this work, the highly 
chemosens i t i ve C C R F - C E M l ine was used as a mode l of L-OHP use 
in hemato log ica l cancers) w i t h the agent o f interest at 5 t imes its 
I C 5 0 and for hal f the t ime required for caspase act ivat ion. The t ime 
to caspase activation is a measure of the t ime elapsed from exposure 
of cells to cytotoxic drug to induct ion of cel l death; the a im of stop
ping the exper iment at half the t ime to caspase activation is to m i n 
imize the risk o f identi fying late and non-specific changes in protein 
exptession and processing induced by apoptotic machinery and the 
proteome more generally, 

2. Material and methods 

2.1. Chemicals and reagents 

Oxaliplatin (Eloxatin) was obtained as a 5 mg/ml stock solution from 
Sanofi. If not mentioned otherwise, all chemicals were obtained from 

Sigma. Fetal calf serum (FCS) was purchased from Pan Biotech (Germa
ny). The MagicRed Caspase detection kit for caspases 3 and 7 was pur
chased from Immtinochemistry Technologies, USA. RPMI media 
lacking arginine and lysine was obtained from Biowest, USA. HPLC/MS 
grade water was produced using a Merck Mil l ipore Mi l l i -Q Direct-8 pu
rifier w i th an LC-PAK polisher (Merck), and HPLC/MS grade acetonitrile 
was purchased from J. T. Baker, USA, Proteomic grade trypsin was pur
chased from Promega. Benzonase and Luminata Forte were obtained 
from Merck. Pierce 660 n m Protein Assay kits for protein concentration 
measurements w i t h Ionic Detergent Compatibi l i ty Reagent were pur
chased from ThermoFisher Scientific, USA. Pertex rapid drying medium 
was used for slide mounting (Histolab, Sweden). The following antibod
ies were used: A n t i - U T P l l (AbCam), Ant i -WDR4S (Sigma), Ant i -TRFl 
(Santa Cruz), Anti-RPS19 (Santa Cruz), Anti-p53 (Cell Signaling), Ant i -
Fibri larin (Sigma) and Anti- ( i -act in (Sigma), horseradish peroxidase 
conjugated anti-rabbit (Sigma), horseradish peroxidase conjugated 
anti-mouse (Sigma), Alexa-4S8 anti-goat (Life technologies) and Alexa 
488 anti-rabbit (Invitrogen). EL1SA kits were purchased from Thermo 
Fisher (Ferritin) and RnD Systems (Apolipoprotein A l ) . 

22. Cell culture, analysis of IC50 and time to apoptosis 

The T-lymphoblastic leukemia-derived cell line CCRF-CEM was pur
chased from the Amer ican Tissue Culture Collection (ATCC) and cult i
vated according to the recommended procedure in RPMI media 
supplemented wirh 20% FCS, 100 lU/ml penicillin and 10 ug/ml strepto
mycin. Inhibition of tumor growth/survival, measured in terms of the 
50% inhibit ion constant ( lC 5 a ) , was determined by the MTT assay as de
scribed previously [IS]. Time to apoptosis was determined using the 
Magic Red assay (Immunochemistry Technologies). For proteomic anal
yses, CCRF-CEM cells (10 6/ml) were treated wi th a 5 x IC 50 concentra
t ion of L-OHP, wh i ch approximately corresponds to the IC 50 value 
when compared to cell count used in cytotoxic MTT assay [ 18]. Assay 
was performed according to the manufacturer's instructions, wi th fluo
rescence analysis based on excitation at 590 nm and emission at 
630 nm. 

23. SILAC labeling and treatment with drugs 

Three biological replicates of the proteomic analysis were per
formed. CCRF-CEM cells were grown in complete RPMI media lacking 
arginine and lysine or media containing either l 2 C f i (light) or l 3 C 6 

(heavy) labeled arginine and lysine. In all cases, the cells were cultured 
for five passages to ensure that the " l ight" or "heavy" amino acids were 
completely incorporated. The completeness of the labeling was verified 
by mass spectrometry (data not shown). Light cell lines were diluted to 
a concentration of 1 0 6 cells per ml and treated w i th a 5 x IC50 concentra
tion of L-OHP for half the t ime required to induce apoptosis (TAj / 2 ) . 
After treatment, light and heavy cells were mixed in a 1:1 ratio, and 
the mixed cell suspension was washed twice in ice-cold PBS wi th prote
ase inhibitors and once w i th ice-cold PBS. The washed cells were lysed 
in lysis buffer containing 20 m M Tris-HCl, 7 M Urea, 10 m M DTT, \% Tri
ton X-100 and 0.5% SDS. and 2 U benzonase, and transferred to 1.5 ml 
microfuge tubes. The lysate was then incubated on ice for 5 min, after 
wh i ch two extra units of benzonase were added and the resulting mix
ture was incubated for an addit ional 5 min . Lysates were cleared at 
16,000 g at4°C for 10 min and the supernatants were transferred into 
1.5 m l Eppendorf tubes and stored at —80 °C. 

2.4. Sample preparation for LC-MS/MS 

The 100 ul of whole cell lysates was resolved by preparative SDS-
PACE (MiniPrep Cell, BioRad), and the resulting gels were cut into 20 
slices corresponding to protein fractions separated by molecular weight. 
The gel slices were then dehydrated w i th acetonitrile, after wh i ch the 
proteins were reduced w i th 50 m M Tris(2-carboxyethyl)phosphine at 
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90 °C for 10 min and [hen allcylated wi th 50 m M iodoacetamide for 1 h 
in the dark. The alkylated samples were washed three times wi th water 
and acetanitrile successively, and finally washed wi th 50% acetonitrile. 
After washing, the samples were solubilized and trypsinized in trypsin 
buffer (6.25 ng/ul trypsin, 50 m M 4-ethylmorpholine, 10% v/v acetoni
trile, pH 8.3) overnight at 37 °C. The resulting supernatant was trans
ferred into a new Eppendorf tube and peptides were extracted from 
the gel pieces, first w i t h 80% acetonitrile containing 0.1% TFA, then 
w i th 0.1% TFA in water, and finally wi th 50% acetonitrile. The extracts 
were then pooled and dried in a SpeedVac (Eppendorf). Dried samples 
were reconstituted in 5 ul of 80% ACN wi th 0,1 % TFA, diluted w i th 145 
ul of0.1%TFA, and purified us inga C-18 MacroTrap column (Michrom 
Bioresources, USA). The purif ied samples were then re-dried in the 
SpeedVac and resuspended in 20 ul of 5% acetonitrile w i th 0.1% formic 
acid for LC-MS/MS analysis. 

2.5. LC/MS 

Mass specttometric analysis was performed on an Orbitrap Elite 
(Thermo) instrument fitted w i th a Proxeon Easy-Spray ionizat ion 
source, coupled to an Ultimate 3000 RSLCnano chromatograph. One m i 
croliter of sample was loaded on a PepMap 100 (75 um x 2 cm, 3 um, 
100 A pore size) desalting co lumn (Thermo) " in- l ine" w i th a PepMap 
RSLC (75 um x 15 cm. 3 um. 100 A pore size) analytical column (Ther
mo) heated to 35 °C, The peptides were subsequently separated on 
the analytical co lumn by ramping the organic phase from 5% to 35% 
over a total run time of 150 min. The aqueous and organic mobile phases 
were, respectively, 0.1 % formic acid in water and acetonitrile containing 
0.1% formic acid. The FTMS resolution was set to 120,000 and precursor 
ions were scanned across an m/z range of 300.0-1950.0. The twenty 
most intense ions were selected in the linear ion-trap for fragmentation 
by collision (C1D) in the Orbitrap. A collision energy of 35 eV was applied 
throughout 

2.6. Data analysis 

Peak picking and peptide searching were performed wi th MaxQuant 
v.1.3.0.5 [IS] using the SwissProt human database (downloaded 4/4/ 
2013). All fractions of a single sample were searched together. Carba-
midomethylat ion of cysteines was selected as a fixed modification, 
w i th oxidation of methionines and protein N-terminal acetylation as 
variable modifications. The min imal peptide and razor peptide count 
was set to 1 and the peptide length to 6. The mass tolerance was set 
to 20 ppm for parent ions and 0.5 Da for fragments. The FDR rate for 
peptides and proteins was set to 1%. Arginine and lysine were specified 
as special amino acids to filter for labeled amino acids. Razor peptides 
were used for quantification, w i th unmodif ied counterpart peptides 
being discarded; re-quantification and iBAQ were permitted. Search re
sults were processed in Perseus 1.4.0.6, wh ich was used to remove 
decoy search results and contaminant items. Significance was evaluated 
using the significance B test, using normalized ratios of replicates and 
their respective intensities to capture the effect of abundance on signif
icance. Proteins that had significance B scores below 0.05 in at least two 
replicates were selected for further study. 

Venn diagrams were created in Perseus and Venn Diagram Plotter 
1,5 (http://omics.pnl.gov). Pearson coefficients were calculated in 
Microsoft Excel by plotting the log 2 of each replicate's L/H ratio against 
the log 2 of the average L/H ratio for proteins that were quantified in all 
replicates. 

Bioinformatics analyses of the B significant protein list were per
formed w i th the Database for Annotation, Visualization and Integrated 
Discovery (DAVID, v6.7, http://david.abcc.ncifcrf.gov/, downloaded 13/ 
1/2016) [20], Results were visualized using DAVID'S Functional Annota
tion Clustering method. Protein-protein interactions of B significantly 
changed proteins were analysed using the STRING database (http:// 
string-db.org, downloaded 13/1/2016) [21]. The graphical output of 

STRING was divided into clusters, w i t h a cluster being defined as a 
close group of at least 7 proteins that are closer to one-another than to 
proteins outside the duster. 

2.7, Validation of proteomk data 

2.7.1. Immunoblotting 
CCRF-CEM cells were-treated w i th L-OHP as before. Cells were har

vested and centrifuged at 90g for 5 min at 4 °C and then washed twice 
in PBS w i th 5 m M sodium pyrophosphate. 1 m M sodium orthovanadate, 
5 m M sodium fluoride and 1 m M PMSF. After washing, the cells were 
lysed w i th SDS lysis buffer (62.5 m M Tris-HCl, pH 6.8,10% glycerol, 2% 
SDS, 1% mercaptoethanol, 0,5% bromophenol blue), heated for 10 min 
at 95 °C, and incubated w i th 2 units of benzonase for one hour at 
room temperature to prepare a whole cell lysate. Protein content was 
measured using the Pierce 660 nm Protein Assay containing the Ionic 
Detergent Compatibi l i ty Reagent. Samples were loaded to SDS-PAGE 
with uniform loading 10 jig of total protein and were resolved by 12% 
Tgels. The sepatated proteins were then blotted onto a nitrocellulose 
membrane (0.2 um pore size, Bio-Rad) using the TransBlot Turbo 
semi-dry system (Bio-Rad), after wh ich the membrane was blocked 
for 1 h w i th 5% non-fat dry mi lk in TBS/T (Tris-buffered saliva w i th 
0.1% Tween-20) and incubated w i th appropriate antibodies i n 5% v/v 
BSA in TBS/T overnight, at 4 °C, w i th agitation. After incubation, the 
membranes were washed w i th TBS/T, incubated wi th a peroxidase-la-
beled secondary antibody, and visualized using the Luminata Forte per
oxidase substrate. Chemiluminiscence was recorded using a HCD 
camera (Li-Cor Odyssey FC). Band intensities were normalized against 
those of the corresponding actin band, and averages of three biological 
replicates were processed into bar graphs. The significance of observed 
changes in protein abundance was evaluated using the t-test, wi th a re
value threshold of 0.05. 

2.8. EUSA assay 

Cell lysates were prepared in the same way as for immunoblotting. 
Proteins from approximately 10 mi l l i on cells were precipitated wi th 
ethanol and centrifuged for 10 m in at 2000g, after wh ich the superna
tant was removed and the pellet was reconstituted in water. The total 
protein content was then measured using the bicinchoninic acid assay. 
Additionally, ELISA assays for ferritin and apolipoprotein A1 were per
formed using the kits specified above, according to the manufacturer's 
instructions. 

2.9, /mmunonrecipiratfort 

For preparation of lysates for immunoprecip i tat ion, cells were 
washed three times in PBS and lysed in TNE buffer (150 m M NaCl, 
50 m M Tris-HCl pH 8.0,1 m M EDTA, 0.5% NP-40) supplemented wi th 
complete and PhosSTOP tablets (Roche). After 30 min incubation on 
ice, lysates were cleared by centrifugation. Appropriate antibodies 
were pre-conjugated to Dynabeads M-280 Sheep anti Rabbit IgG 
(Novex) for 1 h at4 °C and cleared lysates incubated w i th beads and an
tibodies for 2 h at 4 °C. Immunoglobulin-antigen complexes were 
washed extensively before elution in 20 ul 2 x Laemmli sample buffer 
before SDS-PAGE. Protein interaction was detected by immunoblot as 
described above. 

2.10. Reverse transcription PCR 

The washed cell pellets were resuspended in 1 ml ofTRI Reagent (Mo
lecular Research Centre, Cincinnati, OH, USA) and stored at —20 °C until 
RNA purification. Total RNA was extracted according to manufacturer's 
instructions. RNA concentration and purity were assessed by a Nanodrop 
ND 1000 (ThermoScientific, Wilmington, DE, USA). For reverse transcrip
tion, we pre-incubated 3 ug of total RNA wi th 0.3 ug of Random Primers 
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(Promega, Madison. WI, USA) at 70 °C for 5 min, and immediately placed 
the mixture on ice. Then 6 ul of RevertAid 5 x RT buffer (Fermentas, V i ln i 
us. Lithuania), 3 uj o f 10 m M deoxyribonucletotide triphosphates 
(dNTPs). 0.75 ul of 40 U/ul RNAsin ribonuclease inhibitor (Promega. Mad
ison, WI, USA), and DEPC treated water (Ambion, Austin, TX, USA) up to a 
final volume of 30 ul were added, and the mixture was incubated for 
S m in at room temperature. During the final step. 150 U of RevertAid 
Moloney Murine Leukemia Virus reverse transcriptase (Fermentas, Vilni
us, Lithuania) were added to each tube and the samples wete incubated at 
room temperature for 10 min. Finally, samples were incubated at 42 °C for 
50 min and then 70 °C for 10 min. Prepared cDNA were stored at — 20 °C 
until qPCR. 

TaqMan technology was used for gene expression analyses for each 
sample and marker (CCNB1. UTP11L, WDR46, DDX56, RPS19, TP53, 
APOA1, FTH1, CDKN1A and ACTB). Reaction mixtures were prepared 
using 1 ul 20 x TaqMan Gene Expression Assay (ThermoScientific, W i l 
mington, DE, USA), 10 ul 2 x LightCycler 480 Probes Master (Roche, 
Basil, Switzerland), 8 ul DEPC treated water (Ambion, Austin, TX. USA) 
and 1 ul cDNA. Reactions were performed on LightCycler 480 11/96 
(Roche, Basil, Switzer land) in two replicates according to 
manufacturer's instructions; 

Relative quantification was used for data evaluation. ACTB was used 
for endogenous normalization of Ct values for each marker. Fold differ
ences were calculated from AACt values as treated samples versus con
trols, Results are average values from three biological replicates w i th 
standard deviations. 

2.11, Nucleolar staining 

The CCRF-CEM cell line was treated in the same way as for proteomic 
analysis. After treatment, the cells were spun onto microscopy slides 
using a Cytcsp in centrifuge (Sakura. Japan) at 500 r p m for 5 m in . 
Spun cells were al lowed to dry, fixed w i th 4% paraformaldehyde in 
PBS, and stained w i th toluidine blue as described by Smetana [22]. 
After staining, the slides were mounted w i th Pertex (Histolab, Sweden). 
Three replicates were observed using a Zeiss Ax io microscope w i th a 
Zeiss AxioCamERc 5 s digital camera at 400 x magnification. In each 
sample, 100 nucleoli were counted and classified visually as either (a) 
compact nucleoli , (b) r ing nucleoli, or (c) micronucleol i as described 
by Smetana et al. [22]. 

2.12. Immunofluorescence 

Cells were spun using a Cytospin centrifuge as described above, fixed 
w i th 4% paraformaldehyde in PBS for 15 m in at room temperature, and 
permeabilized w i th 0.5% TritonX-100 in PBS for 15 min. The cells were 
then washed three times i n PBS w i th 0.1% Tween 20 and incubated 
overnight at 4 °C w i th pr imary rabbit or goat antibodies against 
fibrillarin, DDX56, WDR46, RPS9 and UT11L in 5% FCS. The samples 
were then washed three times in PBS w i th 0.1%Tween 20 and incubated 
w i th the corresponding anti-rabbit/goat secondary antibodies conjugat
ed to Alexa Fluor 488 in 5% FCS for 1 h at room temperature. Coverslips 
were stained w i t h DAPI for nuclei countetsta in ing and mounted in 
mount ing med ium. The loca l i zat ion of the proteins of interest was 
examined us ing confocal sp inn ing d isc f luorescent microscopy 
(Carl-Zeiss Observer Z1) at lOOOx magnif icat ion. Image quanti f ica
t ion was calculated as number of spots per nucle i i n Columbus soft
ware ve rs i on 2.71 (Pe rk in -E lmer ) . The number of nuc le i entered 
into the analys is ranged f rom 900 to 30,000 per sample. Obta ined 
data were analysed w i t h Genera l Linear M o d e l (GLM) and signif i 
cance was calculated w i t h post hocTukey ' s HSD test in Statistica 12 
(StatSoft). 

Data analysed w i t h General Linear Mode l (CLM) and significance 
was calculated wi th post hoc Tukey HSD test. 

2.13. Fluorescent in-situ hybridization of475 pre-rRNA 

Fluorescent in-si tu hybr id izat ion of 47S pre-rRNA has been per
formed according to [23]. Briefly, cells were treated, transferred to m i 
croscope glass and fixed as in immunofluorescence experiment. Aftet 
being rinsed in PBS, cells were permeabil ized for 18 h in 70% ethanol 
at 4 °C After two washes in 2 x SSC containing 10% formamide. hybridi
zation was performed in the dark at 37 °C for 5 h in a buffer containing 
10% formamide, 2 x SSC, 0.5 mg/ml tRNA, 10% dextran sulfate, 250 ug/ 
ml BSA. l O m M ribonucleoside vanadyl complexes and 0.5 ng/ul of 
ETS1-1399 probe (5'-cgctagagaaggcttttctc-3') conjugated to Cy5 (which 
hybridizes to the 47S pre-rRNA between 01/A' and AO cleavage sites). 
After two washes at 37 °C wi th 2 x SSC containing 10% formamide. the 
cover slips were rinsed in PBS and DNA was counterstained w i th DAPI, 
mounted and examined as in immunofluorescence. 

2.14. Flow cytometry 

Flow cytometry analysis was performed using standatd protocol de
scribed i n Borkova et al . [24]. Briefly, CCRF-CEM cell line at concentra
tion 2 .5 .10 5 cells/ml were seeded in 6-well plates, incubated for 24 h 
and treated w i th L-OI IP concentrations 1 x IC5o and 5 x IC5o in time in 
tervals 1, 2 .4 .8 .12 . 24 and 36 h in three replicates. Non-treated control 
for each analysis and time point was done in one replicate, except anal
ysis of proteosynthesis, where negative control was performed together 
with positive control, 5 uM puromycin, for 24 h. 

After treatment, samples for cell cycle analysis were washed w i th 
cold PBS and fixed w i th 70% ethanol and stored overnight at —20 °C. 
For cell cycle analysis, fixed cells were split into two halves. First half 
was washed in hypotonic citrate buffer, treated w i t h RNAse (50 ug/ 
mL) and stained w i th prop id ium iodide. Second half was used for 
pH3 S e r l ° antibody (Sigma) labeling and subsequent flow cytometry 
analysis of mitotic cells. 

Samples for DNA synthesis analysis were processed as following. Be
fore harvesting, 10 u M 5-bromo-2-deoxyuridine (BrDU), was added to 
the cells for pulse-label ing for 30 min . Cells were fixed w i th ice-cold 
70% ethanol and stored overnight. Before the analysis, cells were 
washed w i th PBS, and resuspended in 2 M HCI for 30 min at room tem
perature to denature their DNA. Fol lowing neutral izat ion w i th 0.1 M 
Na2B<i07 (Borax), cells were washed w i th PBS containing 0.5% Tween-
20 and 1% BSA. Staining w i t h pr imary ant i -BrDU antibody for 30 min 
at room temperature in the dark followed. Cells were than washed 
w i th PBS and stained w i t h secondary FITC antibody. Cells were then 
washed w i th PBS again and incubated w i th prop id ium iodide 
(0.1 mg/ml) and RNAse A (0.5 mg/ml) for 1 h at room temperature in 
the dark. 

For analysis of RNA synthesis, pulse-labeling w i th 1 m M 5-bromo 
uridine (BrU) for 30 m in followed the time of treatment. The cells 
were then fixed i n 1% buffered paraformaldehyde w i t h 0.05% of NP-40 
in room temperature for 15 min . and then stored at 4 °C overnight. 
Cells were then washed in PBS w i t h 1% glycine, washed in PBS again, 
and stained by primary ant i -BrDU antibody cross-reacting to BrU for 
30 m in at room temperature in the dark. After another washing step 
in PBS cells were stained by secondary FITC antibody. Fo l lowing the 
staining, cells were washed w i t h PBS and fixed w i th 1% PBS-buffered 
paraformaldehyde w i t h 0.05% of NP-40 for 1 h. Cells were then treated 
as in DNA analysis, washed wi th PBS, incubated w i th propidium iodide 
and RNAse A for 1 h at room temperature in the dark. 

Analysis of protein synthesis was performed using commercial Ther
mo Click-It kit [25 ]. Samples were after incubation washed in PBS. trans
ferred into methionine-free RMP1 1640 med ium for 1 h to deplete 
intracel lular deposits of methionine. Then, L-azidohomoalanine was 
added for another 1 h. Samples were then washed w i t h PBS. fixed 
w i th 4% paraformaldehyde, permeabil ized w i th 0.25%Triton-X100 in 
PBS and washed in 3% BSA in PBS. Detection was performed using 
Click-It Cell reaction buffer kit. 
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(Promega, Madison. WI, USA) at 70 °C for 5 min, and immediately placed 
the mixture on ice. Then 6 ul of RevertAid 5 x RT buffer (Fermentas, V i ln i 
us. Lithuania), 3 uj o f 10 m M deoxyribonucletotide triphosphates 
(dNTPs). 0.75 ul of 40 U/ul RNAsin ribonuclease inhibitor (Promega. Mad
ison, WI, USA), and DEPC treated water (Ambion, Austin, TX, USA) up to a 
final volume of 30 ul were added, and the mixture was incubated for 
S m in at room temperature. During the final step. 150 U of RevertAid 
Moloney Murine Leukemia Virus reverse transcriptase (Fermentas, Vilni
us, Lithuania) were added to each tube and the samples wete incubated at 
room temperature for 10 min. Finally, samples were incubated at 42 °C for 
50 min and then 70 °C for 10 min. Prepared cDNA were stored at — 20 °C 
until qPCR. 

TaqMan technology was used for gene expression analyses for each 
sample and marker (CCNB1. UTP11L, WDR46, DDX56, RPS19, TP53, 
APOA1, FTH1, CDKN1A and ACTB). Reaction mixtures were prepared 
using 1 ul 20 x TaqMan Gene Expression Assay (ThermoScientific, W i l 
mington, DE, USA), 10 ul 2 x LightCycler 480 Probes Master (Roche, 
Basil, Switzerland), 8 ul DEPC treated water (Ambion, Austin, TX. USA) 
and 1 ul cDNA. Reactions were performed on LightCycler 480 11/96 
(Roche, Basil, Switzer land) in two replicates according to 
manufacturer's instructions; 

Relative quantification was used for data evaluation. ACTB was used 
for endogenous normalization of Ct values for each marker. Fold differ
ences were calculated from AACt values as treated samples versus con
trols, Results are average values from three biological replicates w i th 
standard deviations. 

2.11, Nucleolar staining 

The CCRF-CEM cell line was treated in the same way as for proteomic 
analysis. After treatment, the cells were spun onto microscopy slides 
using a Cytcsp in centrifuge (Sakura. Japan) at 500 r p m for 5 m in . 
Spun cells were al lowed to dry, fixed w i th 4% paraformaldehyde in 
PBS, and stained w i th toluidine blue as described by Smetana [22]. 
After staining, the slides were mounted w i th Pertex (Histolab, Sweden). 
Three replicates were observed using a Zeiss Ax io microscope w i th a 
Zeiss AxioCamERc 5 s digital camera at 400 x magnification. In each 
sample, 100 nucleoli were counted and classified visually as either (a) 
compact nucleoli , (b) r ing nucleoli, or (c) micronucleol i as described 
by Smetana et al. [22]. 

2.12. Immunofluorescence 

Cells were spun using a Cytospin centrifuge as described above, fixed 
w i th 4% paraformaldehyde in PBS for 15 m in at room temperature, and 
permeabilized w i th 0.5% TritonX-100 in PBS for 15 min. The cells were 
then washed three times i n PBS w i th 0.1% Tween 20 and incubated 
overnight at 4 °C w i th pr imary rabbit or goat antibodies against 
fibrillarin, DDX56, WDR46, RPS9 and UT11L in 5% FCS. The samples 
were then washed three times in PBS w i th 0.1%Tween 20 and incubated 
w i th the corresponding anti-rabbit/goat secondary antibodies conjugat
ed to Alexa Fluor 488 in 5% FCS for 1 h at room temperature. Coverslips 
were stained w i t h DAPI for nuclei countetsta in ing and mounted in 
mount ing med ium. The loca l i zat ion of the proteins of interest was 
examined us ing confocal sp inn ing d isc f luorescent microscopy 
(Carl-Zeiss Observer Z1) at lOOOx magnif icat ion. Image quanti f ica
t ion was calculated as number of spots per nucle i i n Columbus soft
ware ve rs i on 2.71 (Pe rk in -E lmer ) . The number of nuc le i entered 
into the analys is ranged f rom 900 to 30,000 per sample. Obta ined 
data were analysed w i t h Genera l Linear M o d e l (GLM) and signif i 
cance was calculated w i t h post hocTukey ' s HSD test in Statistica 12 
(StatSoft). 

Data analysed w i t h General Linear Mode l (CLM) and significance 
was calculated wi th post hoc Tukey HSD test. 

2.13. Fluorescent in-situ hybridization of475 pre-rRNA 

Fluorescent in-si tu hybr id izat ion of 47S pre-rRNA has been per
formed according to [23]. Briefly, cells were treated, transferred to m i 
croscope glass and fixed as in immunofluorescence experiment. Aftet 
being rinsed in PBS, cells were permeabil ized for 18 h in 70% ethanol 
at 4 °C. After two washes in 2 x SSC containing 10% formamide. hybridi
zation was performed in the dark at 37 °C for 5 h in a buffer containing 
10% formamide, 2 x SSC, 0.5 mg/ml tRNA, 10% dextran sulfate, 250 ug/ 
ml BSA, l O m M ribonucleoside vanadyl complexes and 0.5 ng/ul of 
ETS1-1399 probe (5'-cgctagagaaggcttttctc-3') conjugated to Cy5 (which 
hybridizes to the 47S pre-rRNA between 01/A' and AO cleavage sites). 
After two washes at 37 °C wi th 2 x SSC containing 10% formamide. the 
cover slips were rinsed in PBS and DNA was counterstained w i th DAPI, 
mounted and examined as in immunofluorescence. 

2.14. Flow cytometry 

Flow cytometry analysis was performed using standatd protocol de
scribed i n Borkova et al . [24]. Briefly, CCRF-CEM cell line at concentra
tion 2 .5 .10 5 cells/ml were seeded in 6-well plates, incubated for 24 h 
and treated w i th L-OI IP concentrations 1 x IC5n and 5 x IC5o in time in 
tervals 1, 2 .4 .8 ,12 . 24 and 36 h in three replicates. Non-treated control 
for each analysis and time point was done in one replicate, except anal
ysis of proteosynthesis, where negative control was performed together 
with positive control, 5 uM puromycin, for 24 h. 

After treatment, samples for cell cycle analysis were washed w i th 
cold PBS and fixed w i th 70% ethanol and stored overnight at —20 °C. 
For cell cycle analysis, fixed cells were split into two halves. First half 
was washed in hypotonic citrate buffer, treated w i t h RNAse (50 ug/ 
mL) and stained w i th prop id ium iodide. Second half was used for 
pH3 S e r l ° antibody (Sigma) labeling and subsequent flow cytometry 
analysis of mitotic cells. 

Samples for DNA synthesis analysis were processed as following. Be
fore harvesting, 10 u M 5-bromo-2-deoxyuridine (BrDU), was added to 
the cells for pulse-label ing for 30 min . Cells were fixed w i th ice-cold 
70% ethanol and stored overnight. Before the analysis, cells were 
washed w i th PBS, and resuspended in 2 M HCI for 30 min at room tem
perature to denature their DNA. Fol lowing neutral izat ion w i th 0.1 M 
Na2B<i07 (Borax), cells were washed w i th PBS containing 0.5% Tween-
20 and 1% BSA. Staining w i t h pr imary ant i -BrDU antibody for 30 min 
at room temperature in the dark followed. Cells were than washed 
w i th PBS and stained w i t h secondary FITC antibody. Cells were then 
washed w i th PBS again and incubated w i th prop id ium iodide 
(0.1 mg/ml) and RNAse A (0.5 mg/ml) for 1 h at room temperature in 
the dark. 

For analysis of RNA synthesis, pulse-labeling w i th 1 m M 5-bromo 
uridine (BrU) for 30 m in followed the time of treatment. The cells 
were then fixed i n 1% buffered paraformaldehyde w i t h 0.05% of NP-40 
in room temperature for 15 min , and then stored at 4 °C overnight. 
Cells were then washed in PBS w i t h 1% glycine, washed in PBS again, 
and stained by primary ant i -BrDU antibody cross-reacting to BrU for 
30 m in at room temperature in the dark. After another washing step 
in PBS cells were stained by secondary FITC antibody. Fo l lowing the 
staining, cells were washed w i t h PBS and fixed w i th 1% PBS-buffered 
paraformaldehyde w i t h 0.05% of NP-40 for 1 h. Cells were then treated 
as in DNA analysis, washed wi th PBS, incubated w i th propidium iodide 
and RNAse A for 1 h at room temperature in the dark. 

Analysis of protein synthesis was performed using commercial Ther
mo Click-It kit [25 ]. Samples were after incubation washed in PBS. trans
ferred into methionine-free RMP1 1640 med ium for 1 h to deplete 
intracel lular deposits of methionine. Then, L-azidohomoalanine was 
added for another 1 h. Samples were then washed w i t h PBS. fixed 
w i th 4% paraformaldehyde, permeabil ized w i th 0.25%Triton-X100 in 
PBS and washed in 3% BSA in PBS. Detection was performed using 
Click-It Cell reaction buffer kit. 
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Al l flow cytometry analyses were analysed on FACS Calibur (Becton 
Dickinson) flow cytometer equipped w i th 488 n m single beam laser. 

3. Results 

The IC5o value of L-OHP was determined to be 5.9 uM by the 3-day 
MTT cytotoxicity assay. In al l subsequent experiments, the CCRF-CEM 
cells were treated w i th a concentration of L-OHP equal to 5 times the 
calculated ICso. i.e. 29.3 uM.To determine appropriate timings for sam
ple preparation and to ensure that only early events leading later to ap-
optosis were included in the analysis, we analysed caspase 3 activity in 
L-OHP-treated samples using the Magic Red assay kit. In these assays, 
the time to onset of apoptosis (TA) was defined as the time required 
for the fluorescence signal of treated cells to become 10% greater than 
that for untreated control cells. On the basis of these assays, the TA 
(i.e. the time to caspase activation) was determined to be approximate
ly 480 min, so in all subsequent experiments the CCRF-CEM cells were 
treated wi th 5 x IC 5 0 L-OHP and then lysed 240 min later, at TA 5 0 . 

MS analysis of SILAC-labeled whole cell lysates resulted in the iden
tification of 4164,4087 and 3896 proteins across three replicates, wi th 
3171, 3369 and 3069 of these proteins being quantified, respectively. 
The three replicates had 3260 identified and 2356 quantified proteins 
in common. The Pearson coefficients for the three replicates, wh ich re
flect the quality of the quantification, were 0.94, 0.88 and 0.84 (Fig. 1). 
A complete list of the identified and quantif ied proteins is presented 
in Supplementary Table 1 and the corresponding raw data have been 
deposited w i t h the ProteomeXchange Consort ium (http:// 
proteomecentral.proteomexchange.org) via the PRIDE partner reposito
ry [26], using the dataset identifier PXD003543. 

We defined a protein as having been significantly up or downregu-
lated if it had a significance B p-value below 0.05 in at least two repl i
cates (Supplementary Table 2). Bioinformatic analyses of these 
proteins were performed using the functional annotat ion clustering 
method implemented in DAVID. This method assigned high scores to 

ribosomal and nucleolar clusters (Table 1). A second, complementary, 
analysis based on prote in-prote in interactions was performed using 
STRING. This revealed four distinct clusters (Fig. 2) corresponding to 
proteins related to the centromere and C2/M checkpoint (Fig. 2A), se
creted proteins (Fig. 2B), r ibosomal (Fig. 2C) and nucleolar proteins 
(Fig. 2D). Proteins from clusters A, C and D are also involved in re
sponses to cellular damage and stress [27]. 

For a next step, we have selected proteins, which were the most sig
nificantly changed in each cluster. Change in abundance of each of se
lected proteins, CCNB1, UTP11L, WDR46, DDX56, RPS19, TP53 was 
determined using immunoblot t ing . For determinat ion of change in 
abundance of the remaining two proteins, APOA1 and FTH1, commer
cially available ELISA kit was used. The change in abundance of all 
those proteins was confirmed - the immunoblot and ELISA results 
shared the same trend of change, although the numbers weren't exactly 
the same (Fig. 3). As another orthogonal method, we have used RT-PCR 
for those proteins. However, the only protein which mRNA changed in 
expression was CCNB1 wi th L-OHP/control ratio 0.69 ± 0.14, other test
ed proteins (UTP11L, WDR46, DDX56, RPS19, TP53, APOA1 and FTH1) 
haven't changed in mRNA expression. 

The first cluster from STRING analysis is cluster of proteins involved 
in G2/M stop or in centromere assembly. The representing protein of 
this group, CCNB1 showed decrease in abundance in both protein and 
mRNA level. To evaluate possible stop in G2/M, or more generally 
changes in cell cycle after L-OHP treatment, a flow cytometry analysis 
was performed w i th mult iple t ime points - 1, 2, 4, 8, 12, 24 and 36 h 
and w i th two concentrations - 1 x 1C 5 0 and 5 x 1C 5 0 (Fig. 4). The reason 
for two concentrations is simple - standardised flow cytometry protocol 
uses lower concentration of cells - 1 mil l ion cells in 4 ml, thus 1 x I C 5 0 

represents cell adjusted concentration and 5 x IC50 volume adjusted 
concentration of L-OHP. The changes of cell cycle after treatment are 
following: In 1 x IC 5 0 is coming about decrease in G0/G1 and increase 
in S. The C2/M phase remains more less constant; however, phosphor
ylat ion of histone H3 at serine 10, a marker of mitosis, is decreasing 
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Fig. 1. Characterization of the proteomic dataset. Venn diagram of all identified proteins (A) and quantified proteins (B). Results shown in yellow, red, and blue correspond to replicates 1, 
2, and 3, respectively. Correlation of protein quantifications in individual replicates relative to the average (C) and correlations of B-significant protein quantifications relative to the 
average (D). 
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Table 1 
DAVID annotation analysis of B-significant proteins. For simplicity, only annotation clus
ters with enrichment scores above 10 are shown, a long with the six most highly scored 
processes for each cluster. Annotation cluster 1 includes ribosomal proteins, cluster 2 in 
cludes proteins involved in ribosome biogenesis and r/RNA processing, and cluster 3 in 
cludes nucleolar proteins. 

Category term Count % Rvalue 

Annotation duster 1 Enrichment score: 42.00 
KEGG_PATHWAY hsa03010:Ribosome IS 36.89 5.54E-58 
GOTERM_BP_FAT GO:OD0S414 - translational IS 36.89 1.26E-57 

elongation 
GOTERM_MF_FAT GO:O003735 - structural 41 39.81 7.40E-56 

constituent of rihosome 
SP_PIR_KEYWORDS Ribosomal protein 41 39.81 1.10E-54 
SP_PIFLKEYWORDS Ribonucleoprotein 4i 41.75 9.59E-51 
SP_PIR_KEYWORDS Ribosome 31 30,10 1.14E-50 

Annotation Clustei 2 Enrichment score: 12.26 
GOTERM_BP_FAT GO:0042254 - tibosome 19 18,45 7.37E-20 

biogenesis 
GOTERM_BP_FAT GO:OU22613 - ribonucleoptotein 19 18.45 D.22E-I7 

complex biogenesis 
GOTERM_BP_FAT GO;O006364 - rRNA processing 13 14,56 7.94E-16 
GOTERM_BP_FAT GO:O01S072 - rRNA metabolic 13 14,56 1.48E-I5 

process 
COTERM_BP_FAT GO:0034470 - ricRNA processing 15 14,56 1.76E-11 
COTERM_BP_FAT GO:0034660 - ncRNA metabolic 16 15.53 2.27E-11 

process 

Annotation Cluster 3 Enrichment score: M.78 
COTERM_CC_FAT GO:O005730 - nucleolus 3 5 32.04 1.32E-17 
GOTERM_CC_FAT GO:O031981 - nuclear lumen 40 38.83 1.03E-13 
GOTERM_CC_FAT GO:O070013 - intracellular 44 42.72 1.21E-13 

organelle lumen 
GOTERM_CC_FAT GO:0043233 - organelle lumen 44 42.72 2.70E-13 
GOTERM_CC_FAT GO:OD31974 - 44 42.72 5.36E-13 

membrane-enclosed lumen 
SP_PIR_KEYWORDS Nucleus 38 36.89 S.83E-04 

over the time. Thus more cells are blocked in G2 and not enter to mito
sis. In 5 x IQo is distribution of cell cycle stages similar to control. The 
most visible changes are slight increase of G0/G1, slight decrease of S 
and G2/M and, mainly, increase in sub G l fraction, wh i ch is fraction of 
apoptotic cells (Fig. 4). 

Other clusters were validated in the following way: Cluster of secret
ed proteins has been validated using ELISA kit only. Influence of L-OHP 
to ribosomes has been validated using immunofluorescence microscopy 
(IFM) for RPS19 showing its translocation from nucleus to the whole 
cell and disappearing of positive foci (Fig. 5; w i t h L-OHP/control ratio 
of spot numbers 0.09, p-value < 0.0001). Further validation of ribosomal 
stress has been performed by 47S pre-rRNA FISH, where the pure nucle
olar concentration o f 47 s pre-rRNA changed after L-OHP treatment to 
whole cellular localization (Fig. 6; ratio of spot numbers 0.05, p-value 
< 0.0001). Cluster of nucleolar proteins has been validated using IFM 
for regulated proteins UTP11L w i t h L-OHP/control ratio of spot number 
155.32 (p-value < 0.0001) showing disintegration of nucleol i (Fig. 5) 
andDDX56 (ratio 0.01, p-value < 0.0001) as wel l as for known nucleolar 
markers FBL (ratio 0.09, p-value < 0.0001) and NCL (ratio 1.76 showing 
nucleolar decomposition, p-value < 0.0001; Fig. 5). In all cases, there is a 
visible trend of nucleolar disintegration. Nucleolar morphology was fur
ther examined using light microscopy w i th toluidine blue staining w i th 
a shift towards metabolically inactive micronucleo l i (12% to 69%, p-
value < 0.0001 Fig. 6). 

The most often discussed effect of L-OHP, the DNA damage, is not in 
cluded in any of bioinformatic result for this study. However, according 
to literature mining of proteins changed in abundance, there are several 
proteins involved in DNA damage response (Table 2), The DNA damage 
caused by L-OHP was observed using IFM of H2AX w i th increase of pro
tein phosphorylat ion at serine 139 (Supplementary Fig. 1) w i thout 
change in total protein expression (Supplementary Table 1). 

The common downstream result of a l l three stress pathways, DNA 
damage, nucleolar and ribosomal stress, is activation of p53. In the pro-
teomic result, there were significant upregulation of TP53 w i t h ratio 
1.73 in only one of three replicates and this protein was not quantified 
in remaining two (Supplementary Table 1). Western blot verification 
showed upregulation of this protein wi th lower ratio 1,21, However, i m -
munoprec ip i tat ion experiment using enr ichment of the H D M 2 and 
RPL5, the known activators of p53 in those stresses, haven't show any 
increase in this pathway (Supplementary Fig. 2). 

The next step was confirmation of obtained results in other cell lines. 
For this purpose, we have selected osteosarcoma cell line U20S and co
lorectal cancer cell l ine HCT116. Those cell lines were treated w i th 5 x of 
their specific IC 5 0 (34.5 u M for U20S and 53.5 uM for HCT116) for un i 
form time 4 h corresponding to TAi ^ of CCRF-CEM. Those cells were ex
amined for levels of UTP11L, WDR46 and DDX56 proteins, for nucleolar 
stress by monitoring FBL and NCL and 47S pre-rRNA FISH for ribosomal 
stress. Whereas U20S showed s imi lar trend in behaviour w i t h CCRF-
C E M based on IFM or FISH, the trend in HCT116 was just opposite to 
CCRF-CEM based on FISH or immunoblot DDX56 (Fig. 7). 

4. Discussion 

The lC 5o concentration of L-OHP was determined to 5.9 J.IM. W e have 
used concentration 5 x IC50 of L-OHP, wh i ch is similar concentration of 
drug as in reported blood concentration of L-OHP, which is 4,15 uM [28], 
Last but not least, advance in proteomic methods al lowed us to use 
lower concentration than in previous study [ 16|, where concentration 
10 x 1C 5 0 was necessary to observe visible results, whereas 5 x 1 C M 

haven't caused any changes observable at 2D electrophoresis 
(Tyleckova, unpublished results), The advance in instrumentation and 
implementation of Orbitrap-based proteomics led to increase of signifi
cantly changed proteins. In this study we have identified 107 differently 
regulated proteins compared to Tyleckova w i th an average of 31 differ
ently regulated protein spots [16], Such an increase al lowed us to utilize 
modern bioinformatic tools such as DAVID or STRING. Main ly STRING 
analysis (Fig. 2) showed totally four clusters of interacting proteins. 

Some of the proteins remained unclustered in the STRING analysis 
(FAM207A, ACTR10, HSPA1A, FTH1, MARS2, MRPL43 and LPCAT1). 
The relevant information in the literature is available only for proteins 
HSPA1A, FTH1 and LPCAT1. HSPA1A functions as a protein chaperone, 
but it is also involved in anti-inflammatory and anti-oxidant processes 
[29] and DNA damage responses [30]. FTH1 is involved i n innate i m 
mune reactions and is overexpressed upon lipopolysaccharide stimula
t ion [31 ], anoxia or oxidative stress [32], among other things. FTH1 
(ferritin) has been considered as a vehicle for plat inum drugs; it is pos
sible that such drugs may form ferritin conjugates and thus induce its 
overexpression. LPCAT1 is reported to have anti-inflammatory proper
ties [33], The change in the levels of FTH1 was verified by ELISA (Fig. 3). 

The first cluster from STRING analysis, cluster A (Fig. 2) contained 
proteins related to the centromere and G2/M cell cycle phase. L-OHP 
has been reported to arrest mitosis at the G2/M checkpoint [34]. This 
is consistent w i t h our observation that L-OHP treatment caused the 
downregulat ionofcycl in B l (CCNB1) and PLK1 [36], as we l l as proteins 
interacting both w i t h centromeres and microtubules such as NUSAP1 
[37], MAD1L1 [38], HOOIG |39|,CEP41 [40] and CENPF [41] (Table 2). 
The downregulation of CCNB1 fol lowing L-OHP treatment has been ob
served previously [42] and was verified by immunoblott ing (Fig. 3) and 
mRNA expression. Arrest in G2/M was confirmed by flow cytometric 
analysis of cellular cycle and decrease phosphorylation of serine 10 of 
histone H3 in both analysed concentrations. 

Protein cluster B (Fig. 2B) consisted of proteins secreted extracellu-
larly, all of which were upregulated and many of them seems to associ
ate w i t h histogenetic origin of CCRF-CEM cells (T lymphocytes/ 
lymphoblasts). LYZ is involved in innate immunity and ameliorates ox
idative stress [43], and has previously been reported to be elevated aftet 
cisplatin treatment [44]. SPN is a one of the major glycoproteins in T-
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Ribosomal proteins 

7 

Protein-protein interaction type 
% Neighborhood 
"s, Gene Fusion 
N> Cooccurrence 
X Compression 
X Experiments 

Databases 
Textmining 

S [Homology] 

A Proteins related to centromere or mitosis 29 
fit Protein names Gene Ratio L/H 30 
1 Mitotic spindle assembly checkpoint protein MAD1 MAD 1 LI OSS 31 
2 Serine/threonine-protein kinase PLK1 PLK1 0 7.1 32 

3 Centromere protein F CENPF OS? 33 
4 Nucleolar and spindle-associated protein 1 NUSAP1 0 85 34 

5 Importin subunit alpha KPNA2 0 8b i-j 
6 G2/mitotic-specific cyclin-Bl CCNB1 087 36 

7 Ribonucleoside-diphosphate reductase subunit M2 RRM2 1.11 37 
38 
19 

Protein names Gene Ratio L/H 
60S ribosomal protein L7-like 1 RPL7L1 0.43 

60S ribosomal protein L35a RPL35A 0 St. 
60S ribosomal protein L15 RPL15 DJ6 
60S ribosomal protein LI3 RPL13 0 K 
60S ribosomal protein L34 RPl M 0 u 
60S ribosomal protein L7a RPL7A 0.86 

60S ribosomal protein L27a RPL27A 0.87 
60S ribosomal protein L36 RPL36 0 87 
60S ribosomal protein L6 RPU 0.87 

60S ribosomal protein L19 RPl l'i 0.87 
60S ribosomal protein L 18a RPL18A 0.88 
40S ribosomal protein S8 RPS8 0.88 
60S ribosomal protein L7 RPL7 0.88 
60S ribosomal protein L4 RPL4 0 M 
40S ribosomal protein S5 RPSS ü M 

405 ribosomal protein S16 KPSU Din 
40S ribosomal protein S4, X isoform RPS4X 0.88 

60S ribosomal protein LlOa RPL10A DJ9 
60S ribosomal protein LIS RPL18 0.89 
40S ribosomal protein S23 RPS23 0J9 
60S ribosomal protein L23a RPL23A 0 30 
60S ribosomal protein L13a RPL13A 0JB3 
40$ ribosomal protein $24 RPS24 0 84 

Ribosomal protein L14 variant RPH.: 0 90 
60S ribosomal protein L8 RPL8 0 90 

40S ribosomal protein S3a RPSÍA 0.90 
40$ ribosomal protein $11 RPS11 0 90 

60S ribosomal protein L3 RPL3 0 90 
60S ribosomal protein L21 HPL2: 0 90 
40S ribosomal protein S6 RPSG 0.90 
60S ribosomal protein L32 RPin 0.90 
60$ ribosomal protein L35 RPL3S 0.90 
40S ribosomal protein $13 RPS13 0.90 
40S ribosomal protein S3 RPSi 0 91 
60S ribosomal protein L10 RPL n: 0.91 
60S ribosomal protein L12 RPL12 0.92 
60S ribosomal protein L26 RPL26 0 9b 

Ubtquitin-40S ribosomal protein S27a RPS27A 1.13 
60S ribosomal protein L27 RPL27 i 20 

B Secretory proteins D Nucleolar proteins 

Nr Protein names Gene Ratio L/H Nr Protein names Gene Ratio L/H 
1 Leukosialin SPN 3 27 1 Probable U3 small nucleolar RNA-associated protein 11 UTPl l l 0.24 

2 Zinc jlpho 2 glycoprotein AZGP1 3.97 2 WD repeat-containing protein 46 W0R46 0 78 

3 Lysoiyme C LVZ &49 3 Ribosome biogenesis protein NSA2 homolog NSA2 0 1] 

4 Lipocalin-1 LCN3 5 70 4 Glioma tumor suppressor candidate region gene 2 protein GLTSCR2 0 M 
S Prolactin-inducible protein PIP 1 «6 5 Probable ATP-dependent RNA helicase ODX56 DDXS6 u a 
6 Apolipoprotein A-l APOA1 9 ill 6 ODB1- and CUL4-associated factor 13 DCAF13 OS4 
7 Protein S100-A9 S100A9 10.45 7 Ribosomal LI domain-containing protein 1 RSL1D1 ass 
8 Protein S100-A8 S100A8 OJS3 B U3 small nucleolar RNA-associated protein 14 homolog A UTP14A 0 hi 

9 Nucleolar protein 7 NOL7 Q M 
10 U3 small nucleolar RNA-associated protein 6 homolog UTP6 0 69 

Unclustered proteins 11 Guanine nucleotide-binding protein-like 3 QNU 0 !i 
Nr. Protein names Gene Ratio L/H 12 ATP-dependent RNA helicase DDX54 DDX54 0 M 
1 Protein FAM207A FAM207A 0.68 13 Protein RRPS homolog P0CD11 0.76 
2 Actin-related protein 10 ACTR10 0.74 14 Probable rRNA-processing protein EBP2 EBNA1BP2 o n 
3 Heat shock 70 kDa protein 1A/1B HSPA1A 1.13 LS RRP12 like protein RRP12 0 78 
4 Ferritin FTH1 1 22 16 Probable ATP-dependent RNA helicase ODX27 DDX27 0MC 

5 Methionine-tRNA ligase, mitochondrial MA RS 2 3.79 17 Ribosome biogenesis protein BRX1 homolog BRIX1 0 KQ 

6 39$ ribosomal protein L43, mitochondrial MRPL43 4.38 18 Pumilio domain-containing protein KIAA0020 KIAA0020 0 8 : 
i Lysophosphatidylcholine acyltransferase 1 LPCAT1 UL96 19 Nucleolar protein 16 NOP16 0 82 

20 RNA binding protein 28 RBM28 03 3 
21 Pescadillo homolog PES1 187 
22 Myb-binding protein 1A MYBBP1A 037 
23 Nucleolar GTP-bindlng protein 1 GTPBP4 0 90 
24 Ribosome production factor 2 homolog RPF2 1 10 

Fig. 2. STRING analysis of B-significanc proteins. The yellow cluster (A) includes centromere proteins and proteins involved in G2/M arrest. The purple cluster (B) includes common 
secretory proteins. The blue cluster (C) includes ribosomal proteins. The red cluster (D) includes nucleolar proteins. The proteins in the clusters are listed in the corresponding tables. 

cells; it is involved in cellular adhesion and its upregulation activates the 
p53 protein, wh i ch can lead to cell cycle arrest [451. In addit ion, p53 
plays a central role in DNA damage responses, as discussed below. 
Lipocal in 1 (LCN1) is a transporter of small hydrophobic molecules 
[46|, and the increase in its expression is probably l inked to L-OHP de
toxification. According to a previous report [47], LCN1 is a potential bio-
marker of cisplatin-induced nephrotoxicity. AZGP1 is involved in l ipid 
metabolism and has been identified as a promising biomarker of differ
ent types of carcinomas. It effects the cell cycle by downregulating the 
cyclin dependent kinase cdc2 and slows the G2/M transition [48]. PIP, 
wh ich was also upregulated i n our experiments, is a potential cancer 
biomarker whose abundance increases in breast and prostate cancers 
and which binds to AZGP1 [49], Variation of APOA1 level can be linked 
to poor prognosis in cancer, both wi thout [50] and w i th cisplatin 

treatment [511. APOA1 reportedly has anti-inflammatory, anti-apopto-
tic, and (of particular relevance during L-OHP treatment), antioxidant 
activity. As such, it is reasonable to suppose that the increase in 
APOA1 expression fo l lowing L-OHP treatment is due to the high ox
idative stress induced by the drug, so an increase in APOA1 expres
s ion can be regarded as a b i omarker for effective L -OHP therapy 
[52]. The in terac t ion be tween APOA1 and its ce l lu lar receptor, 
ABCA1 , triggers several s igna l ing events. These inc lude the act iva
t ion of the Cdc42 prote in (wh ich leads to cytoskeletal reorganiza
t ion) and changes in the ab i l i ty of other oncoprote ins , i nc lud ing 
Ras and EGFR, to induce cel lular transformation. In addi t ion, b ind ing 
partners of APOA1 such as APOL1 are involved in autophagy. Identi
fying the mechanisms that modulate APOA1 gene expression could 
lead to a deeper unders tand ing of L-OHP's mechan i sm of act ion. 
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Fig. 3. Verification ofthe up/down-regulation of the proteins TERFI.UTPI 1L WDR46, DDX5G, RPS1, APOAI and FTHl.The results of triplicate Western blot analyses for L-OHP-treated and 
control cells are shown in A, with the corresponding normalized base intensities in B.The results for the proteins APOAI andFTHl were further verified by ELIS/LThe relative intensities for 
these proteins in the tteated and untreated cells ate compared to the relative MS intensities in C. 

and APOAI expression could be moni tored as a b iomarker for treat
ment response. Two other proteins that were identif ied as be ing sig
n i f i cant ly t ipregulated, S100A8 and S100A9. are k n o w n to be 
involved in acute inf lammatory responses and the induct ion of apo-
ptosis v ia the release of nitr ic oxide and reactive oxygen species [53]. 
The differential overexpression of APOAI fo l lowing L-OHP treatment 
was verified using ELISA (Fig. 3). 

W e observed statistically significant downregulation of several ribo-
somal proteins in cluster C (Fig. 2C). This is a sign of ribosomal stress, 
which causes the shutdown of ribosome biosynthesis [27 J. However, r i 
bosomal proteins were not regulated uniformly: some ribosomal pro
teins were downregulated non-significantly (e.g. RPS19, whose down-

regulation was verified by immunoblo t t ing and microscopy - Figs. 3 
and 5) and others exhibited no detectable change in expression (e.g. 
RPL5, RPL11; Supplementary Table 1). These differences in ribosomal 
protein expression may be connected to the roles of the ribosomal pro
teins in nucleolar stability, rRNA synthesis or p53 activation [54]. 
Decrease in ribosome content was further conf irmed by decrease of 
47S pre-rRNA level and its translocation from nucleoli to nucleoplasm 
and cytoplasm. Contrary to decrease of ribosome synthesis, the 
proteosynthesis decreased very s lowly indicating full functionality of 
remaining ribosomes (Fig. 4). The L-OHP treatment is reported to affect 
ribosomes |55], and the ribosomal pathway is involved in the develop
ment of L-OHP resistance [56]. 

A) C e l l c y c l e a n a l y s i s ! 

Control L-OHPlxICSO L-OHP 5» ICSO 

D N A , R N A , p r o t e i n s y n t h e s i s a n d p H 3 ' 
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Fig. 4. Flow cytometric analysis of cellular response to L-OHP. This analysis is split into cell cycle analysis (A) showing cell cycle to be influenced mainly at lower L-OHP concentration and 
analysis of mitosis rate by phosphorylation of histone H3 atSerlO, DNA, RNA and proteosynthesis (B). 
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Correspondingly to down-regulat ion or r ibosome biosynthesis, the 
concentrat ion and d i s t r ibut i on of prote ins loca l i zed in nuc leo lus 
shown in Fig. 2D may indicate nucleolar stress, w h i c h reportedly causes 
the shrinkage or disrupt ion of nucleol i under stress condit ions [57] and 
has been reported to occur after L-OH P treatment [58,59|. W e were able 
to reproduce these results dur ing the early stages of the L-OHP response 
(Fig. 6) and observed a clear shift towards metabo l ica l ly inact ive 
m ic ronuc l eo l i (12% to 69%, Fig. 6D) . This phenomenon is reflected i n 
our pro teomic data, w h i c h show the downregu la t i on of prote ins i n 
vo l ved in the sma l l (UTP11L, UTP6, UTP14A, DCAF13 , P N O l and 
W D R 4 6 |60,61 ]) and large (NSA2, PES1, D D X 2 7 , EBNA1BP2 (EBP2) , 
RBM28 , RPF2 and EFTUD1 [62-66]) r ibosomal subun i t processomes, 
RNA process ing prote ins (NOP16, D D X prote ins [67,68]), nuc leo lar 
stress sensors (MYBBP1 [69]), and PES1 interactors (BRIX1, RRP12 
[62]). W e selected three proteins f rom this set - UTP11L, W D R 4 6 and 
DDX56 - for immunob lo t verif ication because of their high fold changes 
(Fig. 2) ; i n all three cases, immunoblo t t ing conf irmed their downregula
tion (Fig. 3) and change of nucleolar local ization was conf irmed by 1FM 
(Fig. 5). Nucleolar desintegration was also observed using FBL and NCL 
as nucleo lar markers and observed on FISH mon i t o r i n g of 47S pre -
rRNA, where decrease of rRNA fol lowed the same trend as was observed 
in toluidine blue staining (Fig. 6). 

In addi t ion to the proteins assigned to the clusters shown in Fig. 2, 
we found that several of the proteins identif ied in the proteomic analy
sis have prev ious ly been reported to be invo lved in D N A damage re
sponses (Table 2 ) . D N A damage is k n o w n to tr igger nucleo lar and 
r ibosomal stress [27] and the formation of DNA-p l a t inum crossl inks is 
we l l established as the ma in effect of p la t inum drugs [6], In our exper i 
ments w i t h L-OHP treatment, w e observed the upregulation of the DNA 
damage response proteins TERF2 [70] and RRM2 [71], as w e l l as the 
downregu la t i on of o ther DNA damage response prote ins such as 
NHEJ1 [72], NUSAP1 [73], CLTSCR2 [74], and K1AA0020 [75], The DNA 
damage was conf i rmed by the increase of H 2 A X phosphory la t i on at 
Ser l 39 (Supplementary Fig. 1). 

Ribosomal and nucleolar stress are closely l inked because nucleolus 
is the place of r ibosome biogenesis and this biogenesis is thus depen
dent on nucleo l i in good cond i t ion . Nucleo lar stress is triggered after 
DNA damage by inh ib i t ion of RNA polymerase 1 [27 ]. Our exper iments 
revealed no changes in the express ion of RNA po lymerase 1 upon L-
OHP treatment (Supplementary Table 1). However, nucleolar stress re
sponses can also be activated via TOPBP1 [ 76]. Wh i l e our analysis iden
tif ied TOPBP1, w e were not able to quanti fy this prote in 
(Supplementary Table 1). The actual pathway of DNA-damage-act ivat-
ed nucleolar stress caused by L-OHP is not elucidated yet. 

A l l three stress responses (r ibosomal, nucleolar and DNA damage) 
are known to activate the p53 pathway. The activation of this pathway 
by DNA damage responses is we l l described and rev iewed elsewhere, 
and the m a i n pa thway of D N A damage-dependent p53 act ivat ion is 
through nucleo lar d i s rupt i on and act ivat ion of p53 as a consequence 
of the b ind ing of M D M 2 to the free r ibosoma l subuni ts RPL5 and 
RPL11 [27]. Based on results f rom immunoprec ip i t a t i on exper iment , 
this pathway is not activated in CCRF-CEM after L-OHP treatment (Sup
p lementary Fig. 2). Protein p53 is thus not part ic ipat ing in L-OHP i n 
duced nucleolar and r ibosomal stress in CCRF-CEM cell l ine. However, 
there are other mechanisms of apoptosis activation dr iven by nucleolar 
stress occurr ing in cancer or organisms lacking a p53 prote in homolog 
are rev iewed by James et al . [77], Cancer cells generally have unusual ly 
large nucleol i [78], and one of the proteins involved in the p53- indepen-
dent nucleolar stress response, pescadillo (PES1), has been shown to be 
upregulated in p53 cells and in cancer. In keeping w i t h our results. 

Fig. 5. Immunofluorescent staining of FBL, NCL. UTP11L. D D X 5 6 a n d RPS19 visualizes 
changes in their nucleolar localization after L-OHP treatment. The local izat ion of the 
proteins of interest was examined using confocal spinning disc fluorescent microscopy 
at 1000x magnification. 
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Fig. 6. Fluorescent in-situ hybridization of 47S pre-rRNA (A) and toluidine blue staining of control and L-OHP treated CCRF-CEM cells (B). The distribution of nucleolar types is shown in 
subfigure C and representative examples of each type are shown in subfigure D. Definitions of single nucleolar types are provided in [87-89], 

downregulation of PES1 reportedly leads to cell cycle arrest and apophy

sis [79] (Supplementary Table 2). 

The activation of nucleolat and ribosomal stress by L-OHP has been 

already described previously [10,55.56,58] and is described in this 

paper in more detail. However, nucleolar stress proteins are not often 

reported in large-scale genomic or proteomic experiments of cellular 

response to drugs known to induce such a stress e.g. doxorubicin used 

to induce nucleolar stress in [80] but wi thout its detection in 116.81]. 

The same situation is in the case of L-OHP, where nucleolar and ribo

somal stress were detected in this paper, but in study of Briffa [82 ] com

paring genomic, transcriptomic and proteomic responses of different 

colorectal cancers was not observed any signs of such stress responses. 

Proteins exhibiting significant changes in abundance that are involved in DNA damage responses and G2/M arrest. Proteins are shown along with their average fold change, intensity, sig
nificance B p-value. and references detailing their involvement in DNA damage responses. 

Protein names Gene names Ratio L/H Reference 

Proteins involved in DNA damage response 
Glioma tumor suppressor candidate region gene 2 protein 
Non-homologous end-joining factor 1 
Pumilio domain-containing protein KIAA0020 
Nucleolar and spindle-associated protein 1 
Ribonucleoside-diphosphate reductase subunit M2 
Telomeric tepeat-binding factor 2 

Proteins involved in G2/M arrest 
Centrosomal protein of 41 kDa 
Protein Hook homolog 3 
Mitotic spindle assembly checkpoint protein MAD1 
Serine/threonine-protein kinase PLK1 
Centromere protein F 
G2/mitotic-specific cyclin-B1 

GLTSCR2 
NHEJ1 
KIAA0020 
NUSAP1 
RRM2 
TERF2 

CEP41 
HOOK3 
MAD1L1 
PLK1 
CENPF 
CCNB1 

036 
0.55 
0.81 
0.85 
1.1 I 
1.39 

038 
039 
0.58 
0.74 
0.82 
0.87 

K i m e t a l . |74| 
Yano e ta l . [721 
Chang et al. [751 
Kotian etal . [73| 
Lu e ta l . [71] 
de fange e ta l . [70[ 

Lee e ta l . [40] 
G e e t a l . |39] 
Kruse e ta l . [38] 
Lee e ta l . [36] 
Waters et al. |41| 
Menon et al. [35] 
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Fig. 7. Nucleolar stress induced by L-OHP in U20S and HC1T 16 cell lines. 

This is not in strict contradict ion w i t h results of this study, because 
mRNA of nucleolar and ribosomal proteins tested in this study has not 
changed in expression too and proteomic exper iment in [82] was 
targeted to selected proteins only. However, to address the issue of nu 
cleolar and ribosomal stress, two solid cancer cell lines, osteosarcoma 
derived U20S and colorectal cancer derived HCT116, were examined. 
Whereas U20S followed the CCRF-CEM in both parameters wi th shrink
ing nucleoli and reduction of 47S pre-rRNA, HCT116 cell line responded 
in opposite manner by increasing of 47S pre-rRNA and activation of pro
tein DDX56 (Fig. 7). Those results show different mechanisms of cellular 
response in HCT116 and could be the promising background for future 
comparison of L-OHP cellular responses. 

Nucleolar stress is a common stress response induced by a p le th
ora of stressors, e.g. UV irradiat ion, heat, or chemical stress 183 ]. In
duc t i on of nuc leo lar stress may play an impor tan t role i n cancer 
treatment. This can be i l lustrated by the w ide range of ant icancer 
drugs that cause such stress, inc luding L-OHP, cisplatin [84], doxoru
bic in [80] and etoposide [85]. Indeed, some authors have suggested 
that nucleo lar stress proteins may be viable targets for ant i -cancer 
drug deve lopment [86] because drugs selectively targeting the n u 
cleolus wou ld be unl ike ly to cause major genotoxic stress and add i 
t ional mutat ions. Pr ior to this work , the effects of L-OHP treatment 
on nucleolar stress had on ly received passing attent ion, notably in 
Jamieson's invest igat ion into the use o f microscopy to mon i to r n u 
c leo lar shr inkage [58J. Th is shr inkage correlates w i t h observed 
level of neuropathy in rats or mice, and can be modulated by sequen
tial dosage w i t h pacl itaxel and L-OHP. 

Interestingly, extensive proteomic profiling of L-OHP treated CCRF-
CEM cells d id not reveal activation of apoptotic machinery, thus 
confirming validity of our approach based on treatment of cells w i th cy
totoxic drugs for time corresponding to half-t ime to induct ion of 
apoptosis. 

5. C o n c l u s i o n 

W e have analysed the proteomic responses of CCRF-CEM cells to L-
OHP treatment. The main cellular response to the drug was the activa
t ion of DNA damage responses, wh i ch triggered nucleolar stress and 

significantly impaired ribosome biogenesis. W i t h adequate fol low-up 
validation, proteins such as APOA1 and FTH1 that were significantly up-
regulated by L-OHP treatment could potentially be used as surrogate 
biomarkers of therapeutic responses to L-OHP. 

Supplementary data to this article can be found online at http://dx. 
doi.org/10.1016/j.jprot.2017.05.005. 
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Diamond-Blackfan anemia (DBA] Is predominantly underl ined by mutations i n genes encoding r ibosomal pro
teins (RP); however, i ls etiology remains unexplained in approximately 25 % of patients. 

We previously reported a novel heterozygous RPS7 mutation hg38 chr2:g.3,580,153G > T p.V134F in one 
female patient and two asymptomatic family members, i n whom mi l d anemia and increased erythrocyte aden
osine deaminase (eADA) aetivity were detected. We observed that altered erythrocyte metabolism and oxidative 
stress wh i ch may negatively affect the lifespan of erythrocytes distinguishes the patient from her asymptomatic 
family members. Pathogenicity of the RPS7 p,V131r mutat ion was extensively validated inc lud ing molecular 
defects in protein translatiunal activity and ribosomal stress activation i n the cel lular mode l of ibis variant. 

1. I n t r o d u c t i o n 

D i a m o n d - B l a c k f a n a n e m i a ( D B A ) is a rare c o n g e n i t a l r e d c e l l a p l a s i a 

w i t h causa t i v e m u t a t i o n s i n genes e n c o d i n g r i b o s o m a l p ro t e ins (RPs) , 

w h i c h i n v o l v e s m a l l r i b o s o m a l s u b u n i t genes (RPS19, RPS26, RPS7, 
RPS24, RPS 17, RPS1Q, RPS15A) o r l a rge r i b o s o m a l s u b u n i t genes (RPL5, 
RPL11 a n d RPL35A) [1 3 ] . These m u t a t i o n s affect t r a n s l a t i o n a l eff i

c i e n c y [4 ] , r i b o s o m e b i ogenes i s [5] a n d oncogene s i g n a l i n g [6] . It w a s 

a lso s h o w n tha t r i b o s o m a l i n su f f i c i ency increases o x i d a t i v e stress i n 

e ry th rocy t e s o f D B A pa t i en t s [7] , Desp i t e i n t ens i v e r esea rch , t h e 

e t i o l o gy o f D B A r e m a i n s u n e x p l a i n e d i n a p p r o x i m a t e l y 25 % o f pat i ents . 

D B A m o s t l y man i f es t s d u r i n g the f irst y e a r a f ter b i r t h , bu t its 

p h e n o t y p e is h i g h l y v a r i a b l e f r o m s i l en t ca r r i e r s o v e r m i l d ( t y p i c a l l y 

m a c r o c y t i c ) a n e m i a to severe t r ans fus i on d e p e n d e n c y a c c o m p a n i e d b y 

shor t s ta ture w i t h s k e l e t a l a b n o r m a l i t i e s [8 j , m e n t a l r e t a r d a t i o n [9 ,10] 

a n d i n c r e a s e d r i sk o f t u m o r d e v e l o p m e n t [11] . D B A p h e n o t y p e is m a i n l y 

a t t r i b u t e d to R P h a p l o i n s u f f i c i e n c y , b u t seve ra l d o m i n a n t - n e g a t i v e 

pheno t ypes w h e n m u t a t e d m R N A is s tab l e we r e d e s c r i b e d as w e l l 

[4 ,12 ] . A n o t h e r r a the r in t e r es t ing feature o f D B A is i n c o m p l e t e pene

t rance a n d v a r i a b l e express i v i t y . It is c o m m o n tha t f a m i l y m e m b e r s 
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s h a r i n g the same m u t a t i o n m a n i f e s t v a r i a b l e s eve r i t y o f p h e n o t y p e [13 ] . 

These o b s e r v a t i o n s p a i n t t o w a r d s d i s e a s e - m o d i f y i n g genes a t p l ay . 

H o w e v e r , up t oday no s u c h gene has b e e n d e s c r i b e d . 

U s i n g a m a s s i v e p a r a l l e l s e q u e n c i n g ( M P S ) o f R P gene p a n e l b y se

l e c t i v e c ap tu r e h y b r i d i z a t i o n w e f o u n d a n o v e l R P S 7 p . V 1 3 4 F m u t a t i o n 

i n three f ema l e m e m b e r s o f one f a m i l y s h o w i n g i n c r e a s e d e r y t h r o c y t e 

a d e n o s i n e d e a m i n a s e ( e A D A ) a c t i v i t y [14 ] . T o assess the c a u s a l i t y o f 

R P S 7 p . V 1 3 4 F m u t a t i o n , w e d e v e l o p e d a n d e x t e n s i v e l y a n a l y z e d a 

c e l l u l a r m o d e l o f th is v a r i a n t . 

2 . P a t i e n t s a n d m e t h o d s 

2.1. Clinical report 

T h e pa t i en t w a s a n 1 8 - y e a r - o l d f ema l e b o r n i n t e r m from s e c o n d 

u n c o m p l i c a t e d p r e g n a n c y w i t h a b i r t h w e i g h t o f 2 6 0 0 g. She h a d no 

c o n g e n i t a l m a l f o r m a t i o n s a n d p resen ted w i t h severe a n e m i a d u r i n g the 

f i rst m o n t h o f l i fe . B o n e m a r r o w asp i r a t e s h o w e d a severe i s o l a t e d 

e r y t l i r o i d a p l a s i a a n d the d i agnos i s o f D B A w a s e s t ab l i shed . The pa t i en t 

w a s t r a n s f u s i o n d e p e n d e n t d u r i n g the f i rs t y e a r o f l i fe a n d r e q u i r e d 

i r r e g u l a r r e d b l o o d c e l l t r ans fus i ons u n t i l 3 y ea rs o f age. S h e w a s t r ea t ed 

w i t h a s m a l l dose o f p r e d n i s o l o n e o n a l t e rna t e days s ince 3 y e a r s o f age. 

r e s p o n d e d w e l l to s t e r o i d t h e r a p y a n d is c u r r e n t l y i n r e m i s s i o n w i t h 

h e m o g l o b i n ( H b ) 101 g/1 a n d m e a n c o r p u s c u l a r v o l u m e ( M C V ) 112 fl. 

H e r b o d y h e i g h t is n o r m a l . 

T h e pa t i en t ' s m o t h e r a n d o l d e r s is ter are b o t h a s y m p t o m a t i c a n d 

t h e i r pas t m e d i c a l h i s t o r y is i n s i g n i f i c a n t . T h e y h a r b o r n o s o m a t i c 

m a l f o r m a t i o n s . N o r m a l H b l e ve l s ( 1 2 0 g/1 a n d 1 2 7 g/1, r e spec t i v e l y ) a n d 

m i l d m a c r o c y t o s i s ( M C V o f 97 f l a n d 9 6 11, r e spec t i v e l y ) w e r e de t e c t ed 

o n l a b o r a t o r y e x a m i n a t i o n . O t h e r f a m i l y m e m b e r s a re h e a l t h y . C l i n i c a l 

case w a s p a r t i a l l y r e p o r t e d i n o u r p r e v i o u s p u b l i c a t i o n s [ 14 , 15 ] . 

2 . 2 . DNA extraction, RNA extraction and cDNA preparation from patient 
blood samples 

D N A w a s ex t rac t ed f r o m p e r i p h e r a l b l o o d b y G e n o m i c D N A W h o l e 

B l o o d K i t ( Q i a g e n , G e r m a n y ) u s i n g M a g C o r e H F 1 1 6 r o b o t i c s t a t i on 

( R B C B i o s c i e n c e C o r p . , T a i w a n ) a c c o r d i n g to m a n u f a c t u r e r ' s p r o t o c o l . 

R N A i s o l a t i o n w a s p e r f o r m e d f r o m b l o o d s a m p l e s s t o r ed i n T e m p u s 

B l o o d R N A T u b e s u s i n g T e m p u s S p i n R N A I s o l a t i o n k i t ( T h e r m o F i s h e r 

Sc i en t i f i c , M A , U S A ) . R N A i n t e g r i t y a n d c o n c e n t r a t i o n w e r e c h e c k e d b y 

A g i l e n t B i o a n a l y z e r ( A g i l e n t T e c h n o l o g i e s , C A , U S A ) a n d N a n o d r o p N D 

1 0 0 0 ( T h e r m o S c i e n t i f i c , U S A ) . 

F o r reverse t r a n s c r i p t i o n , w e p r e - i n c u b a t e d 3 ug o f t o t a l R N A w i t h 

0 .3 pg o f R a n d o m P r i m e r s ( P r o m e g a , U S A ) at 7 0 for 5 m i n , a n d 

i m m e d i a t e l y p l a c e d the m i x t u r e o n Ice. T h e n 6 u l o f R e v e r t A i d 5 x R T 

bu f f e r ( F e rmen ta s , L i t h u a n i a ) , 3 p i o f 1 0 m M d e o x y r i b o n u c l e o t i d e t r i 

p h o s p h a t e s ( d N T P s ) , 0 .75 \il o f 4 0 U / u l R N A s i n ribonuclease i n h i b i t o r 

( P r o m e g a , U S A ) , a n d D E P C t r ea t ed w a t e r ( A m b i o n , U S A ) u p to a f i n a l 

v o l u m e o f 3 0 u l we r e a d d e d , a n d the m i x t u r e w a s i n c u b a t e d for 5 m i n at 

r o o m t e m p e r a t u r e . D u r i n g the f i n a l step, 150 U o f R e v e r t A i d M o l o n e y 

M u r i n e L e u k e m i a V i r u s r eve rse t r ansc r i p t ase ( F e rmen tas , L i t h u a n i a ) 

w e r e a d d e d to e a c h t u b e a n d the s a m p l e s w e r e i n c u b a t e d a t r o o m 

t e m p e r a t u r e for 10 m i n . F i n a l l y , s a m p l e s w e r e i n c u b a t e d a t 4 2 a C f o r 6 0 

m i n a n d t h e n 7 0 °C for 10 m i n . 

R P S 7 w i l d - t y p e ( R P S 7 - W T ) vs . R P S 7 p . V 1 3 4 F ( R P S 7 - m u t ) a l l e l e r a t i o 

w a s e s t i m a t e d u s i n g RPS7 c D N A s e q u e n c i n g . A m p l i c o n for ta rge t c D N A 

RPS7 w a s o b t a i n e d b y P C R u s i n g p r i m e r s s p e c i f i c a l l y d e s i g n e d t o 5 ' a n d 

3 J U T R r e g i o n s o f the gene ( t c tcgcgagat t tggg tc tc t t . 

t t acaa t t gaaac t c t gggaa t t caaaa t ) . 

2.3. Library preparation and sequencing 

2.3.1. RP panel 

R P gene p a n e l s e q u e n c i n g w a s p e r f o r m e d as d e s c r i b e d p r e v i o u s l y 

a n d i t r e v e a l e d RPS7 h g 3 8 c h r 2 : g . 3 , 5 S 0 , 1 5 3 G > T m u t a t i o n , w h i c h w a s 
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s u b s e q u e n t l y c o n f i r m e d b y Sange r s e q u e n c i n g [14 ] . D N A w a s a m p l i f i e d 

b y P C R w i t h the f o l l o w i n g p r i m e r s t a r g e t i ng e x o n 6 o f RPS7 (catttt-

gac t taaagagg tgc ; c ac t aaaa t c cac t c t cac t g ) . R e s u l t s f r o m Sange r 

s e q u e n c i n g we r e e d i t e d a n d v i s u a l i z e d i n U n i p r o U G E N E [ 1 6 ] . 

2A- Enzyme assays 

T h e a c t i v i t y o f e n z y m e s i n v o l v e d i n a n a e r o b i c g l y co l y s i s , o x i d a t i v e 

defense a n d n u c l e o t i d e m e t a b o l i s m , p a r t i c u l a r l y p y r u v a t e k i n a s e (PK ) , 

h e x o k i n a s e ( H K ) , g l u c o s e - 6 - p h o s p h a t e d e h y d r o g e n a s e ( G 6 P D ) a n d 

e A D A , w a s d e t e r m i n e d a c c o r d i n g t o the m e t h o d s r e c o m m e n d e d b y the 

I n t e r n a t i o n a l C o m m i t t e e for S t a n d a r d i z a t i o n i n H a e m a t o l o g y [ 1 7 ] , w i t h 

the use o f l e u k o c y t e - a n d p la te le t - f ree e i y t h r o c y t e l ysates as p r e v i o u s l y 

d e s c r i b e d [ 18 ,19 ] . B r i e f l y , t h e e n z y m e r e a c t i o n w a s p r e - i n c u b a t e d for 

10 m i n a t 3 7 °C, therea f t e r the subs t ra te w a s a d d e d . A b s o r b a n c e was 

m e a s u r e d at 3 4 0 m n (for e A D A at 2 6 5 n m ) i n 1 m i n i n t e r v a l s for 2 0 m i n 

at 3 7 C C ( S p e c t r o p h o t o m e t e r In f in i t e 2 0 0 N a n o q u a n t ; T e c a n , 

S w i t z e r l a n d ) a n d spec i f i c e n z y m e a c t i v i t y w a s c a l c u l a t e d u s i n g the 

L a m b e r t - B e e r l a w . A l l c h e m i c a l s a n d p u r i f i e d e n z y m e s we r e p u r c h a s e d 

f r o m S i g m a A l d r k h ( G e r m a n y ) . 

2.5. Measurement of glutathione and ATP 

F r e s h l y p r e p a r e d e i y t h r o c y t e l ysa tes , e x t rac t ed w i t h 5 % t r i c h l o r o 

ace t i c a c i d ( S i g m a - A l d r i c h , G e r m a n y ) , w e r e used for the m e a s u r e m e n t s 

o f r e d u c e d g l u t a t h i o n e ( G S H ) a n d A T P l e ve l s b y h i g h - p e r f o r m a n c e 

l i q u i d c h r o m a t o g r a p h y - m a s s s p e c t r o m e t r y ( H P L C - M S ) ( H P L C D i o n e x 

U l t i m a t e 3 0 0 0 M S , T h e r m o Sc i en t i f i c , U S A ; L C / M S / M S S y s t e m M D S A P I 

3 2 0 0 , A p p l i e d B i o s y s t e m s , U S A ) as p r e v i o u s l y p u b l i s h e d [ 18 ,20 ] . 

2.6. Oxidative stress and Annexin V binding 

P e r i p h e r a l b l o o d e r y t h r o c y t e s (2 x 10 / m l ) w e r e i n c u b a t e d w i t h 0 .4 

m M 2 ' , 7 ' - d i c h l o r o f h i o r e s c e i n d i ace ta t e ( D C F ; S i g m a - A l d r i c h , G e r m a n y ) 

for 15 m i n a t 3 7 °C as p r e v i o u s l y d e s c r i b e d [ 2 0 , 2 1 ] . F o r p o s i t i v e c o n t r o l , 

e r y th rocy t e s w e r e exposed t o 2 m M H y O a for 10 m i n be fo re D C F l a 

b e l i n g . T h e l e ve l s o f r eac t i v e o x y g e n spec ies ( R O S ) w e r e d e t e r m i n e d 

b a s e d o n the D C F - d e p e n d e n t i n t e n s i t y o f f l uo r escence m e a s u r e d b y 

F A C S C a l i b u r ( F A C S C a l i b u r , B D B i o s c i e n c e s , N e w Je r s ey , U S A ) . 

A n n e x i n V b i n d i n g to e i y t h r o c y t e m e m b r a n e w a s a n a l y z e d u s i n g 

A n n e x i n V / F I T C k i t ( B D B i o s c i e n c e s , N e w Je rsey , U S A ) f o l l o w i n g 

m a n u f a c t u r e r ' s i n s t r u c t i o n s . F l u o r e s c e n c e i n t e n s i t y w a s a lso m e a s u r e d 

b y F A C S C a l i b u r [21 ] . 

2.7. Celt culture and MTS viability assay 

U 2 0 S c e l l l i n e ( H T B - 9 6 , A T C C , U S A ) is d e r i v e d f r o m o s t e o s a r c o m a , 

w h i c h is one o f the m o s t c o m m o n c a n c e r t ypes o f D B A pa t i en t s , there

fore i t w a s c h o s e n for the d e v e l o p m e n t o f the c e l l u l a r m o d e l for this 

d isease . Ce l l s w e r e m a i n t a i n e d i n 7 5 c m p l a s t i c t i s sue c u l t u r e flasks a n d 

c u l t u r e d i n M c C o y s 5 A M e d i u m w / i - G l u t a m i n e ( B E 1 2 - 6 8 3 F , L o n z a , 

U K ) s u p p l e m e n t e d b y 1 0 0 U / m l p e n i c i l l i n , 1 0 0 p g / m l s t r e p t o m y c i n 

( D 9 1 0 , D i a g n o v u m , N e t h e r l a n d s ) a n d 1 0 % fe ta l c a l f s e r u m ( 1 0 2 7 0 , 

G i b c o , A u s t r a l i a ) . 

P r o l i f e r a t i o n a c t i v i t y w a s m e a s u r e d b y M T S assay. C e l l s w e r e seeded 

b y a u t o m a t i c p i p e t t o r M u l t i d r o p C o m b i ( T h e r m o F i s h e r Sc i en t i f i c , U S A ) 

i n t o 3 8 4 w e l l m i c r o l i t e r p la tes ( P e r k i n E l m e r , U S A ) a t a d e n s i t y o f 3 0 0 

ce l ls p e r w e l l . T h e y we r e i n c u b a t e d for 7 2 h at 3 7 C C , i n a 5 % C O 2 at

m o s p h e r e at 100 % h u m i d i t y . A t the e n d o f the i n c u b a t i o n p e r i o d , 5 p i o f 

the M T S s o l u t i o n ( G l l l l , P r o m e g a , U S A ) w a s a d d e d a n d m e a s u r e m e n t 

o f t h e o p t i c a l dens i t y (OD) at 4 9 0 n m w i t h a n E n v i s i o n r eader ( P e r k i n 

E l m e r , U S A ) f o l l o w e d a f ter i n c u b a t i o n for 1 .5 h . C e l l s u r v i v a l (CS) was 

c a l c u l a t e d b y u s i n g the f o l l o w i n g e q u a t i o n : C S — ( m e a n O D R P S 7 - m u t 

c e l l l i n e / m e a n O D R P S 7 - W T c e l l l i n e ) x 1 0 0 %. 

79 



A. Kubkkuva et a!. 

2.8. CRISPR/Cas9 cell line model preparation 

C R I S P R / C a s 9 s y s t e m w a s u s e d for g e n o m e e d i t i n g a n d i n t r o d u c t i o n 

o f m u t a t i o n i n the RPS7 gene i n t o U 2 0 S c e l l l i n e . CasQ e n d o n u c l e a s e was 

d i r e c t e d t o c rea te a c u t b e t w e e n bases h g 3 8 c h r 2 : g . 3 , 5 8 0 , 1 7 8 - 3 , 5 3 0 , 1 7 9 

b y s y n t h e t i c g R N A c o n s i s t i n g o f s p e c i f i c a l l y d e s i g n e d c r R N A a n d u n i 

v e r s a l t r a c r R N A . Tr ie m u t a t i o n w a s then i n s e r t e d b y h o m o l o g y d i r e c t e d 

r e p a i r a c c o r d i n g to th e s s O D N d o n o r t e m p l a t e . T h e d o n o r t e m p l a t e was 

des i gned to p r e v en t the r e c u t t i n g o f the ed i t ed gene b y d i s r u p t i n g the 

g R N A P A M sequence . A l t -R® C R I S P R - C a s 9 c r R N A s , A l t -R® C R I S P R -

C a s 9 t r a c r R N A A T T O ™ ( # 1 0 7 5 9 2 8 ) , U l t r a m e r D N A O l i g o ( s s O D N 

t e m p l a t e ) a n d Alt-R® S.p H i F i Gas9 nuc l e a s e V 3 ( # 1 0 8 1 0 6 1 ) w e r e 

p u r c h a s e d f r o m In teg ra ted D N A T e c h n o l o g i e s , U S A . c r R N A / t r a c r R N A 

h y b r i d i z a t i o n a n d r i b o n u c l e o p r o t e i n ( R N P ) c o m p l e x f o r m a t i o n was 

d o n e a c c o r d i n g to the m a n u f a c t u r e r ' s i n s t r u c t i o n s , E l e c t r o p o r a t i o n o f 

R N P c o m p l e x e s i n t o ce l l s w a s done b y N e o n ™ T r a n s f e c t i o n S y s t e m 

( 1 2 3 0 V , 10 m s , 4 pu l s e s ; lnv i t rogen™, M P K 5 0 0 0 , U S A ) . M o n o c l o n a l 

c e l l l i n e s we r e i so l a t ed by l i m i t i n g d i l u t i o n . T h e p r i m a r y sc reen o f 

m o n o c l o n a l c e l l l i nes , for the d e s i r e d m u t a t i o n , w a s d o n e b y c o m p a r i s o n 

o f R P S 7 - W T a n d R P S 7 - m u t a m p l i c o n s r e s t r i c t i o n spec t ra . Spec i f i c re 

s t r i c t i o n s i te o f e n d o n u c l e a s e PftFl ( R 0 5 9 5 S , N e w E n g l a n d B i o l a b s , U K ) 

is i n v a l i d a t e d i n c l o n a l c e l l l i n e s c a r r y i n g R P S 7 p . V 1 3 4 F S N V , T h e 

c a n d i d a t e c e l l l i n e s w e r e s e q u e n c e d b y Sange r s e q u e n c i n g o f P C R 

a m p l i c o n s . T h i s w a s p e r f o r m e d to v a l i d a t e the a c c u r a c y o f C R I S P R / C a s 9 

i n s e r t i o n o f S N V i n t o the g e n o m i c l o c u s o f the RPS7 gene . P C R a m p l i 

f i c a t i o n for r e s t r i c t i o n s p e c t r a a n a l y s i s a n d Sange r s e q u e n c i n g w a s car 

r i e d o u t b y Phusion® H i g h - F i d e l i t y D N A P o l y m e r a s e ( M 0 5 3 0 L , N e w 

E n g l a n d B i o l a b s , U K ) a n d spec i f i c p r i m e r s : R P S 7 _ F 5 - A C T G G -

C A G T T C T G T G A T G C T A A - 3 ' R P S 7 _ R 5 - C A G T C A C C C A C A T G G T T A T G T C -

3 ' ( G e n e r i B i o t e c h , C z e c h R e p u b l i c ) . 

2.9. RNA isolation from cell tines, mRNA quantification and Sanger 
sequencing 

T o t a l R N A w a s i s o l a t e d u s i n g a c o m m e r c i a l l y a v a i l a b l e T R l z o l re 

agent ( l n v i t r o g e n , U S A ) f o l l o w i n g the m a n u f a c t u r e r s i n s t r u c t i o n s . 

T h r e e m i c r o g r a m s o f t o t a l R N A w e r e r eve rse t r a n s c r i b e d u s i n g r a n d o m 

p r i m e r s ( C 1 1 8 1 , P r o m e g a , U S A ) a n d R e v e r t A i d H M i n u s Rev e r s e T r a n 

sc r ip tase ( E P 0 4 5 1 , T h e r m o Scientif ic™, U S A ) . T w o m i c r o l i t e r s o f c D N A 

r e a c t i o n w e r e P C R - a m p l i f l e d o n a LightCycler® I n s t r u m e n t 4 3 0 11/96 

( 0 5 0 1 5 2 7 8 0 0 1 , R o c h e , S w i t z e r l a n d ) u s i n g the Phusion® H i g h - F i d e l i t y 

D N A P o l y m e r a s e ( M 0 5 3 0 L , N e w E n g l a n d B i o l a b s , U K ) w i t h E v a -

Green® d y e ( # 3 1 0 0 0 T , B i o t i u m , U S A ) . Sequences o f p r i m e r s u s e d for 

t h e e v a l u a t i o n o f m R N A l eve l s o f R P S 7 a re : R P S 7 _ F 5 : - G T G G G A A G -

C A T G T C G T C T T T - 3 ' , R P S 7 _ R 5 ' - A T T A A C A T C C T T G C C C G T G A - 3 ' , 

G A P D H . F 5 - G A A G A T G G T G A T G G G A T T T C - 3 ' , G A P D . R 5 ' G A A G G T -

G A A G G T C G G A G T - 3 ' ( G e n e r i B i o t e c h , C z e c h R e p u b l i c ) . G A P D H w a s 

u s e d as a n i n t e r n a l c o n t r o l . D e l t a - d e l t a C t v a l u e s w e r e u s e d to d e t e r m i n e 

r e l a t i v e e x p r e s s i o n as a f o l d c h a n g e . P C R a m p l i f i c a t i o n for Sange r 

s e q u e n c i n g o f c D N A w a s c a r r i e d o u t b y the s a m e p r i m e r s b u t w i t h o u t 

EvaGreen® d y e . 

2.10. Celt cycle analysis 

R P S 7 - W T a n d R P S 7 - m u t c e l l l i n e s w e r e seeded at a d ens i t y o f 0 .5 x 

1 0 6 ce l l s pe r 22 .1 c m 2 t issue c u l t u r e d i s h a n d a f t e r 4 8 h h a r v e s t e d a n d 

c o l l e c t e d t o g e the r w i t h the f l o a t i n g ce l ls . C e l l pe l l e t s w e r e w a s h e d w i t h 

c o l d 1 x P B S a n d f i xed i n c o l d 7 0 % e t h a n o l a d d e d d r o p w i s e a n d s t o r ed 

o v e r n i g h t at —20 C C . A f t e r w a r d , pe l l e t s w e r e w a s h e d i n 1 x c i t ra t e 

buf fer , t h e n s t a i n e d for 15 m i n i n 5 0 u g / m l p r o p i d i u m i o d i d e 

( S L B H 8 3 6 2 V , S i g m a - A l d r i c h , U S A ) a t 3 7 C C a n d t r ea t ed for a n o t h e r 1 5 

m i n b y 0 .5 m g / m l R N A s e A ( 0 6 0 M 7 0 0 0 V , S i g m a - A l d r i c h , U S A ) . In o r d e r 

to s t ab i l i z e , s a m p l e s w e r e k e p t at 4 C C for 1 h p r i o r to m e a s u r e m e n t b y 

4 8 8 a r g o n l a s e r - e q u i p p e d f l o w c y t on i e t e r ( F A C S C a l i b u r ) a n d d a t a w e r e 

a n a l y z e d u s i n g C e l l Q u e s t s o f tware v e r s i o n 3 .3 ( b o t h B e c t o n D i c k i n s o n , 

U S A ) . 
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2.11. BrdU incorporation analysis 

Ce l l s we r e c u l t i v a t e d as p r e v i o u s l y d e s c r i b e d a n d 3 0 m i n be fo re 

h a r v e s t i n g 1 0 u M 5 - b r o m o - 2 f - d e o x y u r i d i n e ( 1 2 5 H 0 9 3 2 , S i g n i a - A l d r i c h , 

U S A ) w a s a d d e d for p u l s e - l a b e l i n g o f n e w l y s y n t h e s i z e d D N A . T h e 

a t t a c h e d ce i l s w e r e c o l l e c t ed t oge the r w i t h the f l o a t i n g ce l l s . C e l l pe l l e ts 

w e r e w a s h e d w i t h c o l d 1 x P B S a n d f i x ed i n c o l d 7 0 % e t h a n o l a d d e d 

d r o p w i s e a n d s t o r ed o v e r n i g h t at - 2 0 °C. S a m p l e s w e r e t h e n i n c u b a t e d 

at r o o m t e m p e r a t u r e for 3 0 m i n i n 2 M H C l c o n t a i n i n g 0 .5 % T r i t o n X -

1 0 0 to d e n a t u r e the D N A . F o l l o w i n g n e u t r a l i z a t i o n w i t h 0.1 M N a ^ B 4 0 7 

( p H = 8 .5 ) , the ce l l s we r e w a s h e d w i t h 1 x P B S c o n t a i n i n g 0 .5 % T w e e n -

2 0 a n d 0.1 % B S A . S t a i n i n g w i t h p r i m a r y a n t i - B r d U a n t i b o d y ( c lone 

M o B u - 1 , 1 1 - 2 8 6 - C 1 0 0 , E x b i o , C z e c h R e p u b l i c ) fo r 3 0 m i n at r o o m 

t e m p e r a t u r e i n the d a r k f o l l o w e d . Ce l l s w e r e t h e n w a s h e d w i t h 1 x P B S 

c o n t a i n i n g 0-5 % T w e e n - 2 0 a n d 0.1 % B S A a n d s t a i n e d w i t h s e c o n d a r y 

a n t i - m o u s e I g G - F I T C a n t i b o d y ( F 2 8 8 3 , S i g m a - A l d r i c h , U S A ) for 3 0 m i n 

at r o o m t e m p e r a t u r e . A f t e r a n o t h e r w a s h w i t h 1 x P B S c o n t a i n i n g 0 .5 % 

T w e e n - 2 0 a n d 0.1 % B S A a n d i n c u b a t i o n w i t h p r o p i d i u m i o d i d e ( 50 u g / 

m l , S L B H 8 3 6 2 V , S i g m a - A l d r i c h , U S A ) a n d R N a s e A ( 1 0 m g / m l , 

0 6 0 M 7 0 0 0 V , S i g m a - A l d r i c h , U S A ) for 3 0 m i n at r o o m t e m p e r a t u r e i n 

th e d a r k , samp l e s w e r e s t a b i l i z e d i n 4 °C for 3 0 m i n p r i o r m e a s u r e m e n t 

b y 4 8 S a r g o n l a s e r - e q u i p p e d f l o w c y t o m e t e r ( F A C S C a l i b u r ; B e c t o n 

D i c k i n s o n , U S A ) . D a t a w e r e a n a l y z e d u s i n g C e l l Q u e s t s o f tware v e r s i o n 

3.3 ( B e c t o n D i c k i n s o n , U S A ) . 

2.12. BrU incorporation analysis 

Ce l l s we r e c u l t i v a t e d as p r e v i o u s l y d e s c r i b e d a n d 3 0 m i n before 

h a r v e s t i n g 1 m M 5 - b r o m o u r i d i n e ( 8 5 0 1 8 7 , S i g m a - A l d r i c h , U S A ) was 

a d d e d for p u l s e - l a b e l i n g o f n e w l y s y n t h e s i z e d R N A . T h e a t t a c h e d ce l ls 

w e r e c o l l e c t ed toge ther w i t h the f l o a t i n g ce l l s . C e l l pe l l e t s w e r e w a s h e d 

w i t h c o l d 1 x P B S a n d f i x e d i n c o l d 1 x P B S c o n t a i n i n g 1 °/o f o r m a l d e h y d e 

a n d 0 . 05 °/o N P - 4 0 a d d e d d r o p w i s e at r o o m t e m p e r a t u r e for 15 m i n a n d 

t h e n s t o r e d o v e r n i g h t at 4 C C . Be fore m e a s u r e m e n t , ce l l s w e r e f i r s t l y 

w a s h e d w i t h 1 % g l y c i n e i n 1 x P B S , t h e n w i t h 1 x P B S a n d s t a i n e d w i t h 

p r i m a r y a n t i - B r d U a n t i b o d y c ross - r eac t ing to B r U ( c l one M o B u - 1 , 

1 1 - 2 8 6 - C 1 0 0 , E x b i o , C z e c h R e u b l i c ) fo r 4 5 m i n a t r o o m t e m p e r a t u r e 

i n the dark . A f t e r w a r d , s a m p l e s w e r e w a s h e d w i t h 1 x P B S c o n t a i n i n g 

0.1 % N P - 4 0 a n d 0.1 % B S A a n d s t a i n e d w i t h s e c o n d a r y a n t i - m o u s e 

I g G - F I T C a n t i b o d y ( F 2 3 8 3 , S i g m a - A i d r i c h , U S A ) f o r 30 m i n a t r o o m 

t e m p e r a t u r e . T h e n a n o t h e r w a s h i n g step f o l l o w e d w i t h 1 x P B S c o n 

t a i n i n g 0.1 % N P - 4 0 a n d 0.1 % B S A , f i x a t i o n i n 1 x P B S c o n t a i n i n g 1 % 

f o r m a l d e h y d e a n d 0 .05 % N P - 4 0 a t r o o m t e m p e r a t u r e for 15 m i n w i t h 

a n o t h e r i n c u b a t i o n for 1 h at 4 n C a n d w a s h i n g i n 1 % g l y c i n e m i x P B S . 

Be fo re ana l y s i s , s amp l e s w e r e i n c u b a t e d w i t h p r o p i d i u m Iod ide ( 50 u g / 

m l , S L B H S 3 6 2 V , S i g m a - A i d r i c h , U S A ) a n d R N a s e A ( 1 0 m g / m l , 

0 6 0 M 7 0 0 0 V , S i g m a - A l d r i c h , U S A ) for 3 0 m i n at r o o m t e m p e r a t u r e i n 

th e d a r k a n d m e a s u r e d b y 4 S 8 a r g o n l a s e r - e q u i p p e d f l o w c y t o m e t e r 

( F A C S C a l i b u r ; B e c t o n D i c k i n s o n , U S A ) , D a t a we r e a n a l y z e d u s i n g C e l l -

Ques t so f tware v e r s i o n 3.3 (Bec t on D i c k i n s o n , U S A ) . 

2.13. Protein synthesis analysis 

T o inves t i ga t e the i n h i b i t i o n o f g l o b a l p r o t e i n b i o s y n t h e s i s i n R P S 7 -

W T v e r sus R P S 7 - m u t c e l l l i n e s Cl ick-iT™ A H A A l e x a F luor™ 4 8 8 P r o 

t e i n S y n t h e s i s H C S A s s a y k i t ( C I 0 2 8 9 , l n v i t r o g e n , U S A ) w a s u s e d . Ce l l s 

w e r e seeded at a d e n s i t y o f 1.5 x 1 0 G ce l l s p e r 6 0 c m 2 t i ssue c u l t u r e d i s h 

a n d a f ter 4 8 h h a r v e s t e d a n d c o l l e c t e d t o g e t h e r w i t h the f l o a t i n g ce l l s . 

A f t e r w a s h i n g w i t h 1 x P B S , the ce l l s w e r e i n c u b a t e d for 1 h i n a 

m e t h i o n i n e - f r e e m e d i u m to dep l e t e m e t h i o n i n e reserves . T h e n L - a z i -

d o h o m o a l a t i i n e w a s a d d e d to the m e t h i o n i n e - f r e e m e d i a i n a f i n a l 

c o n c e n t r a t i o n 1 4 2 , 9 u M for 1 h . L - a z i d o h o m o a l a n i n e , a n a m i n o a c i d 

a n a l o g o f L - m e t h i o n i n e c o n t a i n i n g a n a z i d o m o i e t y , w a s i n c o r p o r a t e d 

i n t o n e w l y s y n t h e s i z e d p r o t e i n s . A f t e r w a r d , the ce l ls w e r e w a s h e d w i t h 

1 x P B S , f i x e d i n 1 x P B S c o n t a i n i n g 4 % f o r m a l d e h y d e for 15 m i n a t 

r o o m t e m p e r a t u r e , p e r m e a b i l i z e d w i t h 0 . 25 % T r i t o n X - 1 0 0 i n P B S for 
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1 5 m i l l a n d w a s h e d i n 3 % B S A i n 1 x P B S . T h e ce l l s we r e t h e n i n c u b a t e d 

wi th . C lkk- iT® r e a c t i o n c o c k t a i l f o r 3 0 m i n , at r o o m t empe ra tu r e and 

p r o t e c t ed f r o m l i gh t . T h e c o c k t a i l c o n t a i n e d A l e x a F l u o r 4 8 8 con juga t ed 

a l k y n e i n final c o n c e n t r a t i o n 19 .4 n M w h i c h is r eac t i v e w i t h az ides v i a a 

c o p p e r - c a t a l y z e d c l i c k r e a c t i o n . The r e s u l t i n g f luo r escence s i g n a l o f 

n e w l y s y n t h e s i z e d p r o t e in s w a s m e a s u r e d b y 4 8 8 a r gon l a s e r - equ ipped 

flow c y t o m e t e r ( F A C S C a l i b u r , B e c t o n D i c k i n s o n , U S A ) a n d d a t a we r e 

a n a l y z e d u s i n g C e l l Q u e s t s o f tware v e r s i o n 3 .3 ( B e c t o n D i c k i n s o n , U S A ) . 

T h e a n t i b i o t i c c y c l o h e x i m i d e ( 0 1 8 1 0 , S i g m a - A i d r i c h , U S A ) , a k n o w n 

po ten t i n h i b i t o r o f p r o t e i n syn thes i s , w a s used as a pos i t i v e c o n t r o l and 

a d d e d to ce l l s i n a m e t h i o n i n e - f r e e m e d i u m at a f i n a l c o n c e n t r a t i o n SO 

L ig/rrd for 2 h [22 ] . 

2.14. Western blotting 

R P S 7 - W T and R P S 7 - m u t c e l l l i n e s w e r e seeded a n d c o l l e c t e d u n d e r 

the same c o n d i t i o n s as for f l o w c y t o m e t r y ana l y s i s . C e l l p e l l e t s were 

w a s h e d w i t h c o l d 1 x P B S , a n d l y s ed i n R I P A bu f f e r ( 50 m M T r i s - H G l p H 

S . O , 1 5 0 m M N a C l , 1 % N P - 4 0 , 0.5 % s o d i u m d e o x y c h o l a t e , 0.1 % S D S , 1 

m M E D T A a n d c o m p l e t e ™ Pro tease I n h i b i t o r C o c k t a i l ( 0 4 6 9 3 1 1 6 0 0 1 , 

R o c h e , Sw i t z e r l and ) } . P r o t e i n c o n c e n t r a t i o n w a s d e t e r m i n e d b y P ierce™ 

B C A P r o t e i n A s s a y K i t ( 2 3 2 2 5 , T h e r m o Sc i en t i f i c , U S A ) . In t o ta l , 3 0 (ig o f 

c e l l u l a r p r o t e in s we r e d e n a t u r e d i n L a e m m l i buf fer (10 % B-mercap-

toethanol, 0 .06 % b r o n i o p h e n o l b lue , 4 7 % g l y c e r o l , 12 % S D S , 0.5 M 

T r i s p H 6 .S ) , s epa ra t ed o n S D S - p o l y a c r y l a m i d e g e l e l e c t r opho r e s i s and 

t r ans f e r r ed o n t o n i t r o c e l l u l o s e m e m b r a n e b y Trans-Blot® Turbo™ 

Trans f e r S y s t e m ( 1 7 0 4 1 5 0 , B i o - R a d , U S A ) . M e m b r a n e s we r e i n c u b a t e d 

wi th, p r i m a r y a n t i b o d i e s aga ins t c - M y c ( ab32Q72 , A b e a m , U K ) , c y c l i n D l 

( 2978 , C e l l S i g n a l i n g T e c h n o l o g y , U S A ) , E 2 F 1 ( a b l 7 9 4 4 5 , A b e a m , U K ) , 

B C C I P ( a b 9 7 5 7 7 , A b e a m , U K ) , M D M 2 ( a b ! 6 8 9 5 , A b e a m , U K ) , p - ca t en in 

( a b 3 2 5 7 2 , A b e a m , U K ) , n u c l e o l i n ( a b 2 2 7 5 8 , A b e a m , U K ) , p 2 1 ( 2947 , 

C e l l S i g n a l i n g T e c h n o l o g y , U S A ) , p 5 3 ( a b l l O l , A b e a m , U K ) , u b i q u i t i n 

( 3 9 3 3 , C e l l S i g n a l i n g T e c h n o l o g y , U S A ) , R P S 7 ( a b 5 7 6 3 7 , A b e a m , U K ) , 

p -ac t in ( A 2 2 2 8 , S i g m a A l d r i c h , U S A ) o v e r n i g h t at 4 aC f o l l o w e d b y i n 

c u b a t i o n w i t h a p p r o p r i a t e p e r o x i d a s e - l i n k e d s e c o n d a r y a n t i b o d y (A-

2 3 0 4 o r A - 0 5 4 5 , S i g m a A l d r i c h , U S A ) . C h e i n i l u m i n e s c e n c e s i gna l s we r e 

v i s u a l i z e d b y the C h e m i D o c M P D o c u m e n t a t i o n sys t em ( B i o - R a d , U S A ) . 

2.15. Immunofluorescence analysis 

R P S 7 - W T a n d R P S 7 - m u t c e l l l i n e s w e r e s e eded 2 4 h be fore the 

e x p e r i m e n t to 9 6 - w e l l p l a t e ( C e l l C a r r i e r - 9 6 B l a c k , P e r k i n - E l m e r , U S A ) 

at a d e n s i t y o f 1 x 1 0 4 ce l ls p e r w e l l . G r o w n ce l ls w e r e w a s h e d t w i c e 

w i t h 1 x P B S , f i x ed b y 4 % p a r a f o r m a l d e h y d e / 1 x P B S for 15 m m at r o o m 

t e m p e r a t u r e a n d p e r m e a b i l i z e d by 0 .3 % T r i t o n X - 1 0 0 / 1 x P B S for 15 

m i n . A f t e r w a r d , ce l l s w e r e i n c u b a t e d i n b l o c k i n g buf fer for 1 h (5 % 

F C S i , 0 .1 % T w e e n 2 0 , 1 x P B S ) a n d s t a in ed w i t h n u c l e o l i n a n t i b o d y 

( a b 2 2 7 5 8 , A b e a m , U K ) o v e r n i g h t at 4 r j C . P r i m a r y a n t i b o d y w a s de t ec t ed 

w i t h species spec i f i c s e c o n d a i y a n t i b o d y l a b e l e d b y A l e x a F l u o r 4 8 8 

(Li fe T e c h n o l o g i e s , U S A ) i n 5 % FCS i/1 x P B S for 1 h at r o o m t emper 

a ture . Therea f t e r ce l l s we r e w a s h e d i n 1 x P B S three t imes a n d s ta ined 

w i t h H o e c h s t 3 3 3 4 2 ( 6 2 2 4 9 , T h e r m o S c i e n t i f i c 1 " , U S A ) . L o c a l i z a t i o n 

a n d l e v e l o f n u c l e o l i n e x p r e s s i o n w e r e e x a m i n e d u s i n g C V 7 0 0 0 V o y a g e r 

C e l l H i g h t h r o u g h p u t c e l l u l a r i m a g i n g a n d d i s c o v e r y s ys t em ( Y o k o g a w a , 

U S A ) w i t h w a t e r ob j e c t i v e i n 6 0 x m a g n i f i c a t i o n . Image q u a n t i f i c a t i o n 

w a s c a l c u l a t e d as a c o l l e c t e d spo t i n t e n s i t y i n the n u c l e o l u s u s i n g Co

l u m b u s so f tware v e r s i o n 2.7.1 ( P e r k i n - E l m e r , U S A ) . 

2.16. rRNA fluorescence in situ hybridization. 

C e l l s w e r e s e e d e d a n d f i x e d as d e s c r i b e d a b o v e a n d p e r m e a b i l i z e d 

b y 7 0 °/o e t h a n o l a t — 2 0 5 C o v e r n i g h t . C e l l s w e r e w a s h e d t w i c e i n w a s h 

bu f f e r (2 x S S C , 1 0 % f o r m a m i d e ) , f o l l o w e d b y h y b r i d i z a t i o n a t 3 7 °C 

for 4 h i n h y b r i d i z a t i o n b u f f e r ( 1 0 % f o r m a m i d e , 2 x S S C , 0 . 5 m g / m l 

t R N A , 10 % d e x t r a n s u l p h a t e , 2 5 0 p g / m l B S A , 1 0 m M r i b o m i c l e o s i d e 

v a n a d y l c o m p l e x e s a n d 0 . 5 n g / u J 5^ITS1 p r o b e : C C T C G C C C T C C G 
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G G C T C C G T T A A T G A T C c o n j u g a t e d w i t h c y 5 ) . A f t e r w a r d , s a m p l e s 

w e r e w a s h e d t w i c e i n p r e h e a t e d w a s h b u f f e r a t 3 7 U C a n d s t a i n e d w i t h 

H o e c h s t 3 3 3 4 2 ( 6 2 2 4 9 , T h e r m o Scient i f ic™, U S A ) . T h e c e l l s w e r e 

e x a m i n e d u s i n g C V 7 0 0 0 V o y a g e r C e l l H i g h t h r o u g h p u t c e l l u l a r i m 

a g i n g a n d d i s c o v e r y s y s t e m ( Y o k o g a w a , U S A ) . I m a g e q u a n t i f i c a t i o n 

w a s c a l c u l a t e d as a c o r r e c t e d spo t i n t e n s i t y i n the n u c l e o l u s b y Co 

l u m b u s s o f t w a r e v e r s i o n 2.7.1 ( P e r k i n - E l m e r , U S A ) . 

2.17. Northern blotting 

P r e - r R N A spec ies we r e a n a l y z e d b y n o r t h e r n b l o t t i n g . 10 |ig o f t o ta l 

R N A we r e m i x e d w i t h 1 v o l u m e o f l o a d i n g bu f f e r (50 % f o r m a m i d e , 

0 .06 % f o r m a l d e h y d e , 10 % g l y c e r o l , 0 .05 % b r o n i o p h e n o l b l u e i n I x 

M O P S buffer ) a n d separa ted o n a 2 % agarose ge l i n the p r esence o f 

M O P S bu f f e r (20 m M M O P S , 5 m M s o d i u m acetate , 2 m M E D T A , p H 7.0) 

c o n t a i n i n g 2 % f o r m a l d e h y d e , a n d r u n i n 1 x M O P S buf fer at 2 3 V 

o v e r n i g h t at 4 ^C. R N A s we r e t h e n t r ans f e r r ed to a n y l o n m e m b r a n e 

( A m e r s h a m H y b o n d - N + , G E H e a l t h c a r e , U S A ) . A f t e r f i x a t i o n b y U V -

c r o s s l i n k i n g , t h e m e m b r a n e s w e r e p r e - h y b r i d i z e d for 1 h a t 4 5 CC i n 

D I G E a s y H y b (D IG N o r t h e r n Star te r K i t , R o c h e , S w i t z e r l a n d ) . The 

d i g o x i g e n i n - l a b e l e d o l i g o d e o x y n u c l e o t i d e p r o b e w a s t h e n a d d e d a n d 

i n c u b a t e d o v e r n i g h t at 4 5 U C . The p robes u s e d i n th is s tudy we r e : 51TS1 

( 5 - C C T C G C C C T C C G G G C T C C G T T A A T G A T C - 3 r ) , I TS2b ( 5 - C T G C G A G G -

G A A C C C C C A G C C G C G C A - 3 ' ) , ITS2d/e ( 5 - G C G C G A C G G C G G A C G A -

C A C C G C G G C G T C - 3 r ) ( G e n e r i B i o t e c h , C z e c h R e p u b l i c ) [23 ] . F o r 

de t e c t i on of ITS2 , p robes I T S 2 b a n d ITS2d/e w e r e m i x e d i n e q u a l 

a m o u n t s . A f t e r p r obes h y b r i d i z a t i o n t o o k p l a c e , the s t r i n g e n c y w a s h e s 

f o l l o w e d . F i r s t l y , t w o t imes for 5 m i n at r o o m t e m p e r a t u r e i n 2 x SSC 

(0 .15 M N a C l , 1 5 m M s o d i u m c i t ra te , p H 7.0) c o n t a i n i n g 0.1 % SDS a n d 

t w i c e for 1 5 m i n i n 0 . 25 x S S C w i t h S D S 0.1 % . Be fo re the b l o c k i n g step, 

the m e m b r a n e s w e r e b r i e f l y w a s h e d i n w a s h i n g bu f f e r (0.1 M M a l e i c 

a c i d , 0 . 15 M N a C l , 0 .3 % T w e e n 20 , p H 7.5) , t h e n b l o c k e d i n b l o c k i n g 

s o l u t i o n for 3 0 m i n a n d i n c u b a t e d w i t h the a n t i - d i g o x i g e n i n - A P a n t i 

b o d y ( bo th D I G N o r t h e r n Star te r K i t , R o c h e , S w i t z e r l a n d ) for 1 h at r o o m 

t e m p e r a t u r e . U n b o u n d a n t i b o d i e s w e r e r e m o v e d b y t w o w a s h i n g steps 

for 1 5 m i n i n a w a s h i n g buffer. Be fore m e a s u r e m e n t o f the c h e m -

i l u m i n e s c e n c e s i g n a l , m e m b r a n e s w e r e e q u i l i b r a t e d for 5 m i n a t 

de t e c t i on buf fer (0.1 M T r i s - H C l , 0.1 M N a C l , p H 9.5) , t hen the C D P - S t a r 

substra te w a s a d d e d a n d the s i gna l s w e r e a c q u i r e d b y d i e C h e m i D o c M P 

D o c u m e n t a t i o n sys t em ( B i o - R a d , U S A ) . 

2.18, Statistical analysis 

A l l d a t a are p r e s en t ed as m e a n ± S E M f r o m at least three b i o l o g i c a l 

r ep l i ca t es . T h e s t a t i s t i c a l s i gn i f i c ance o f d i f f e rences was e x a m i n e d u s i n g 

one - samp l e t-test, p < 0 . 05 w a s c o n s i d e r e d s t a t i s t i c a l l y s i gn i f i c an t 

( G r a p h P a d P r i s m v e r s i o n 8.0) . 

3 , R e s u l t s 

T h e C z e c h a n d S l o v a k D B A reg i s t r y c u r r e n t l y i n c l u d e s 6 2 pa t i en ts . 

P r e v i o u s l y , c a u s a t i v e m u t a t i o n s we r e i d e n t i f i e d i n 5 0 out o f 6 2 pa t i en ts 

(81 %) i n genes e n c o d i n g for RPS19, RPS26, RPL5, RPLU a n d RPS17 
u s i n g m a s s i v e p a r a l l e l s e q u e n c i n g [ 14 ,15 ] . 

A n o v e l n o n s y n o n y m o u s g e r m l i n e he t e r o z ygous t r a n s v e r s i o n h g 3 8 

c h r 2 : g . 3 , 5 8 0 , 1 5 3 G > T r e s u l t i n g i n a m i n o a c i d s u b s t i t u t i o n p . V 1 3 4 F w a s 

i d e n t i f i e d b y M P S i n e x o n 6 o f the RPS7 gene i n o n e f ema l e p a t i e n t w i t h 

D B A a n d i n two o f he r a s y m p t o m a t i c r e l a t i v es [14 ] . T h e m u t a t i o n w a s 

s u b s e q u e n t l y c o n f i r m e d b y c D N A s e q u e n c i n g (F i g . I). U l t r a - d e e p c D N A 

s e q u e n c i n g (average cove rage 7 8 , 2 8 5 x ) r e v ea l ed tha t e x p r e s s i o n o f the 

m u t a t e d a l l e l e is i n c o n c o r d a n c e w i t h g e n o t y p e ( p r o b a n d : 5 5 % RPS7-
WT / 4 5 % R P S 7 - m u t , m o t h e r : 58 % RPS7-WT / 42 % R P S 7 - m u t , s ister : 

6 3 % RPS7-WT / 3 7 % R P S 7 - m u t ) . 

V a l i n e 134 is h i g h l y c o n s e r v e d i n R P S 7 a n d s u b s t i t u t i o n b y p h e n y l 

a l a n i n e i n th i s p o s i t i o n is c o n s i d e r e d pos s i b l y d a m a g i n g b y P o l y p h e n 2 

(scare 0 .965 ) . In s i l i c o p r o t e i n s t ab i l i t y p r e d i c t o r s I -Mutan t a n d M U p r o 
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IBIIIIIIIIIIIIIIIIIIIIIIIIII I l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l 
C1 

C 2 
C 3 

I A Q G C Q 1 « C I C T r c q q * * i . c . , * » 

F ig . 1. imi tat ion i n the patient w i ih DBA and Iwo of her family members. The eonf irmal ion o fhg38 ehr2:g. 3,580 ,153G > T heterozygous mutat ion in R P S / b y 
Sanger sequenring technique in the patient panel (A). The imitat ion has heen previously identified by MPS sequencing o f genomic DNA (G). The mutation was later 
detected in patient's eDNA C I as wel l as in her mother (C2) and sister (C3). Panel (B) visualizes; alignments i n the last two RPS7 exons b y IGV in comparison of RP 
panel gene sequencing and c D N A sequencing. Panel (C) shows the position of the rmitatinn i n exnn 6 of KPS7 in detai l . 

e v a l u a t e d the s u b s t i t u t i o n as d e c r e a s i n g R P S 7 p r o t e i n s t a b i l i t y ( I -Mutan t 

r e l i a b i l i t y i n d e x 9, M U p r o scores we r e - 0 .97 by N e u r a l N e t w o r k 

m e t h o d a n d — 1 b y S u p p o r t V e c t o r M a c h i n e m e t h o d ) . A l t h o u g h d i i s 

v a r i a n t w a s r e p o r t e d i n a recent upda t e o f the C z e c h a n d S l o v a k D B A 

reg i s t r y [1 4 ] , there w a s n o o ther R P S 7 S N V d e s c r i b e d be fore a n d thus we 

d e c i d e d to p r o c e e d w i t h a n e x t e n d e d e v a l u a t i o n o f i ts p a t h o g e n i c i t y a n d 

u n d e r l y i n g d i sease m e c h a n i s m s u s i n g a g e n e t i c a l l y m o d i f i e d c e l l u l a r 

m o d e l . 

3.1. Validation of CR1SPR/Cas9 cellular mode!, translational activity, 

nucleolar morphology, pre-rRNA processings RPS7protein stability and 
TP53 signaling pathway 

W h i l e the D B A p h e n o t y p e is u s u a l l y expressed i n e r y t h r o i d l ineage , 

the r i b o s o m a l stress i n d u c e d b y a n a b e r r a t i o n o f R P s is p resen t i n m a n y 

pat ient ' s t issues l e a d i n g to m u l t i p l e s t r u c t u r a l , s i g n a l i n g a n d m e t a b o l i c 

a b n o r m a l i t i e s . F o r tha t r eason , w e se l ec ted the U 2 0 S o s t e o s a r c o m a c e l l 

l i n e w h i c h is o f the same e m b r y o n a l o r i g i n as h e m a t o p o i e t i c ce l l s , is 

f r e q u e n t l y used for m e c h a n i s t i c s tud ies i n D B A a n d has b e e n r o u t i n e l y 

u s e d as a c e l l u l a r m o d e l f o r r i b o s o m a l stress, e spec i a l l y w h e n n u c l e o l i 

m o r p h o l o g y w a s s t u d i e d [ 2 4 - 2 7 ] . W e d e s i g n e d a n d e s t ab l i shed c e l l u l a r 

m o d e l c a r r y i n g t h e he t e r o z ygous m u t a t i o n i n the RPS7 gene ( g enomic 

c oo rd ina t e s : h g 3 8 c h r 2 : g . 3 , 5 8 0 , 1 5 3 G > T p . V 1 3 4 F ) b y C R I S P R / C a s 9 

m e d i a t e d e d i t i n g o f g e n o m i c D N A i n the h u m a n U 2 0 S c e l l l i n e . W e 

o b t a i n e d one m o n o c l o n a l c e l l l i n e c a r r y i n g o n l y t h e d e s i r e d n o n -

s y n o n y m o u s v a r i a n t ( S u p p l . F i g . 1 A , B ) . T h e presence o f R P S 7 m u t a t i o n 

at m R N A l e v e l w a s v e r i f i e d b y Sange r s e q u e n c i n g ( S u p p l . F i g . 2 A ) . 

S u b s e q u e n t l y , w e d i d q R T - P C R to m e a s u r e the l e v e l o f t o t a l R P S 7 m R N A 

express i on . W e d i d n o t f i n d a n y s i g n i f i c a n t changes i n R P S 7 m R N A l e v e l 

i n R P S 7 - m u t c e l l l i n e c o m p a r e d to R P S 7 - W T ce l l s ( S u p p l . F i g . 2B ) . 

O v e r a l l abe r ran t p r o t e i n synthes i s is one o f the h a l l m a r k s o f D B A . 

The r e f o r e w e have a n a l y z e d c e l l u l a r u p t a k e o f L - a z i d o h o m o a l an ine 

w h i c h was i n c o r p o r a t e d i n t o n e w l y s y n t h e s i z e d p r o t e i n s ins t ead o f 

m e t h i o n i n e . T h e g l o b a l p r o t e i n synthes i s w a s s i g n i f i c a n t l y r e d u c e d i n 

R P S 7 - m u t c e l l l i n e c o m p a r e d to the c o n t r o l R P S 7 - W T ce l ls ( 1 3 . 6 3 %) 

(F ig . 3 ) , t h u s i n d i c a t i n g R P S 7 V 1 3 4 F l eads to r i b a s o m e m a l f u n c t i o n 

w h i c h is p o s s i b l y l e a d i n g to D B A p h e n o t y p e . 

Nex t , w e e x a m i n e d i m p a c t o f R P S 7 V 1 3 4 F v a r i a n t o n c e l l g r o w t h . 

T h e p r o l i f e r a t i o n c a p a c i t y o f R P S 7 - m u t ce l ls w a s r e d u c e d b y 3 1 . 6 % 

c o m p a r e d w i t h R P S 7 - W T (F i g . 4 A ) . F u r t h e r m o r e , c e l l c y c l e ana l ys i s 

r e v e a l e d s l i g h t Gii/Gl b l o c k i n R P S 7 - m u t ce l l s ( 11 .43 %) w h i c h w a s 

assoc i a t ed w i t h decrease i n the c e l l c o u n t i n b o t h S phase b y 4 .46 % (p < 

0 .02 ) a n d G 2 - M p h a s e b y 5 .53 % (p < 0 . 0 0 0 3 ) c o m p a r e d w i t h R P S 7 - W T 

c e l l l i n e (F ig . A B ) . M o r e o v e r , changes i n t o ta l D N A a n d R N A synthes is 

w e r e de t ec t ed i n m u t a n t ve rsus w i l d - t y p e ce l l s . M o r e spec i f f i ca l y , w e 

de t e c t ed m i l d increase i n D N A sy thes i s (F ig . 4 C ) , w h i l e o v e r a l l R N A 

synthes i s w a s dec r eas ed b y 1 8 . 6 5 % i n RP57 - rn i . i t ce l l s (F ig . 4 D ) . 

To better u n d e r s t a n d the p h e n o t y p e o f R P S 7 - n i u t ce l l s , w e also 

i n v e s t i g a t ed p r o t e i n l eve ls de r egu la t ed i n D B A . F i r s t l y , we focused o n 

t h e T P 5 3 s i g n a l i n g p a t h w a y . T h i s p a t h w a y is k n o w n to c o n t r o l stress 

r e sponse , c e l l c yc l e , apop tos i s a n d p l ays a ma jo r ro l e i n ribosomal stress 

(F i g . 5 A ) . In R P S 7 - m u t ce l l s s i g n i f i c a n t decrease i n M D M 2 leve ls ( 30 %) 

a n d a p a r a l l e l 6 8 % inc rease i n p21 l eve l s w e r e obse r v ed , w h i l e p 5 3 

l eve l s r e m a i n e d u n c h a n g e d , F u r t h e r m o r e , o the r D B A assoc i a t ed p a t h 

w a y s w e r e d e r e g u l a t e d i n R P S 7 - m u t c o m p a r e d to R P S 7 - W T c e l l u l a r 

m o d e l s . W e also o b s e r v e d r e d u c t i o n o f c - M y c a n d E 2 F 1 t r a n s c r i p t i o n 

factors l eve l s t oge the r w i t h decrease i n c y c l i n D l e xp r e ss i on (Figs. 4 B , 5 

A ) . M o r e o v e r , l e v e l o f B C C I P p r o t e i n , d i r e c t l y i n v o l v e d i n i n c o r p o r a t i o n 

o f R P S 7 to s m a l l r i b o s o m a l s u b u n i t , s h o w e d s i gn i f i c an t 6 2 % inc rease i n 

R P S 7 - m u t ce l ls , R e c e n t l y a n e w c o m p e n s a t o r y m e c h a n i s m , c a n o n i c a l 

W n t p a t h w a y , for r i b o s o m a l stress w a s d e s c r i b e d b y D a n n h e i s i g et a l 

[28 ] . The re f o r e , w e tes ted the ef fect o f R P S 7 V 1 3 4 F m u t a t i o n o n 

|Vcatenin e xp r e s s i on . Indeed , f l - ca ten in l e v e l w a s i n c r e a s e d b y 7 5 % i n 

R P S 7 - m u t c o m p a r e d to R P S 7 - W T c e l l l i n e (F ig . 5 A ) . 

W e h a v e a lso e x a m i n e d the R P S 7 p r o t e i n l e v e l i n b o t h c e l l u l a r 

m o d e l s a n d c o m p a r a b l e l eve ls w e r e de t e c t ed ( F i g . 5 A ) . H o w e v e r , 

i m p o r t a n t d i f f e rence i n R P S 7 p . V 1 3 4 F p r o t e i n s t a b i l i t y w a s n o t e d (F i g . 5 

B) , In t e res t ing l y , p r o t e i n p 2 1 a lso e x h i b i t e d l o w e r s t ab i l i t y i n R P S 7 - n i u t 

ve rsus R P S 7 - W T c e l l l i n e s (F ig . 5 B). F u r t h e r m o r e , w e p e r f o r m e d a n 

i m m u n o d e t e c t i o n o f t o t a l u b i q u i t i n y l a t e d p ro t e ins ( F i g . 5 C ) . A n 

a p p a r e n t ex t ra b a n d w a s detec ted i n R P S 7 - m u t c o m p a r e d to R P S 7 - W T 

w i t h a m o l e c u l a r w e i g h t o f a p p r o x i m a t e l y 2 5 k D a c o r r e s p o n d i n g to 
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t h e u b i q u i t i n y l a t e d f o r m o f R P S 7 p r o t e i n . W e suppose tha t a l t e r e d 

p r o t e i n t r a n s l a t i o n a n d / o r i n c o r p o r a t i o n o f R P S 7 V 1 3 4 F p r o t e i n i n t o 

r i b o s o m e ac t i va tes t a r g e t ed u b i q u i t i n y l a t i o n a n d d e g r a d a t i o n o f the 

p r o t e i n j w h i c h r esu l t s i n d e c r eas ed c e l l u l a r c o n c e n t r a t i o n a n d m a y 

f u r t h e r agg rava te R P S 7 de f i c i ency . 

A d d i t i o n a l l y , w e p e r f o r m e d a n i n d i r e c t i m m u n o f l u o r e s c e n c e assay 

w i t h a n a n t i b o d y aga ins t the n u c l e o l u s m a r k e r n u c l e o l i n to a n a l y z e 

n u c l e o l a r m o r p h o l o g y . N u c l e o l a r m o r p h o l o g y w a s n o t a f f ec ted i n R P S 7 -

m u t ce l ls - H o w e v e r , d e t a i l e d ana l y s i s r e v ea l ed a h i g h e r a c c u m u l a t i o n o f 

t h i s p r o t e i n i n n u c l e o l i o f R P S 7 - m u t c e l l s ( F i g . 6) , a l t h o u g h the t o t a l 

a m o u n t o f n u c l e o l i n i n the c e l l s w a s n o t a l t e r ed (Fig- 6 C ) . 

F i n a l l y , w e a n a l y z e d the m a t u r a t i o n o f p r e - r R N A p r e cu r so r s i n 

n u c l e o l u s , w h i c h is o f t en af fected b y m u t a t i o n s i n r i b o s o m a l p r o t e i n s 

[29 ] . W e i d e n t i f i e d a 10 °/o a c c u m u l a t i o n o f p r e - r R N A p r e c u r s o r s c o n 

t a i n i n g th e ITS1 r e g i o n i n R P S 7 - m u t ce l ls ( F i g . 7 A , B ) . T o c l a r i f y w h i c h 

p r e - r i b o s o m a l R N A p r o c e s s i n g step is a f fec ted, we p e r f o r m e d N o r t h e r n 

b l o t t i n g . A c c u m u l a t i o n o f 4 5 S , 4 1 S , 30S a n d 2 6 S p r e - r R N A s w e r e 

o b s e r v e d i n R P S 7 - m u t c e l l l i n e (F ig . 7C ) . A d d i t i o n a l l y , w e a lso d e t e c t e d 

a dec rease i n t h e 2 1 S a n d 21 S-C p r e - r R N A s l e v e l s i n R P S 7 - m u t m o d e l 

( F i g . 7 C ) . 

3.2, Erythrocyte metabolism and oxidative stress 

D e t e r m i n a t i o n o f e A D A a c t i v i t y is c o n s i d e r e d as one o f the con f i r 

m a t o r y tests for D B A [30 ] . I nde ed , w e de t ec t ed i n c r e a s e d e A D A a c t i v i t y 

n o t o n l y i n th e af fected p a t i e n t b u t a l so i n b o t h o f h e r a s y m p t o m a t i c 

f a m i l y m e m b e r s h a r b o r i n g the same RPS7 m u t a t i o n (pa t i en t : 4 .2 ± 0 .8 

IU/g H b ; m o t h e r : 3 .5 ± 0 .2 I U / g H b ; s is ter : 4 .6 ± 0 .3 I U / g H b ; r e f e rence 

r ange : 0 . 8 - 2 . 5 I U / g H o ) ( T a b l e 1) [ 14 ] . 

W e p r e v i o u s l y r e p o r t e d tha t the ex t en t o f o x i d a t i v e stress a n d a l 

t e r a t i ons o f e r y th r o cy t e s ' p r o p e r t i e s m a y c o n t r i b u t e to the h i g h he t e r o 

g ene i t y o f c l i n i c a l s y m p t o m s i n D B A pa t i en t s . Ih the f o l l o w i n g 

e x p e r i m e n t s , w e , there fore , p e r f o r m e d a n a l y s i s o f the a n t i - o x i d a t i v e 

de fense o f m a t u r e e r y t h r o c y t e s a n d o f the a c t i v i t y o f t h e i r k e y m e t a 

b o l i c e n z y m e s i n the p a t i e n t a n d h e r f a m i l y m e m b e r s h a r b o r i n g the same 

R P S 7 p . V 1 3 4 F m u t a t i o n b u t d i f f e r i n g i n the p h e n o t y p e . A s s h o w n i n 

F i g . 2 A , i n c r e a s e d l e ve l s o f R O S w e r e d e t e c t e d o n l y i n the pa t i en t ' s 

e r y th rocy t e s ( m e a n f luo r escence i n t e n s i t y - M F 1 : 19 .2 ) , bu t no t i n 

e r y th rocy t e s o f he r a s y m p t o m a t i c m o t h e r ( M F I : 13 .7 ) a n d s is ter (MF I : 

1 4 , 2 ; m e a n M F I for c o n t r o l s : 13 ,4 ± 0 .8 ) . Cons i s t en t l y , o n l y th e p a t i e n t 

s h o w e d i n c r e a s e d a n t i - o x i d a t i v e de fense pa rame t e r s , p a r t i c u l a r l y 

s i g n i f i c a n t l y e l e v a t e d l e ve l s o f r e d u c e d g l u t a t h i o n e ( G S H ) a n d s i g n i f i 

c a n t l y i n c r e a s e d a c t i v i t y o f g lucose 6 - p h o s p h a t e d e h y d r o g e n a s e ( G 6 P D ) 

c o m p a r e d to h e r m o t h e r a n d s is ter a n d h e a l t h y c on t r o l s ( Tab l e 1), 

c o n f i r m i n g o n g o i n g o x i d a t i v e stress a n d s t i m u l a t e d a n t i - o x i d a t i v e 

defense. 

T h e c o n c o m i t a n t s i gn i f i c an t i nc r ease i n the a c t i v i t y o f h e x o k i n a s e 

( H K ; a p p r o x i m a t e l y 3 . 5 x ) , p y r u v a t e k i n a s e ( PK ; a p p r o x i m a t e l y 2 . 5 x ) 

a n d i n the l eve l s o f A T P ( a p p r o x i m a t e l y 3 x ) i n the pa t i en t ' s r e d b l o o d 

ce l l s a l so d i f f e r en t i a t ed the p a t i e n t f r o m h e a l t h y c o n t r o l s as w e l l as from 

a s y m p t o m a t i c f a m i l y m e m b e r s h a r b o r i n g the s a m e m u t a t i o n (Tab l e I). 

The s e c h a n g e s i n a n a e r o b i c g l y c o l y s i s suggest i n c r e a s e d d e m a n d for A T P 

i n pa t i en t s w i t h h y p o x i a c aused b y i n a d e q u a t e e r y t h r o c y t e p r o d u c t i o n . 

Desp i t e a c t i v a t e d a n t i - o x i d a t i v e de fense a n d h y p e r a c t i v a t e d anae r 

o b i c g l y co l y s i s , f l o w c y t o m e t r y o f a n n e x i n V b i n d i n g r e v e a l e d i n c r e a s e d 

exposure o f p h o s p h a t i d y l s e r i n e s (PS) o n the m e m b r a n e o f the pa t i en t ' s 

e r y th rocy t e s ( M F I : 1.18) c o m p a r e d to h e r f a m i l y m e m b e r s (s ister M F I : 

0 . 9 0 3 ; m o t h e r M F I : 0 . 942 ) a n d c o n t r o l s ( m e a n M F I 0 . 8 4 ± 0 .11 ) ( F i g . 2 B 

a n d C) . The s e r e su l t s a re cons i s t en t w i t h o u r p r e v i o u s l y p u b l i s h e d da ta 

on a l t e r a t i ons o f e r y thocy t e s ' p r ope r t i e s i n D B A pa t i en t s (21 ) a n d m a y 

i n d i c a t e r e d u c e d c a p a c i t y o f p a t i e n t ' s e r y t h r o c y t e s to c ope w i t h stress. 

4. D i s c u s s i o n 

H e r e w e presen t d e t a i l e d c h a r a c t e r i z a t i o n o f the f i rs t case o f a 

m i s sense m u t a t i o n i n RPS7 as a cause o f D B A i n h u m a n s . T o date , t h i r t y 

cases o f RPS7 p a t h o g e n i c m u t a t i o n s c l i n i c a l l y a s soc i a t ed w i t h D B A have 

b e e n r e p o r t e d i n E n s e m b l da tabase . H o w e v e r , a l l o f these s equence 

v a r i a t i o n s w e r e l o c a t e d a t sp l i c e s i tes [ 2 9 , 3 1 - 3 4 ] ( h t t p s : / / w w w . e n  

s emb l . o r g ) . 

W e i d e n t i f i e d the R P S 7 p . V 1 3 4 F s u b s t i t u t i o n i n the p a t i e n t a n d her 

m o t h e r a n d s is ter w h o h a v e m i l d s y m p t o m s (F i g . 1). T o v a l i d a t e the 

c a u s a l i t y o f the m u t a t i o n , w e p e r f o r m e d a n u m b e r o f f u n c t i o n a l tests. 

As w e o b s e i v e d i n th is s t u d y a n d a lso r e p o r t e d p r e v i o u s l y [ 14 ,15 ] , 

t h e p h e n o t y p e o f f a m i l y m e m b e r s w i t h i d e n t i c a l m u t a t i o n c a n be 

d i f f e rent , i n c l u d i n g s i l en t c a r r i e r s . A l l f a m i l y m e m b e r s o f pa t i en t s w i t h 

D B A s h o u l d there fore be e x a m i n e d , e v e n i f a s y m p t o m a t i c a n d t e s t ing o f 

e A D A a c t i v i t y ( Tab l e I) c o u l d serve as a s ens i t i v e s c r e e n i n g m e t h o d for 

s u c h p u r p o s e . 

W e a lso s h o w e d tha t the a n t i o x i d a n t de fense o f pa t i ent ' s e r y th rocy t e s 

( Tab l e 1) is i n su f f i c i en t to c o p e w i t h i n c r e a s e d R O S p r o d u c t i o n (F ig . 2 

A ) , l e a d i n g to a l t e ra t i ons i n e r y th rocy t e s 1 m e m b r a n e p r ope r t i e s (F ig . 2 B 

a n d C ) . T h i s m a y cause e n h a n c e d r e c o g n i t i o n a n d d e s t r u c t i o n o f p a 

t i ents ' r e d b l o o d ce l l s b y r e t i c u l o e n d o t h e l i a l m a c r o p h a g e s i n v i v o a n d 

a c c o u n t for the p h e n o t y p i c d i s s i m i l a r i t y b e t w e e n the p a t i e n t a n d h e r 

a s y m p t o m a t i c f a m i l y m e m b e r s h a r b o r i n g the same R P S 7 m u t a t i o n . 

P r o f o u n d h y p o x i a i n the pa t i en t m a y fu r the r l i m i t the a n t i o x i d a n t 

bu f f e r i n g c a p a c i t y i n h e r e r y t h r o c y t e s [35 ] . 

The f u n c t i o n a l assays we r e c a r r i e d o n a C R I S P R - b a s e d c e l l u l a r m o d e l 

w i t h a p h y s i o l o g i c a l e x p r e s s i o n o f R P S 7 a t m R N A a n d p r o t e i n leve ls 

( F i g . 5 A , S u p p . F i g . 2 B ) . W e f ocused o n c h a r a c t e r i s t i c features 

c o m m o n l y l i n k e d to D B A , e.g. ef fect o f the S N V o n g l o b a l p r o t e i n s y n 

thes is , p r o l i f e r a t i o n , c e l l c y c l e a l t e r a t i o n , T P 5 3 s i g n a l i n g p a t h w a y , s ta

b i l i t y a n d d e g r a d a t i o n o f R P S 7 p . V 1 3 4 F p r o t e i n c o m p a r e d w i t h R P S 7 -

W T , n u c l e o l a r m o r p h o l o g y a n d m a t u r a t i o n o f p r e - r R N A p r ecurso r s 

[ 2 3 , 2 9 , 3 6 - 3 8 ] . 

The m a j o r h a l l m a r k o f a l l r i b o s o m o p a t h i e s is i m p a i r e d p r o t e i n s y n 

thes i s d u e to a l t e r a t i ons i n r i b o s o m a l c o m p o n e n t s [ 36J . T h u s ou r 

a t t e n t i o n w a s f i r s t l y f o c u s e d o n the effect o n g l o b a l p r o t e i n synthes i s 

b e cause the d e t e r m i n a t i o n o f t r a n s l a t i o n a l c a p a c i t y c a n s h e d s o m e l i g h t 

on the ex t en t o f the nega t i v e effect o f R P S 7 p . V 1 3 4 F . W e f o u n d tha t this 

S N V causes a s i g n i f i c a n t decrease i n g l o b a l p r o t e i n s yn thes i s (p<0.01) 

a n d p r o l i f e r a t i o n c a p a c i t y o f m u t a n t ce l ls (p < 0 . 0 0 1 ) (F igs . 3 C , 4 A ) . T h i s 

f i n d i n g is l i k e l y due to the lesser a b i l i t y o f the B C C I P p r o t e i n to 

Act iv i ty of eADA and selected enzymes of an t i ox ida t i v e defense and anaerobic glycolysis [G6PD, PK , and HK ] and levels of G S H and A T P in red b lood cells. " e A D A 
Hf l i v i l y was previously reported by Vole jnikova et a l . , 2020 L1 4J. 

(-ADA G6PD PK HK (ISH ATP 

(IU/g Hb) (IU/g Hb) (IU/g Hb) (IU/g Hb) C|iM) (jimcl/1) 

Reference range [0.8-2.5] 13.4 7.01 [5,12 5.7S1 [0.8-1.6] [1Ü78-2888] [188-3341 
1'Klicill 4.2 _ 0.8* 10.3 ±0 .6 14.3 ± 0.8 4.4 ± 0.05 435b ± 44 775 ± 96 

P = 5.4PE-05 P = 7.73E-05 P = 1.63E03 P = 7.75E-10 P = 2.03E-01 P = 3.96E-03 
Morher 3.5 ± 0.2* 5.3 - 0.2 4.9 ± 0.2 D.7 ± 0.02 2125 205 ± 32 

P = 3.56E-07 NS P = 4.13E03 P = 3.50E-03 NS 
Sisler 4.6 ± 0.3* d.r. o.i 6.8 ± 0.5 0.9 ± 0.13 2450 ± 35 251 ± 45 

t> - 2.14E 02 P = 1.G3E-03 NS NS WS 
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A B 

C 

• VI-

F i g . 2. Dctcrminat ion of R O S levels and Annex in V b ind ing assay. Representative plots and histograms showing elevated levels o f ROS (A), increased phosphati-
dylserine (PS) exposure on erythrocyte membrane (B) and increased percentage of Annex in V-posit ive erythrocytes (C) in the D B A patient compared to her 
asymptomatic family member and healthy control. In panel (A), DCF-dependent intensity of fluorescence is proport ional to the concentration of ROS; erythrocytes o f 
a healthy control trealed wi th n 3 0 ? served as a positive control for induced ROS formation. Tn panels (B) and (Cl), increased Annex in V-binr i ing to RBC reflects 
increased exposure of PS on the erythrocyte membrane. 

i n c o r p o r a t e R P S 7 p . V 1 3 4 F p r o t e i n i n t o the ribosome as the B C C I P p r o 

t e i n s p e c i f i c a l l y b i n d s to the c e n t r a l r e g i o n ( a m i n o ac i d s 5 9 - 1 3 4 ) o f 

R P S 7 p r o t e i n [39] (F ig . 5A ) . R P S 7 m u t a n t c e l l l ine a l so d e m o n s t r a t e d a 

s l i gh t b l o c k i n the G i phase o f t h e c e l l c y c l e m o s t l i k e l y c a u s e d b y 

dec r eased p r o t e i n l eve l s o f c y c l i n D l a n d t r a n s c r i p t i o n factors c - M y c a n d 

E 2 F 1 (p< 0.05) (F igs . 4 B , 5 A ) . S i g n i f i c a n t l y l o w e r l e v e l o f c - M y c , a w e l l 

k n o w n g l o b a l t r a n s c r i p t i o n a n d t r a n s l a t i o n r e gu l a t o r , m o s t p r o b a b l y 

stands b e s i d e the i m p a i r e d R N A syn thes i s a n d m o d e s t b l o c k i n G^ phase 

o f the c e l l c y c l e [40 ,41 ] (F igs. 415, D> 5 A ) . E l e v a t e d o x i d a t i v e stress i n 

p a t i e n t e r y t h r o c y t e s c a n be l i n k e d to m o d e r a t e l y i n c r e a s e d D N A s y n 

thes is , i n the c e l l u l a r m o d e l c a r r y i n g R P S 7 m u t a t i o n , due to a c t i v a t e d 

D N A r e p a i r p rocesses [42 ] (F igs , 2 A , 4 C ) . 

A s i t w a s p r e v i o u s l y d e s c r i b e d , the R P S 7 d e f i c i e n c y causes p 5 3 -

d e p e n d e n t r i b o s o m a l stress d u e to d i r e c t i n t e r a c t i o n w i t h R P L 5 , 

R P L 1 1 , M D M 2 a n d p 5 3 [43 ] . O u r q u e s t i o n w a s w h e t h e r a c h a n g e i n 

s ing l e a m i n o a c i d o f R P S 7 m a y i m p a c t the T P 5 3 s i g n a l i n g p a t h w a y a n d 

i n d u c e r i b o s o m a l stress. The re f o r e , w e e x a m i n e d p r o t e i n l e ve l s o f p 5 3 

w h i c h , r e m a i n e d u n c h a n g e d i n R P S 7 - m u t c e l l l i n e , w h i l e p 2 1 l e v e l w a s 

s i g n i f i c a n t l y i n c r e a s e d (p< 0 . 0 0 0 0 0 1 ) . P r o t e i n M D M 2 , a u b i q u i t i n l i gase 

r e g u l a t i n g the p 5 3 , l e v e l w a s s i g n i f i c a n t l y d e c r e a s e d (p< 0 . 0 0 0 4 ) 

(F ig , 5 A ) . W e s u p p o s e tha t t h e h i g h e r e x p r e s s i o n o f p 2 1 c a n be c aused b y 

d i m i n i s h e d u b i q u i t i n a t i o n a c t i v i t y o f M D M 2 a n d i n t u r n dec reased 

d e g r a d a t i o n o f p 5 3 a n d o t h e r ta rge t p ro t e ins . 

In t e r es t ing l y , i n s i l i c o p r o t e i n s t a b i l i t y p r e d i c t o r s I - M u t a n t a n d 

M U p r o e v a l u a t e d the p . V 1 3 4 F s u b s t i t u t i o n p o t e n t i a l l y d e s t a b i l i z i n g 

R P S 7 p r o t e i n a n d th i s fact w a s e x p e r i m e n t a l l y c o n f i r m e d (F i g . 5B). 

T P 5 3 s i g n a l i n g p a t h w a y a c t i v a t i o n is one o f the k e y a t t r ibu tes o f 

r i b o s o m a l stress, w h i l e o the r s are l i n k e d to n u c l e o l u s , w h e r e 

t r a n s c r i p t i o n a n d m a t u r a t i o n o f r i b o s o m a l R N A ( r R N A ) takes p lace [44 ] . 

A s i t w a s p r e v i o u s l y r e p o r t e d , the h a p l o i n s u f f i c i e n c y o f R P S 7 resu l ts i n 

i m p a i r e d p r e - r R N A p r o c e s s i n g d u r i n g e a r l y stages [29] . I ndeed , s ign i f 

i c a n t l y i n c r e a s e d (p < 0.05) a b u n d a n c e o f p r e - r R N A p r e c u r s o r s de t ec t ed 

b y ITS1 p r o b e i n the R P S 7 - m u t c e l l l i n e (F ig- 7B ) . M o r e s p e c i f i c a l l y , 45S , 

41S , 3 0 S a n d 2 6 S p r e - r R N A p r e c u r s o r s we r e a c c u m u l a t e d at the expense 

of l a te r stages p r e - r R N A p r e c u r s o r s 21S a n d 21 S -C (F i g . 7 C ) . These 

f i nd ing s a re c o n s i s t e n t w i t h G a z d a et a l . s t u d y [ 29 ] . A n o t h e r i n t e r e s t i n g 

f i n d i n g l i n k e d to the m a t u r a t i o n o f p r e - r R N A s is that n u c l e o l i n is pref

e r e n t i a l l y l o c a t e d i n n u c l e o l i o f R P S 7 - m u t c e l l s (p<0.05) (F i g . 6 ) . T h i s 

m u l t i f u n c t j o n a l p r o t e i n is p r o m o t i n g p r e - r R N A t r a n s c r i p t i o n a n d acts i n 

the e a r l y steps o f p r e - r R N A p r o c e s s i n g [44 ] . O u r h y p o t h e s i s is that 

h i g h e r l o c a l i z a t i o n o f n u c l e o l i n i n n u c l e o l i is a c o m p e n s a t o r y r esponse to 

i n su f f i c i en t l eve l s o f 2 1 S a n d 21 S-C p r e - r R N A p r e cu r so r s . H o w e v e r , a 

m o r e d e t a i l e d s tudy o f t h e m e c h a n i s m i n v o l v e d w o u l d c e r t a i n l y s h e d 

m o r e l i gh t o n p a t h w a y s r e g u l a t i n g the m a t u r a t i o n o f p r e - r R N A s i n D B A . 

T o be t t e r u n d e r s t a n d c o m p e n s a t o r y m e c h a n i s m s o f the r i b o s o m a l 

stress r e l a t ed to R P S 7 a l terat ion^ w e i m m u n o d erected the m a i n t r a n 

s c r i p t i o n fac tor o f c a n o n i c a l W n t p a t h w a y , p - ca t en in . T h i s p a t h w a y w a s 

r e c e n t l y r e p o r t e d t o p l a y a n i m p o r t a n t ro l e i n r e d u c t i o n o f n u c l e o l a r a n d 

r i b o s o m a l stress by D a n n h e i s i g et a l . [ 28 ] . I n case o f o u r C R I S P R - b a s e d 

c e l l u l a r m o d e l o f R P S 7 d e f i c i e n c y , the l e v e l o f [3-catenm w a s s i g n i f i 

c a n t l y i n d u c e d (p< 0 . 0 0 0 0 0 1 ) (F i g , 5 A ) . T h i s f i n d i n g is i n a g r e e m e n t 

w i t h D a n n h e i s i g et a l . s t u d y [28 ] , 

O u r resu l t s s h o w tha t S N V i n the R P S 7 gene cause l o w e r s t a b i l i t y o f 

t h e R P S 7 p r o t e i n a n d p r o b a b l y i t s h i g h e r p r esence i n r i b o s o m e free f o r m 

d u e to n e g a t i v e l y a f f ec ted b i n d i n g c a p a c i t y to B C C I P p r o t e i n , w h i c h 

r egu la t es the l o c a l i z a t i o n o f R P S 7 to r i b o s o m e s , u n d e r p h y s i o l o g i c a l 
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F i g , 3, Analys is of protein synthesis by flow cytometry i n RPS7-WT versus RPS7-mut cel l lines* (A) The upper gate represents the cel l populat ion act ively syn
thesizing proteins. (B, C] The global protein synthesis was determined by the intensity of incorporated L-azidobomoalaninc in the cel l populat ion actively syn
thesizing proteins; n = 3 biological replicates. 
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F i g . 4. Results f rom analysis of cel lular prol i ferat ion i n RPS7-WT versus RFS7-mut ce l l l ines. (A), cel l cycle (B), D N A synthesis (C) and R N A synthesis (D); n = '3 
biological repl icalcs. 

c o n d i t i o n s [39]. T h i s l eads to r i b o s o m a l stress w i t h r e m a r k a b l e i m p a c t a n d s u p p o r t p a t h o g e n i c i t y o f the m u t a t i o n i n D B A . O u r case s tudy 

o n p r o t e i n syn thes i s , p r e - r R N A s m a t u r a t i o n a n d p r o l i f e r a t i o n c a p a c i t y . d e m o n s t r a t e s tha t c o m p r e h e n s i v e ana l y s e s o f l a r g e r pa t i en t s c o h o r t s a n d 

In c o n c l u s i o n , the p r e s en t ed f u n c t i o n a l tests r e v e a l e d m u l t i p l e c e l l u l a r m o d e l sys tems a re n e e d e d to fu r the r e l u c i d a t e the p a t h o p h y s l -

c e l l u l a r a b n o r m a l i t i e s a s s o c i a t e d w i t h t h e n o v e l R P S 7 p . V l 3 4 F v a r i a n t o l o g y o f D B A a n d to be t t e r u n d e r s t a n d d i s e a s e - m o d i f y i n g c o n d i t i o n s , 
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II 

F i g . 5. Alterat ions i n protein expression, stabil i ty and ubiqui t inat io i i i n RPS7-WT versus RPS7-mut cel l l ines. IA) Western blots showing the levels of M D M 2 , p53, 
p21 , ß-ealenin, e-Myc, E2F1 , cyelin D l , mie leo l in , BCCIP, RPS7, ß-aetrn and normal i zat ion to ß-actin. (B) Stabil i ty o f RPS7 and p21 proteins alter inh ib i t ion of 
translation by increasing concentrations of cyc loheximide. (C) Total ub iqu i t in content.; n = 3 biological replicates. 

Hoechs t NCL Merge 

RPS7-WT 

RPS7- mut 

DATA ANALYSIS: 

• 

• HsflBliiB 
B 5 B 5 

RPS7WT RPS7Mut 

ß-actin 

N C L 

F i g . 6. SNV i n RPS7 gene (RPS7-muO does not increase the total level of i iuc leo l in but causes higher prote in acc iuni l lat ion i n nuc leo l i . A) F r om the left side: ce l l 
nuclei stained w i t h Hoechst 33342, loca l izat ion of nucleo l in , merge. (B) I l lustration of image analysis using Columbus software, (C) Western blot shows the total 
levels of nuc leo l in and p-actin. (D) Statistical analysis of nuc leo l in amount in nuc leo l i [mean corrected spot intensity per nucleolus); n — 3 biological replicates. 

i n c l u d i n g o x i d a t i v e stress, i n s y m p t o m a t i c v e r sus a s y m p t o m a t i c ca r r i e r s . 

S u p p l e m e n t a r y d a t a to th is a r t i c l e c a n be f o u n d o n l i n e a t https;//doi . 

o r g / l Q . l G W j . b c m d , 2 0 2 2 , 1 0 2 6 3 0 . 

C R e d i T a u t h o r s h i p c o n t r i b u t i o n s t a t e m e n t 

P V p e r f o r m e d M P S s e q u e n c i n g , b i o i n f o r m a t i c s a n a l y s i s a n d a n n o 

t a t i o n o f gene t i c v a r i a n t s , A K p e r f o r m e d C R I S P R / C a s 9 c e l l l i n e m o d e l 

p r e p a r a t i o n , M T S v i a b i l i t y assay , c e l l c y c l e a n a l y s i s , B r d U i n c o r p o r a t i o n 

a n a l y s i s , B r U i n c o r p o r a t i o n a n a l y s i s , p r o t e i n t r a n s l a t i o n a l ana l y s i s . 

W e s t e r n b l o t t i n g ana l y s i s , s t a t i s t i c a l a n a l y s i s , Z M p e r f o r m e d N o r t h e r n 

b l o t t i n g a n a l y s i s a n d r R N A F I S H , M O p e r f o r m e d m R N A q u a n t i f i c a t i o n , 

n u c l e o l i m o r p h o l o g y a n a l y s i s , i m m u n e f luoresce r ice a n a l y s i s , s t a t i s t i c a l 

ana l y s i s , J V a n d D P p a r t i c i p a t e d i n p a t i e n t m a n a g e m e n t , P V , A K , J V , 

M O , Z M , M H a , a n d M H o d r a f t e d the m a n u s c r i p t . R M a n d P K p e r f o r m e d 

e n z y m e assays a n d w e r e r e s p o n s i b l e fo r G S H , A T P m e a s u r e m e n t s , O J 

e x a m i n e d R O S leve ls a n d A n n e x i n V b i n d i n g . M H a , M H o p a r t i c i p a t e d i n 

s t u d y d e s i g n , d a t a a n a l y s i s a n d i n t e r p r e t a t i o n o f r esu l t s . D P a n d M H a 

c o n c e i v e d a n d d e s i g n e d t h e w o r k a n d f i n a l l y r e v i s e d the m a n u s c r i p t . A l l 

au tho r s a p p r o v e d the f i n a l m a n u s c r i p t . 
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ITS1 probe 

5 1.S-i 

Hoechst ITS1-Cy3 Merge ? i 

F i g . 7. Detection of pre-r ibosomal R N A by FISH and Northern blot t ing i n RPS7-WT versus RPS7-mut cel l l ines. (A) From the left side: ce l l nuc le i stained w i t h Hoechst 

33342, local izat ion of pre-rRNA by TTS1 probe, merge. (B) Statistical analysis of pre-rRNA annoum in nucleo l i (mean corrected spot intensity per nucleolus). (C) 
Detection of pre-rRNA species by Northern blott ing; n — 3 bio log ica l replicates. 
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Abstract ; D iamond-Black fan anaemia (DBA) is a red b lood cel l aplasia that in the majority of cases is 

associated w i th r ibosomal prote in (RP) aberrations. However , the mechanism b y w h i c h this disorder 

leads to such a specific phenotype remains unclear. Even more elusive is the reason w h y non-specific 

agents such as g lucocort icostero ids (GCs) , also k n o w n as g lucocor t i co ids , are. an effective therapy 

for D B A , In this rev iew, w e (1) explore w h y G C s are successful i n D B A treatment, (2) d iscuss the 

effect o f G C s o n erythropoiesis, a n d (3) summar ise the G C impact o n cruc ia l pa thways deregulated 

in D B A . Furthermore, we show that G C s do not regulate D B A erythropoiesis v i a a single mechanism 

but more l i ke l y v ia several interdependent pathways. 

K e y w o r d s : D iamond-B lack fan anaemia; g lucocort icosteroid; erythropoiesis; G A T A 1 ; c-myc; m T O R ; 

autophagy 

1. Introduction 

H u m a n e r y t h r o c y t e s d i f f e r f r o m o t h e r ce l l s b e c a u s e o f t h e i r p a r t i c u l a r s h a p e , l a c k o f 

o r g a n e l l e s , a n d t r a n s p o r t a t i o n o f o x y g e n v i a h a e m o g l o b i n . E r y t h r o p o i e s i s i s a c o m p l e x 

d i f f e r e n t i a t i o n p r o c e s s i n w h i c h ce l l s d i s c a r d s e v e r a l o r g a n e l l e s , f r o m m i t o c h o n d r i a to the 

n u c l e u s , a n d d r a m a t i c a l l y i n c r ease h a e m o g l o b i n p r o d u c t i o n . T h e s e m u l t i f a c e t e d c h a n g e s 

ne ed to b e t i g h t l y r e g u l a t e d b y n u m e r o u s factors , a n d a n y d i s r u p t i o n i n s i g n a l l i n g d u r i n g 

e r y t h r o p o i e s i s m a y l e ad to a n a e m i a . 

D i a m o n d - B l a c k f a n a n a e m i a ( D B A ) [1] is a r a r e c o n g e n i t a l d i s e a s e u s u a l l y d i a g n o s e d 

s h o r t l y a f ter b i r t h . D e s p i t e n o r m a l p l a t e l e t a n d n e u t r o p h i l c o u n t s , p a t i e n t s p r e s e n t w i t h 

m a c r o c y t i c o r n o r m o c y t i c a n a e m i a , r e t i c u l o c y t o p e n i a , a n d a sho r t age of e r y t h r o c y t e p r e c u r 

so r s [2], P a t i e n t s w i t h D B A a l so m a n i f e s t p h y s i c a l m a l f o r m a t i o n s , m a i n l y c r a n i o f a c i a l a n d 

u p p e r l i m b , a n d g r o w t h r e t a r d a t i o n i n a p p r o x i m a t e l y 35—50% o f cases [3]. 

T h e f i r s t g e n e a s s o c i a t e d w i t h D B A w a s R P S 1 9 [4]. I n t e r e s t i ng l y , R P S 1 9 v a r i a n t s 

a c c o u n t f o r a p p r o x i m a t e l y 2 5 % o f a l l D B A cases [5]. O v e r the last y e a r s , the n u m b e r o f R P 

genes a s s o c i a t e d w i t h D B A i n c r e a s e d ; cu r r en t l y , there are 16 r i b o s o m a l p r o t e i n a b e r r a t i o n s 

l i n k e d t o the d i s e a s e , i n v o l v i n g b o t h l a r g e a n d s m a l l R P g e n e s [6]. R a r e l y , n o n - r i b o s o m a l 

p r o t e i n g e n e a b n o r m a l i t i e s w e r e a l s o a s s o c i a t e d w i t h D B A , f o r i n s t a n c e i n t r a n s c r i p t i o n 

f a c t o r G A T A 1 [7], i r o n m e t a b o l i s m g e n e SLC49A1 [8], a n d r i b o s o m e m a t u r a t i o n f a c t o r 

T S R 2 [9]. T h e m o l e c u l a r p a t h o l o g y o f a p p r o x i m a t e l y 2 0 - 5 0 % o f cases r e m a i n s u n k n o w n ; 

n o n e t h e l e s s , a n u m b e r o f c a n d i d a t e D B A g e n e s i s c o n t i n u a l l y i n c r e a s i n g w i t h h i g h e r 

p e n e t r a t i o n o f h i g h - t h r o u g h p u t D N A s e q u e n c i n g t e c h n o l o g i e s in to the c l i n i c . 

T h e a b e r r a t i o n o f r i b o s o m a l p r o t e i n s (RPs ) r e s u l t s i n a d e c r e a s e d n u m b e r o f a v a i l 

ab l e r i b o s o m e s w i t h a c o n s e q u e n t d r o p i n t r a n s l a t i o n a l a c t i v i t y [10]. A r e d u c e d n u m b e r 

o f r i b o s o m e s l e a d s t o a n i m b a l a n c e b e t w e e n t r a n s l a t e d a n d n o n - t r a n s l a t e d m R N A [11]. 

F u r t h e r m o r e , R P de fec ts m a y r e s u l t i n r i b o s o m a l s t ress [12], p 5 3 a c t i v a t i o n [12], a l t e r e d 
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m T O R s i g n a l l i n g [13], c - M y c [14] d e r e g u l a t i o n , a n d o the r s t r ess - r e l a t ed p rocesses ( F i g u r e 1). 

D e r e g u l a t i o n o f a n y o f t h e s e s i g n a l a n d m e t a b o l i c p a t h w a y s m a y r e s u l t i n a n a e m i a . 

F i g u r e 1. R e g u l a t i o n of r e l evant s i g n a l l i n g p ro te ins a n d p a t h w a y s leve ls i n D B A versus 

n o r m a l e ry thropo i es i s ( H S C : hema topo i e t i c s t em ce l ls , B F U - E : b u r s t - f o r m i n g u n i t - e r y t h r o i d , 

C F U - E : C o l o n y - f o r m i n g un i t - e ry thro id ) . 

A s f o r m a n y o t h e r r a r e d i s e a s e s , t h e r a p e u t i c o p p o r t u n i t i e s i n D B A a re i n a d e q u a t e . 

T h e f i r s t - l i n e n o n - s p e c i f i c t h e r a p y u s u a l l y i n c l u d e s g l u c o c o r t i c o s t e r o i d s ( G C s ) . H o w e v e r , 

t r e a t m e n t r e s p o n s e i s l i m i t e d , a n d l o n g - t e r m u s e i s a s s o c i a t e d w i t h d r u g r e s i s t a n c e a n d 

s i g n i f i c a n t s i d e ef fects [2]. B l o o d t r a n s f u s i o n a n d i r o n c h e l a t i o n a r e u s u a l l y r e s e r v e d f o r G C 

n o n - r e s p o n d e r [15]. A l t h o u g h s o m e a l t e r n a t i v e t h e r a p i e s s u c h as L - l e u c i n e s u p p l e m e n t a 

t i o n t o s t i m u l a t e d e f i c i e n t p r o t e i n s y n t h e s i s h a v e b e e n u s e d , the o n l y p e r m a n e n t t r e a t m e n t 

o f D B A is b o n e m a r r o w t r a n s p l a n t a t i o n [15]. H o w e v e r , b o n e m a r r o w r e p l a c e m e n t i s a h i g h -

r i s k p r o c e d u r e r e s e r v e d f o r t r a n s f u s i o n - d e p e n d e n t i n d i v i d u a l s . R e c e n t l y , t h e a p p r o v e d 

g e n e t h e r a p y f o r b e t t a t h a l a s s e m i a i s a l s o h o p e f o r m a n y o t h e r c o n g e n i t a l a n a e m i a s [16]. 

F o r D B A , g e n e t h e r a p y w a s a l r e a d y s u c c e s s f u l l y t e s t ed i n m i c e [17], a n d i t s f u r t h e r d e v e l o p 

m e n t i s o n g o i n g . N e v e r t h e l e s s , i n c o n t r a s t to t h a l a s s e m i a , w h e r e o n l y h e m a t o p o i e t i c c e l l s 

a r e a f f e c t e d , D B A c a u s e s c o m p l e x s i g n a l l i n g a n d m e t a b o l i c a b n o r m a l i t i e s i n m a n y o t h e r 

t i s s u e s , w h i c h w i l l b e d i f f i c u l t to c o r r e c t b y c u r r e n t l y a v a i l a b l e g e n e t h e r a p y t e c h n o l o g i e s . 

G l u c o c o r t i c o s t e r o i d s ( G C s ) [18] g e n e r a l l y i m p r o v e e r y t h r o p o i e s i s [19] a n d a r e f r e 

q u e n t l y u s e d f o r D B A t r e a t m e n t [3]. H o w e v e r , t h e m e c h a n i s m b y w h i c h G C s a m e l i o r a t e 

D B A i s e l u s i v e [ 19 -21 ] . T h e p r e s e n t r e v i e w a i m s t o a n a l y s e t h e p o s s i b l e p a t h w a y s t h a t 

m a y b e a f f e c t e d b y G C s a n d i m p r o v e D B A p a t h o l o g y . T h i s i s p a r t i c u l a r l y i m p o r t a n t i n 

t h e d e v e l o p m e n t o f m o r e e f f i c i e n t a n d t a r g e t e d D B A t h e r a p i e s w i t h o u t g l u c o c o r t i c o i d 

s i d e e f fects . 

2. G lucocor t icostero ids 

G C s a r e s t r e s s h o r m o n e s p r o d u c e d i n t h e a d r e n a l c o r t e x . T h e y r e g u l a t e d i v e r s e 

c e l l u l a r f u n c t i o n s , i n c l u d i n g d e v e l o p m e n t , h o m e o s t a s i s , m e t a b o l i s m , c o g n i t i o n , a n d i n 

f l a m m a t i o n [22]. G C s a r e w i d e l y u s e d as t r e a t m e n t s for a b r o a d r a n g e o f p a t h o l o g i e s , f r o m 

a u t o i m m u n e s y n d r o m e s a n d a l l e r g y t o c a n c e r [23]. A l t h o u g h G C s h a v e a w i d e r a n g e o f 

a p p l i c a t i o n s , t h e i r u s e i s l i m i t e d b y s e v e r e a d v e r s e e f fects, e s p e c i a l l y i n l o n g - t e r m o r h i g h -

d o s e t h e r a p i e s . P o s s i b l e s i d e ef fects i n c l u d e o s t e o p o r o s i s , s k i n a t r o p h y , d i a b e t e s , a b d o m i n a l 

o b e s i t y , g l a u c o m a , c a t a r a c t s , a v a s c u l a r n e c r o s i s a n d i n f e c t i o n , g r o w t h r e t a r d a t i o n , a n d 

h y p e r t e n s i o n [24]. 

A p p r o x i m a t e l y 8 0 % o f D B A p a t i e n t s r e s p o n d t o i n i t i a l G C t r e a t m e n t w i t h a s t a r t i n g 

d o s e o f 2 m g / k g p e r d a y f o r a m a x i m u m o f 4 w e e k s t o a v o i d G C t o x i c i t y i n c h i l d r e n [2,25]. 

T h e m o s t s e r i o u s G C a d v e r s e e f f ec ts i n i n f a n t s i n c l u d e i m m u n o s u p p r e s s i o n a n d s u s 

c e p t i b i l i t y t o i n f e c t i o n , w e i g h t g a i n , g r o w t h r e t a r d a t i o n , o s t e o n e c r o s i s , a n d C u s h i n g o i d 

f e a tu r e s [25]. 
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T h e m a j o r i t y o f G C ef fects a r e m e d i a t e d b y the g l u c o c o r t i c o i d r e c e p t o r ( G C R ) . G C R i s 

e n c o d e d b y the NR3C1 g e n e l o c a t e d o n c h r o m o s o m e 5 a n d is a l i g a n d - a c t i v a t e d t r a n s c r i p 

t i o n factor . In an i n a c t i v e f o r m , G C R i s p r e d o m i n a n t l y l o c a t e d i n the c y t o p l a s m i n c o m p l e x 

w i t h c h a p e r o n e p r o t e i n s a n d i m m u n o p h i l i n s [26]. H o w e v e r , i t s c o n f o r m a t i o n c h a n g e s 

u p o n l i g a n d b i n d i n g , w h e r e u p o n i t d i s a s s o c i a t e s f r o m the c o m p l e x a n d t r a n s l o c a t e s t o the 

n u c l e o l u s , w h e r e i t b i n d s t o G C R s e q u e n c e s a n d i n i t i a t e s t h e e x p r e s s i o n o f t a r g e t g e n e s . 

I n t e r e s t i n g l y , G C R - m e d i a t e d e x p r e s s i o n i s t i s s u e spec i f i c , a n d o n l y a s m a l l n u m b e r o f g e n e s 

a r e a c t i v a t e d i n a l l t i s s u e s [27]. T h i s i s p r o b a b l y c a u s e d b y t i s s u e - s p e c i f i c D N A m e t h y -

l a t i o n [28]. F u r t h e r m o r e , i n a d d i t i o n t o e x p r e s s i o n i n i t i a t i o n , a c t i v a t e d G C R c a n i n t e r a c t 

w i t h o t h e r p r o t e i n s . F o r e x a m p l e , i t c a n m o d u l a t e t h e a c t i v i t y o f s e v e r a l k i n a s e s [29] a n d 

r e g u l a t e G A T A 1 d u r i n g e r y t h r o p o i e s i s [30]. 

M o r e o v e r , G C R h a s s e v e r a l i s o f o r m s [31] a n d i s h i g h l y p o l y m o r p h i c [32]. T h e g e n e t i c 

v a r i a b i l i t y o f G C R c a n a f fec t b o d y m a s s i n d e x , b o n e d e n s i t y o r c o r o n a r y a r t e r y d i s e a s e s , 

p r o b a b i l i t y o f d e v e l o p i n g t y p e II d i a b e t e s a n d G C t r e a t m e n t o u t c o m e [33,34]. T h i s a l s o 

a p p l i e s i n D B A . S u r p r i s i n g l y , t h e v a r i a b i l i t y o f G C R s e e m s to h a v e n o o r m i n o r i m p a c t o n 

G C t r e a t m e n t o u t c o m e i n D B A [35]. H o w e v e r , i t s e e m s to m o d u l a t e the o n s e t o f d i s e a s e [35]. 

It h a s b e e n s h o w n t h a t p a r t i c u l a r S N P s ( r s6196 a n d r s860457 ) i n G C R r e s u l t i n e a r l y o n s e t 

o f D B A , w h i c h c a n b e c a u s e d b y a m o d i f i e d G C r e s p o n s e d u r i n g e m b r y o g e n e s i s [35]. 

3. T h e P r imary D e f e c t i n D B A C e l l s 

It i s n o t f u l l y u n d e r s t o o d h o w R P a b e r r a t i o n c ause s r e d b l o o d c e l l a p l a s i a . A p l a u s i b l e 

m e c h a n i s m i n v o l v e s a g a p b e t w e e n t r a n s c r i p t i o n a n d t r a n s l a t i o n [11]. T h e c o m m o n f ea tu r e 

o f D B A i s a d e c r e a s e d n u m b e r o f a v a i l a b l e r i b o s o m e s , r e s u l t i n g i n d e c r e a s e d t r a n s l a t i o n a l 

a c t i v i t y [10]. S e v e r a l m R N A s a r e p a r t i c u l a r l y a f f e c t e d b y D B A r i b o s o m e i m p a i r m e n t . 

A m o n g t h e c r i t i c a l l y a f f e c t e d c o m p l e x e s a r e I R E S - m e d i a t e d m R N A a n d m R N A s w i t h 

c o m p l e x 5 ' U T R r e g i o n s [36], 

G A T A 1 , the s p e c i f i c e r y t h r o p o i e s i s m a s t e r r e g u l a t o r , i s a f f ec ted i n D B A [37]. G A T A 1 i s 

e x p r e s s e d d u r i n g the f i n a l s t eps o f e r y t h r o c y t e d e v e l o p m e n t . It is r e s p o n s i b l e f o r t r i g g e r i n g 

h a e m o g l o b i n t r a n s c r i p t i o n , e l i m i n a t i n g o r g a n e l l e s a n d i n d u c i n g o t h e r g e n e s r e l a t e d t o the 

t e r m i n a l s t e p s o f e r y t h r o p o i e s i s [38]. A l t h o u g h G A T A 1 m R N A l e v e l s a r e s l i g h t l y i n c r e a s e d 

o r s i m i l a r i n R P d e p l e t e d c e l l s o r D B A p a t i e n t s c o m p a r e d t o c o n t r o l s , p r o t e i n l e v e l s a r e 

d o w n r e g u l a t e d [38]. T h e o r i g i n o f t h i s p h e n o m e n o n i s r e l a t e d to the c o m p l e x 5 ' U T R r e g i o n 

o f t h e g e n e [38]. G A T A 1 p r o t e i n l e v e l s a r e r e s t o r e d a n d o v e r a l l e r y t h r o i d d i f f e r e n t i a t i o n is 

i m p r o v e d w h e n G A T A 1 5 ' U T R r e g i o n is s u b s t i t u t e d w i t h l e ss c o m p l e x o n e [38], 

It h a s b e e n p o s t u l a t e d t h a t D B A r e d b l o o d c e l l s p h e n o t y p e i s i n d u c e d b y G A T A 1 

t r a n s l a t i o n i n h i b i t i o n [37]. G A T A 1 i s e x p r e s s e d w h e n c o m m i t t e d c e l l s a r e i n t h e c o l o n y -

f o r m i n g u n i t - e r y t h r o i d ( C F U - E ) s t a g e o f r e d b l o o d c e l l ( R B C ) d e v e l o p m e n t [39]. A t t h i s 

s t age , d o w n r e g u l a t i o n o f G A T A 1 p r o t e i n l e a d s t o a p o p t o s i s [40] , w h i c h i s c o n s i s t e n t w i t h 

t h e D B A p h e n o t y p e . F u r t h e r m o r e , i f R B C p r e c u r s o r s e s c a p e a p o p t o s i s a t t h e C F U - E 

s t a g e , G A T A 1 d e c r e a s e d s i g n a l l i n g m a y l e a d t o i m p a i r e d c e l l r e s p o n s e s i n l a t e r R B C 

d e v e l o p m e n t a l s t a g e s . I n t e r e s t i n g l y , m u t a t i o n s i n t h e G A T A 1 g e n e h a v e b e e n d e s c r i b e d 

i n s e v e r a l D B A - l i k e p a t i e n t s [7,41]. H o w e v e r , a l t h o u g h t h e s e p a t i e n t s s h o w e d i m p a i r e d 

e r y t h r o p o i e s i s s i m i l a r to D B A , o t h e r t y p i c a l f ea tures , s u c h as p h y s i c a l m a l f o r m a t i o n s , w e r e 

m i s s i n g [7,41]. F u r t h e r m o r e , a r s e n i c - i n d u c e d d i s r u p t i o n o f G A T A 1 a l s o l e a d s to D B A - l i k e 

e r y t h r o p o i e s i s d i s r u p t i o n [42]. 

R e c e n t f i n d i n g s h a v e s u g g e s t e d tha t e r y t h r o p o i e s i s f a i l u r e i n D B A is m o r e c o m p l i c a t e d 

t h a n p r e v i o u s l y t h o u g h t . M o r e s p e c i f i c a l l y , i t s e e m s t h a t G A T A 1 i m p a i r m e n t p l a y s a c r u c i a l 

r o l e i n t h e D B A p h e n o t y p e b u t o n l y i n r i b o s o m a l p r o t e i n s o f s m a l l - ( R P S ) a n d n o t l a r g e 

( R P L ) s u b u n i t - r e l a t e d d i s o r d e r s [43]. 

4. G C s a n d G A T A 1 

I m p a i r e d G A T A 1 p r o t e i n l e v e l s s e e m to b e t h e p r i m a r y d e f e c t i n D B A R B C p r e c u r s o r 

c e l l s [44]. T h e r e f o r e , i t c o u l d b e s u g g e s t e d tha t G C s r e s t o r e G A T A 1 t r a n s l a t i o n a n d r e l a t e d 

s i g n a l l i n g p a t h w a y s , a n d c o n s e q u e n t l y i n c r e a s e e r y t h r o c y t e p r e c u r s o r c o u n t s . H o w e v e r , 
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G C s d o n o t i n c r e a s e G A T A 1 b u t d e p l e t e it. G C s i n h i b i t G A T A 1 b y t r a n s c r i p t i o n a l r e p r e s s i o n 

a n d d i r e c t i n t e r a c t i o n o f G C R s w i t h G A T A 1 [25]. G C s a l s o d e c r e a s e p r o t e i n s y n t h e s i s i n 

c e l l s t h r o u g h m T O R a n d s u b s e q u e n t S 6 k i n a s e i n h i b i t i o n [45]. T h i s r e d u c t i o n a f f e c t s t h e 

l e v e l s o f H S P 7 0 [46], a c h a p e r o n e t h a t p r o t e c t s G A T A 1 f r o m c a s p a s e - 3 d e g r a d a t i o n d u r i n g 

e r y t h r o p o i e s i s [40]. T h e r e f o r e , G C s d o n o t s e e m t o i n c r e a s e G A T A 1 l e v e l s b u t i n s t e a d 

d e p l e t e t h e m . 

G C s c a n p r o m o t e e r y t h r o p o i e s i s b y t w o m e c h a n i s m s to o v e r c o m e G A T A 1 i m p a i r m e n t . 

F i r s t l y , G C s c a n ac t b e f o r e t h e C F U - E s t age a n d i n c r e a s e t h e n u m b e r o f C F U - E p r e c u r s o r s . 

S e c o n d l y , e v e n t h o u g h G C s d o n o t r e s c u e G A T A 1 , t h e y c a n r e g u l a t e G A T A 1 - r e l a t e d s t eps 

i n e r y t h r o p o i e s i s , as d i s c u s s e d f u r t h e r b e l o w . 

5. R o l e o f G C s i n C F U - E P r e c u r s o r s 

S t r e s s e r y t h r o p o i e s i s m a y b e c a u s e d b y b l o o d l o s s , o x y g e n d e p r i v a t i o n , h a e m o l y t i c 

a n a e m i a a n d l o n g - t e r m s t r ess [47] ( F i g u r e 2) . T h i s t y p e o f e r y t h r o p o i e s i s l e a d s to t h e r a p i d 

p r o l i f e r a t i o n o f R B C p r e c u r s o r s d r i v e n b y e r y t h r o p o i e t i n (Epo ) a n d G C s [21 ]. B e c a u s e D B A 

f u l f i l s s e v e r a l c r i t e r i a , w e c a n h y p o t h e s i s e t h a t s t r ess e r y t h r o p o i e s i s p l a y s a c r u c i a l r o l e i n 

R B C d e v e l o p m e n t i n D B A p a t i e n t s . 

HSC BFU-E CFU-E proerytroblast reticulocyte 

Normal . ^SSSL . MK^k £CeV 
errytropoesis • / fgZ J » v J J J • 

Epo induction 

Stress 
errytropoesis 

Myb, Kit, Lmo2 rapid proerytroblast production 
stimulation and after Epo stimulation 
GATA1 inhibition 

F i g u r e 2. Schematic o ve r v i ew of stress versus n o r m a l erythropoies is . ( H S C : hematopo ie t i c s t em cells, 

B F U - E : burst - forming uni t -erythro id , C F U - E : co lony- forming uni t -erythro id , Epo : erythropoietin). 

W h e n the b o d y i s u n d e r s t r ess , C o r t i s o l , t h e i n t r i n s i c m a s t e r G C , i n d u c e s m a n y p h y s i o 

l o g i c a l r e s p o n s e s . O n e o f t h e m is t o s t i m u l a t e t h e p r o d u c t i o n o f E p o [48] i n the k i d n e y s [49]. 

E p o i n t u r n s t i m u l a t e s C F U - E , a n d i t s p r i m a r y targe t i s G A T A 1 [50]. D u e to G A T A 1 i m p a i r 

m e n t , D B A i s o n e o f v e r y f e w E p o i n s e n s i t i v e a n a e m i a s [51]. T h e r e f o r e , w e c a n s p e c u l a t e 

t h a t E p o i n d u c t i o n v i a s t r e s s e r y t h r o p o i e s i s p r o b a b l y d o e s n o t l e a d t o D B A p h e n o t y p e 

i m p r o v e m e n t . 

G C s i n d u c e s t r e s s e r y t h r o p o i e s i s a l s o d i r e c t l y b y a c t i v a t i n g G C R [19]. F u r t h e r m o r e , 

a c t i v a t i o n o f G C R i s c o n d i t i o n a l f o r s t r ess e r y t h r o p o i e s i s [19] a n d s t i m u l a t e s s e v e r a l t r a n 

s c r i p t i o n f a c t o r s n e c e s s a r y f o r b u r s t f o r m i n g u n i t - e r y t h r o i d ( B F U - E ) , C F U - E p r e c u r s o r , 

c e l l p r o l i f e r a t i o n , s p e c i f i c a l l y M y b , K i t a n d L m o 2 [52]. T o g e t h e r w i t h G A T A 1 i n h i b i t i o n , 

t h ese t r a n s c r i p t i o n f a c t o r s s t i m u l a t e t h e r a p i d p r o l i f e r a t i o n o f B F U - E c e l l s . T h i s i n d u c t i o n 

p a t h w a y i s s p e c i f i c t o B F U - E c e l l s a n d i n c r e a s e s t h e n u m b e r o f C F U - E p r e c u r s o r c e l l s b y 

u p t o 1 0 - f o l d [53]. T h u s , a n i n c r e a s e d n u m b e r o f C F U - E c e l l s a r e g e n e r a t e d , w h i c h , a f t e r 

E p o s t i m u l a t i o n , u n d e r g o r a p i d d i f f e r e n t i a t i o n [47]. H e n c e , s t r ess e r y t h r o p o i e s i s r e s u l t s i n 

a s i g n i f i c a n t i n c r e a s e i n R B C n u m b e r o r i g i n a t i n g f r o m o n e p r e c u r s o r c e l l . 

F u r t h e r m o r e , i t s e e m s t h a t s t r ess e r y t h r o p o i e s i s i m p a i r m e n t p l a y s a c r u c i a l r o l e m a i n l y 

i n R F L - r e l a t e d D B A , a n d i t s e x t e r n a l s t i m u l a t i o n b y G C t r e a t m e n t m a y r e s u l t i n r e s t o r a t i o n 

o f t h i s p a t h w a y [43]. 
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6. Regu l a t i on of R i b o s o m a l Stress and p53 

It h a s b e e n s u g g e s t e d tha t a p o p t o s i s i n D B A R B C p r e c u r s o r s is c a u s e d b y p 5 3 i n d u c t i o n 

v i a r i b o s o m a l s t r e s s [54], H o w e v e r , t h i s h y p o t h e s i s h a s b e e n p a r t i a l l y r e f u t e d s i n c e t h e 

h a p l o i n s u f f i c i e n c y o f m o s t R P s d o e s n o t l e a d t o p 5 3 s t i m u l a t i o n v i a r i b o s o m a l s t r e s s 

m e c h a n i s m s [55]. E v e n t h o u g h ribosomal s t r ess a n d p 5 3 s i g n a l l i n g a r e c r i t i c a l f o r n o r m a l 

e r y t h r o p o i e s i s [56], t h e a c t i v a t i o n o f p 5 3 i n D B A i s m o s t l i k e l y m e d i a t e d b y i m p a i r e d 

m e t a b o l i s m a n d D N A d a m a g e [6,57]. 

U n f o r t u n a t e l y , i t i s d i f f i c u l t t o e l u c i d a t e t h e i n t e r p l a y b e t w e e n p 5 3 a n d G C s . O n t h e 

o n e h a n d , G C s d e c r ea s e p 5 3 l e v e l s [58], w h e r e a s o n the o t h e r h a n d , i n c r e a s e d p 5 3 , c o m m o n 

i n D B A ce l l s , l i m i t s p r o p e r G C s r e c e p t o r a c t i v a t i o n [59], M o r e o v e r , G C s d o n o t o n l y r e g u l a t e 

p 5 3 d i r e c t l y b u t a l s o i n d i r e c t l y b y r e d u c i n g p 5 3 a c t i v a t i o n s i g n a l s . 

A s m e n t i o n e d a b o v e , i n a d d i t i o n t o ribosomal s t r ess , p 5 3 c o u l d b e a c t i v a t e d b y H E M -

m e d i a t e d R O S p r o d u c t i o n [60,61] , A l t h o u g h i t h a s b e e n r e p o r t e d t h a t G C s r e d u c e R O S 

s p e c i e s [ 62 -64 ] , t h e i r o v e r a l l i n f l u e n c e o n R O S p r o d u c t i o n i s a m b i g u o u s [65], M o r e s p e c i f i 

c a l l y , i t s e e m s t h a t s h o r t - t e r m G C u s a g e l e a d s t o a r e d u c t i o n i n R O S g e n e r a t i o n , w h e r e a s 

l o n g - t e r m e x p o s u r e l e a d s t o R O S i n d u c t i o n [65], F u r m e r m o r e , i n c r e a s e d R O S l e v e l s h a v e 

b e e n d e t e c t e d i n D B A p a t i e n t s r e g a r d l e s s o f t r e a t m e n t [60], T h e r e f o r e , G C - m e d i a t e d p 5 3 

r e g u l a t i o n d o e s n o t s e e m to re f l ec t R O S l e v e l s . T h u s , t h e p r e c i s e m e c h a n i s m b y w h i c h G C s 

m o d u l a t e p 5 3 l e v e l s i n D B A r e m a i n s m y s t e r i o u s . N e v e r t h e l e s s , w e c a n c o n c l u d e t h a t G C 

t r e a t m e n t i m p r o v e s p 5 3 s t a t u s i n D B A [66]. 

7. Regu l a t i on of Enuc l ea t i on th rough c - M y c 

E n u c l e a t i o n is a c r i t i c a l s t e p i n e r y t h r o p o i e s i s , i n w h i c h t h e c e l l s l o s e a m a j o r p a r t o f 

t h e n u c l e u s t o g e n e r a t e r e t i c u l o c y t e s . I n h i b i t i o n o f t h i s p r o c e s s m a y e x p l a i n r e t i c u l o c y -

t o p e n i a i n D B A p a t i e n t s [67]. B e f o r e e n u c l e a t i o n , t h e n u c l e o l u s m u s t b e c o n d e n s e d a n d 

h i s t o n e s d e a c e t y l a t e d . 

P r o t e i n c - M y c i s a m a s t e r t r a n s c r i p t i o n f a c t o r tha t p r o m o t e s a n d r e g u l a t e s p r o l i f e r a t i o n , 

t r a n s c r i p t i o n , t r a n s l a t i o n a n d c e l l u l a r m e t a b o l i s m w i t h a n i m p o r t a n t r o l e i n s e v e r a l c e l l 

t r a n s d u c t i o n p a t h w a y s [68]. G A T A 1 s i l e n c e s c - M y c e x p r e s s i o n i n R B C p r e c u r s o r s [37], 

w h i c h h i g h l i g h t s t h e i m p o r t a n c e o f c - M y c d u r i n g e r y t h r o p o i e s i s . O n l y a s l i g h t i n c r e a s e 

i n c - M y c l e v e l s d i s a b l e s e n u c l e a t i o n a n d r e t i c u l o c y t e d e v e l o p m e n t b y i m p a i r i n g h i s t o n e 

d e a c e t y l a s e s [68]. A c t i v a t e d c - M y c a l s o i n d u c e s p r o e r y t h r o b l a s t a p o p t o s i s d u r i n g R B C 

d e v e l o p m e n t [68]. 

c - M y c i s d e r e g u l a t e d i n D B A i n m u l t i p l e w a y s . D o w n r e g u l a t e d G A T A 1 i s p r o b a b l y 

t h e c e n t r a l f a c t o r l e a d i n g t o u p r e g u l a t i o n o f c - M y c i n a l l D B A e r y t h r o i d p r o g e n i t o r s . 

I n t e r e s t i n g l y , s o m e R P s a f f e c t ed i n D B A r e g u l a t e c - M y c o n t h e i r o w n , e.g., R P L U a n d R P L 5 . 

B o t h these R P s r e g u l a t e ribosomal s t r e s s i n d u c t i o n [69] a n d c - M y c r e g u l a t i o n [70] a t m R N A 

a n d p r o t e i n l e v e l s [14]. I m p a i r m e n t o f R P L 5 a n d R P L 1 1 h a s a l s o b e e n a s s o c i a t e d w i t h a 

m o r e s e v e r e D B A p h e n o t y p e [71 ]. I n a d d i t i o n , c - M y c d r i v e n l y m p h o m a g e n e s i s h a s b e e n 

o b s e r v e d i n a D B A m o u s e m o d e l [14]. I n t e r e s t i n g l y , s i m i l a r o r i d e n t i c a l m u t a t i o n s o f t h o s e 

R P s r e p o r t e d i n D B A h a v e a l s o b e e n d e t e c t e d i n s o m e c a n c e r s [72,73] , c h a r a c t e r i z e d b y p 5 3 

d e a c t i v a t i o n a n d a c t i v a t i o n o f c - M y c s i g n a l l i n g . 

G C s t r a n s c r i p t i o n a l l y r e p r e s s c - M y c e x p r e s s i o n [74], l e a d i n g t o c e l l c y c l e a r r e s t w i t h 

o u t a p o p t o s i s , w h i c h i s n e c e s s a r y f o r p r o p e r R B C d i f f e r e n t i a t i o n [75]. I n D B A , G C s 

m a y s u p p o r t e n u c l e a t i o n d u r i n g e r y t h r o p o i e s i s , a n d t h u s p r e v e n t r e t i c u l o c y t o p e n i a b y 

d o w n r e g u l a t i n g c - M y c . 

8. m T O R Pathway and A u t o p h a g y 

A u t o p h a g y i s c r u c i a l i n R B C d e v e l o p m e n t [76], D u r i n g e r y t h r o c y t e d i f f e r e n t i a t i o n , 

c e l l s d i s c a r d a n d / o r r e c y c l e m o s t s u b c e l l u l a r s t r u c t u r e s , s t a r t i n g f r o m m i t o c h o n d r i a to the 

n u c l e u s . T h e n u c l e u s i s r e m o v e d t h r o u g h t h e e n u c l e a t i o n s t e p , w h e r e a s o t h e r o r g a n e l l e s 

a r e t y p i c a l l y r e m o v e d v i a a u t o p h a g y [77]. A u t o p h a g y i s a c t i v a t e d b y G A T A 1 [78] a n d 

m T O R [79] m e d i a t e d i n d u c t i o n o f a u t o p h a g y g e n e s t r a n s c r i p t i o n . N o t a b l y , i n c r e a s e d m T O R 

l e a d s to m a c r o c y t i c a n a e m i a [80] , c o n s i s t e n t w i t h t h e D B A p h e n o t y p e [81]. 
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m T O R h a s a d u a l r o l e i n R B C d e v e l o p m e n t [82]. Its a c t i v i t y i s n e c e s s a r y f o r p r o p e r 

B F U - E a n d C F U - E c e l l p r o l i f e r a t i o n i n the p r i m a r y s t e p s o f R B C d e v e l o p m e n t . B u t i n l a t e r 

s t eps o f e r y t h r o p o i e s i s , i t n e e d s t o b e s i l e n c e d fo r a u t o p h a g y i n d u c t i o n . m T O R i s k n o w n to 

b e a c t i v a t e d i n D B A c e l l s [13]. A c t i v a t e d m T O R i n D B A p r o b a b l y f a c i l i t a t e s t h e i n c r e a s e d 

p r o l i f e r a t i o n o f B F U - E a n d C F U - E c e l l s a n d i n a b a c k - l o o p m a n n e r s t i m u l a t e s d e f i c i e n t 

p r o t e i n t r a n s l a t i o n S 6 - k i n a s e a c t i v a t i o n a n d i n t u r n R P S 6 p h o s p h o r y l a t i o n [83]. 

F u r t h e r m o r e , L - l e u c i n e , a n i n d u c t o r o f m T O R a c t i v a t i o n , i s r o u t i n e l y u s e d as a D B A 

t r e a t m e n t b u t w i t h a v a r i a b l e r e s p o n s e ra te [84,85]. T h u s , w e s u g g e s t i n d u c t i o n o f m T O R i s 

b e n e f i c i a l f o r D B A c e l l s , e s p e c i a l l y d u r i n g R B C d e v e l o p m e n t u n t i l t h e C F U - E s t a g e . O n 

t h e o t h e r h a n d , c o n s t i t u t i v e m T O R i n d u c t i o n d u r i n g t e r m i n a l d i f f e r e n t i a t i o n m a y l e a d 

t o a u t o p h a g y f a i l u r e , f o l l o w e d b y a b e r r a t i o n o f t h e f i n a l e r y t h r o p o i e s i s s t e p s . W e c a n 

s p e c u l a t e t h a t t h i s m a y b e t h e u n d e r l y i n g m e c h a n i s m i n D B A b e c a u s e D B A e r y t h r o i d 

p r e c u r s o r s t r e a t e d b y r a p a m y c i n , a n m T O R i n h i b i t o r , h a v e b e e n s h o w n to i n c r e a s e t h e 

p r o l i f e r a t i o n o f l a t e e r y t h r o i d c e l l s i n D B A [86]. 

In D B A , a u t o p h a g y i s i n c r e a s e d d e s p i t e m T O R a c t i v a t i o n [13]. It s e e m s t o b e i n d u c e d 

b y R O S 160], h y p o x i a [87] o r s o m e m T O R - i n d e p e n d e n t p a t h w a y s [88] . H o w e v e r , m T O R -

i n d e p e n d e n t a u t o p h a g y m a y n o t b e s u f f i c i e n t f o r p r o p e r R B C d e v e l o p m e n t [89]. T h e r e f o r e , 

a u t o p h a g y i n d u c t i o n m a y o f f e r a p o s s i b l e t a r ge t f o r f u t u r e t r e a t m e n t o f D B A p a t i e n t s [86]. 

I n h i b i t i o n o f m T O R b y G C s f o l l o w e d b y a u t o p h a g y h a s b e e n d e s c r i b e d i n s e v e r a l c e l l 

t y p e s [ 90 -92 ] . T h e r e f o r e , a p l a u s i b l e h y p o t h e s i s i s t h a t G C s m a y a l s o i m p r o v e e r y t h r o 

p o i e s i s b y m o d u l a t i n g m T O R , a n d s u b s e q u e n t l y a u t o p h a g y . T h e o t h e r i m p o r t a n t p a t h w a y 

i s i n a c t i v a t i o n o f A k t s i g n a l l i n g b y G C s i n D B A c e l l s [13,93] . E v e n t h o u g h G C - i n d u c e d 

m T O R i n a c t i v a t i o n m a y l e a d t o d e c r e a s e d p r o l i f e r a t i o n o f B F U - E a n d C F U - E c e l l s [82] , 

s t r e s s - i n d u c e d e r y t h r o p o i e s i s m a y c o m p e n s a t e f o r t h i s [39] ( F i g u r e 3). 

BFU-E CFU-E 

Normal 

proerytroblast reticulocyte 

DBA 

/ 

autophagy problem due to mTor 
and GAT A i deregulation 

m \ 

\ 
death due to GATA1 impairment 

GCs BFU-E induction 

failed enucleation due to c-Myc up regulation 

itophagy problem due to mTor 
and GATAi deregulation 

failed enucleation due to c-Myc upregulal 

death due to GATAI impairment 

F i g u r e 3. Poss ib l e m e c h a n i s m i n v o l v e d i n G C - m e d i a t e d i m p r o v e m e n t o f D B A e ry thropo i es i s , 

( H S C : hematopo i e t i c s tem ce l ls , B F U - E : h u r s t - f o r m i n g n n i t - e r y t h r o i d , C F U - E : c o l o n y - f o r m i n g u n i t -

e r y th ro id , D B A : D i a m o n d B lack fan anem ia , G C : g lucocort icosteroids } . 
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9, G C Resistance 

G C r e s i s t a n c e i s c o m m o n i n a l m o s t a l l G C - b a s e d t h e r a p i e s [94,95] ; D B A i s n o e x c e p 

t i o n [96]. M u l t i p l e m e c h a n i s m s m a y i n d u c e G C r e s i s t a n c e , a n d these m e c h a n i s m s m a y v a r y 

a m o n g i n d i v i d u a l p a t i e n t s [97]. G C R p o l y m o r p h i s m , a l t e r n a t i v e s p l i c i n g a n d d o w n r e g u l a -

t i o n o f G C R e x p r e s s i o n m a y a l s o l e a d to G C R r e s i s t a n c e [97], e x p r e s s i o n o f p h a r m a c o l o g i c a l 

m u l t i d r u g t r a n s p o r t e r s m a y a l s o b e i n v o l v e d [94]. G C r e s i s t a n c e i n D B A h a s b e e n s h o w n 

to b e a s s o c i a t e d w i t h p 5 7 c y c l i n d e p e n d e n t k i n a s e i n h i b i t o r d y s r e g u l a t i o n [96]. E x p r e s s i o n 

o f p 5 7 is d i r e c t l y i n d u c e d b y t h e G C R r e s p o n s i v e e l e m e n t p r o m o t e r [98]. T h e r e f o r e , m o r e 

t h a n o n e m e c h a n i s m m a y p l a y a r o l e t o e f fect G C r e s i s t a n c e . 

10. C o n c l u s i o n s 

G C s h a v e b e e n u s e d t o t r ea t D B A for d e c a d e s , b u t t h e i r m e c h a n i s m o f a c t i o n r e m a i n s 

e l u s i v e , a n d i t i s d i f f i c u l t t o u n d e r s t a n d t h e m f u l l y d u e t o t h e i r p l e i o t r o p i c e f f ec ts . W e 

s u g g e s t t h a t G C s i m p r o v e t h e D B A p a t h o l o g y v i a at l e a s t f o u r r e l a t i v e l y i n d e p e n d e n t 

w a y s : (i) i n d u c t i o n o f B F U - E c e l l p r o l i f e r a t i o n v i a s t r ess e r y t h r o p o i e s i s , (ii) { d e r e g u l a t i o n 

o f P 5 3 s i g n a l l i n g , ( i i i ) d e a c t i v a t i o n o f c - M y c , a n d ( i v ) i n h i b i t i o n o f m T O R s i g n a l l i n g . A l 

t o g e t h e r , t h e s e f o u r s t e p s r e s u l t i n t h e i n d u c t i o n o f B F U - E c e l l p r o l i f e r a t i o n a n d t e r m i n a l 

d i f f e r e n t i a t i o n t o R B C s . 

A l t h o u g h a l l f o u r p a t h w a y s s e e m t o b e r e l e v a n t i n D B A t r e a t m e n t , t o d a t e , o n l y 

L - l e t i c i n e m o d u l a t i o n o f m T O R a c t i v i t y i s r o u t i n e l y u s e d as a t h e r a p y [84]. S t r e s s e r y 

t h r o p o i e s i s s e e m s t o b e t i g h t l y c o n n e c t e d w i t h G C s as s t r e s s h o r m o n e s [19] , a n d t h e r e 

is c u r r e n t l y n o e v i d e n c e f o r o t h e r b i o l o g i c a l l y a c t i v e c o m p o u n d s . P r o t e i n p 5 3 [99] a n d 

c - M y c [100] i n h i b i t o r s a r e t e s t e d i n c a n c e r c l i n i c a l t r i a l s , b u t t h e i r e f f i c a c y i n D B A p a t i e n t s 

o r D B A p r e c l i n i c a l m o d e l s i s u n k n o w n . T h u s , f u r t h e r s t u d i e s a r e n e e d e d t o a s c e r t a i n t h e 

r o l e o f t h e a b o v e - m e n t i o n e d G C - d e p e n d e n t p a t h w a y s i n t h e r e g u l a t i o n a n d p a t h o l o g y o f 

D B A , w i t h t h e u l t i m a t e g o a l o f d e v e l o p i n g n e w , m o r e e f f e c t i ve , a n d l ess t o x i c t h e r a p i e s f o r 

c h i l d r e n s u f f e r i n g f r o m t h i s d i s e a s e . 
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