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ABSTRACT

Ribosome biogenesis is an energy consuming process that occurs mainly in the nucleolus.
This membrandess organellés located in the nucleyand its structural organization is
dependent on active risome biogenesi¥he process itself includes the transcription and
maturation of ribosomal RNAs, their assembly with ribosomal proteins, their export to
the cytoplasm and ribosomal subunit assembhe synthesis of ribosomes requires a
huge energy investemt of thecells; thereforeit is tightly synchronized with nutrient
availability, cell growth, cell cycle andtress signals reaching the cells. Impaired
ribosome biogenesisiggers the activation of the tumor suppressor p53, that promotes
cell cycle arest, apoptosis or senescence. Collectively, this cellular response is termed as
ribosome biogenesis stress. Perturbation of ribosome biosynthetssa hallmark of
multiple diseases, characterized mainly by the altered structure of the nucleolus.
According to a recently emerged concept, the nucleolus and factors of ribosome
biogenesis are also involved in the coordination of multiple signaling pathways, such as
DNA damage response.

In this work we identified a nucleolar protein, HEATR1 as an imporfalatyer of
ribosome biogenesis. In the absence of this prot#imsome biogenesis stress is
activated characterized by the elevated level of p53, cell cycle arrest and structural
changes of the nucleolus. Furthermore, HEATR1 seems to be involved arlthsteps

of ribosome biogenesis, sindepossesses similar localization signal to Pol | &sd
ablation completely abolishes rRNA transcriptionBesides its function in ribosome
biosynthesis, HEATR1 may be required for DNA damage signaling as welereed

by DNA damagedependent phosphorylation of this protédverall, our work presents
HEATR1, a novel player in ribosome biogenesis and DNA damage response.

Keywords: Ribosome biogenesis, nucleolus, HEATR1, p53, cancer, DNA damage

response
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1. INTRODUCTION

Ribosomes are large proteRNA complexescomposed of a small subunit (40S
or SSU) and a large subunit (666LSU) (Klinge et al. 2012Wilson and Doudna Cate
2012 Yusupova and Yusupov 20L4Ribosomesare present in the cytoplasand
engaged in protein translation, however their biosynthesis is mainly tied tenacelr
organelle, called nucleolu§he main steps of ribosome biogenesis occurring in the
nucleolus include ribosomal RNA (rRNA) synthesis, processing and assemitily
ribosomal proteins (RPsPuring their maturationthe ribosomal subunits are moving
towards the nucleus followed by transport to the cytoplasm where late steps of processing
and assmbly take placgFig. 1) (Henras et al. 20Q8Henras et al. 2035 The fully
assembled 80S nmisomes contaifour rRNAs and80 RPs(Yusupova and Yusupov
20149).

rDNA

@' J' rRNA synthesis
' N
rRNA
processing
Subunit

pre-408 assembly

pre-60S

NUCLEOLUS

Newly synthesized
RPs

NUCLEUS

—
Subunit assembly 80S ribosome
CYTOPLASM

Figure 1. Ribosome biogenesiRibosome biogenesis is initiated in the nucleolus by the 1
synthesis, followed by rRNA processing and subunit assembly. The prematurenabssbunit
are moving through the nucleus and transported into the cytoplasm. In the cytoplasm, the
60S subunits unite to formulate the 80S ribosome during translation. Under normal cond
RNP is incorporated into the 60S ribosomal subani p53 is sequestered and ubiquitilate
Mdm2, followed by proteasomal degradation of p53. The newly synthesized ribosomal
are transported into the nucleolus in order to be incorporated into the ribdsgmexportin
Imp: importin; RP: ribosomal protein; RPS: ribosomal protein of the small subunit;
ribosomal protein of the large subunit.

Subunit
export




1.1. The nucleolus

1.1.1.rRNA encoding genes

The nucleolusis a specialized membraiess organét, organized around
nucleolar organizer regions (NORs) found on the short arms of aciocdmtmosomes,
i.e. chromosome 13, 14, 15, 21 andR®. 2. NORsare highly repetitive regions of the
genome,contairing clusters offRNA encoding genegMicStay 2018. The ndividual
ribosomal DNA (rDNA) genes argeparated by intergenic spacers (I@3y. 3), which
contain the rDNA promoteand erhancer elemnts thatregulate rDNA transcription;
replication origins; replication fork barriers, which inhibit collision of replication and
transcription machineriesind spacer promoters that ameolved in the transgotion of
other noncoding RNAs(Goodfellow and Zomerdijk 20313Akamatsu and Kobayashi

2015. Because ofhe repetitive nature of this genomic regioBPNA is exposed to

Tt

Figure 2. Human acrocentric chromosomesShort arms of the chromosomes containing the M
are marked with redircles. (Adopted from McStay et al., 2016.)
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recombination events, which renders it highly unstable. Therefore, it is not surprising that
rDNA array

e R

5.8S <—
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Figure 3. Organization of the human rDNA array. rDNA genes are separated by interg
VSDFHUV ,*& p B{(WeHUQD O W U D Q \AHntdrhd tra@scvilD speider; ITS
internal transcribed spaté (¥4 H{WHU QDO W UWAdQpted frdenHVBSMG PO (

the amount of rDNAepeats can vary betweerdividualsof the same species aaden
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between cell®f the same individuaMcStay 2016. Moreover, it was also shown that
the instability of this genomic region contributes to decreased lifesphaltered rDNA
clusters are often seen in solid cand€s et al. 1999Powell et al. 2002Chan et al.
2005 Stults et al. 200K obayashi 2014

In mammalian cells, only haléf the rDNA genesare involvedin active
transcriptionat any given timeTranscriptionally active rDNA genes are associated with
promoter CpG hypomethylah and euchromatic histone modificatsorsuch as
acetylation of histone 4 (H4ac) and trimethylation of histone 3 lysine 4 (H3K4me3). In
contrast,silent rDNA genes exhibit promoter hypermethylation and heterochromatic
histone marks, such as-dor trimettylation of histone 3 lysine 9 (H3K9me2/3),
trimethylation of histone 4 lysine 20 (HH20me3) and trimethylation of histone 3 lysine
27 (H3K27me3)(Guetg and Santord012 Grummt and Langst 20).3Under normal
conditions, silent rDNA genes are maintained transcriptionally repressed state which
contributesto genome stability, as these regions counteract uhesganbination events
and govern the formation of nuclear heterochromatic regions agGusdtg and Santoro
2012 Grummt and Langst 20)3Therefore rRNA synthesis is mainly regulated via

alterations in the transcription rate of already active rDNA géDesolic et al. 2016

1.1.2.The structure of the nucleolus

The nucleolus is assembled the early G1 phase of the cell cycle and
disassembled during the beginning of mitosis. In interphakesmt SODNA genes are
located in extranucleola regions surrounding the nucleolus, while actively transcribed
rDNA genes are disperseddthin this organelle, encompassed by the primary rRNA
transcript and other protein and RNA factors involved in ribosome biogéBasi®t al.
2008 Guetg and Santoro 20LZonsequentlytheamount ofglobal nucleolarDNA is
very low, thereforenucleoli are DAPI excludedtrsictures, seen as dark areslsen
stainedwith this fluorescendye (Fig 4) (Sirri et al. 2008 In mammalian cellshie
structure of the nucleolus can be further divid®d three main components, observed

by electron microscopfFig. 5).



Figure 4. Nucleoli are DAPI excluded structures.Nuclei of U20S cells were visualized
DAPI staining. Dark areas represent nucleoli. Prominent nucleoli are marked with white

Fibrillar centers (FC) are clear areagntainng therDNA and the components of
the rRNAtranscription machineryhich arenot engaged in transcription at the moment.
FCs are surrounded by the highly contrasted dense fibrillar component (DFC). The
transcription of rRNA occurs at the interface between FCBIRG, and theprimary
rRNA transcript accumulates in the DFC. Early processing factors are also localized to
the DFC to promote rRNA maturation. TRE€-DFC compartmentare embedded into
the granular component (GC) of the nucleolus. The GC contains late pri¢essing
factors and RPs are localized here as wEIh( 5 (Sirri et al. 2008Hernandez/erdun
et al. 201Q. Tripartite organization of the nucleolus is the characteristic of higher
eukaryotes and is dependent on active ribosome biogeegisession of ribosome
biosynthesis by low doses of actinomycin D (Act®@hich is known taspecifically, leads
to the reorganization of the nucleolar structuténder these circumstancethe
components oFC and DFC migrate to the periphery of the nucleolus to forcalied
MHQXFOHRODU FDSVY LQ D MX[WDSRVHG SRVLWaRQ ZKLO

(ShavTal et al. 200k Furthermore, similar nucleolar segregation can be observed, when
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rRNA processing is inhibite@Sirri et al. 2008 which further supports the notion that

nucleolar organizatiois directly related to the activity ofbosome biogenesis.

Figure 5. Tripartite structure of the nucleolus of HelLa cells visualized by electro
microscopy. The three nucleolar components are: fibrillar center (asteriks); dense
component (white arrow); granular component (GC). (Adopted from Herndfefdan et al
2010.)

1.2. Ribosomdiogenesis

1.2.1.rRNA synthesis
The first step of ribosome biogenesis, rRNA synthesis is carried out by the RNA
polymerase | (Pol IfFig. 1). Pol | is assembled with thgstream binding factor (UBF),
the selectivity factor (SLIor TIF1-B) and thetranscriptioninitiation factor 1A TIF1-A
in mice and hRRN3 in humano form the prenitiation complex (PIC) at the rDNA

promoters.Mechanistically, PIC assembly is initiated by UBBmodimerformatior

thus itgains an ability to bind distinct sequences in the promoter re@ioa.subunibf

the homodimers associated with the core promoter region, whereas the other is bound to
the upstream corelement (UCE), tereby UBFcreates @DNA stemloop structure,
which promoteghe enhancement of transcription. SL1 is recruited to this structure to

11



interact with both UBF and the rDNA promoter. Meanwhile Pol | associatethRRIN3

IS also recruited to the promotaa multiple interactionso form the PICThe successful
formation of the PIC enables promoter opening and transcription initiation. After the first
couple ofribonucleotides areformed, Pol is released from the compléxproceed to the
transcription elongation phase. Promascape leads to the dissociatiomm@RN3 from

the promoter region as well, whereas UBF and SL1 remain to be bound and able to initiate
another cycle of PIC formatio&urprisingly, UBF is associated with the whole length of
the rDNA gene, suggesting aleofor this protein in transcription elongatias well
Finally, transcription termination is facilitated by several factors, suttieasnscription
termination factor 1 (TTHR) andthe Pol | and transcriptelease factor 1 (PTRFL1).
Dissociation of Pol from the rDNA transcript unit can be immediately followed by the
recycling ofthePol | complex and the initiation tfie next cycle of transcriptioifrig. 6)
(Russell and Zomerdijk 2003\lbert et al. 201p

Pol | UBF SL1

- <N
TTF-I &
Termlnat:on RE “\\ /I/ (1) De novo PIC assembly:
— >y promoter selectivity
™ u,_‘v,
73 ”‘g— rDNA

N ™
Engaged
promoter o ?
Pol | & T ™

Elonganon Pol | recycling
Pol |
w «> p
hRRN3 = .

(6) Reinitiation / /4

7 @_ (2) PIC assembly:
s ? d olymerase recruitment
(3) Initiation, —~ f' P
promoter escape G (\ Ty 'Y
and clearance i

Pre-initiation
complex (PIC)

Figure 6. The transcription cycle of the Pol | machinery. See text for detailed descripti
(Adopted from Russell and Zomerdijk, 2005.)

rDNA transcription by Pol | machinery results in the synthesis of a single,
polycistronic primary transcrip called 4B prerRNA. The 47S prerRNA contains
rRNA components ahe SSU18Sand the LSU5.8S and 28. These mdividual rRNAs
are separated from each other by internal transcribed spacers (ITS1 andahiSte
whole transcript is flanked bgxternal transcribed spacerstla 5- and 3end(5-ETS
and 3-ETS, respectively)Kig. 1; Fig. 3and Fig.7) (Henras et al. 2005The mature
12



rRNAs arise after subsequent pessing steps, which occur either- car post
transcriptionally (see below).

Ribosome biogenesis is mainly regulated by alteration of the rRNA synthesis.
Multiple pathways involved in cell growth, proliferation or stress signaling converge on
the activation or repression of the Pol | transcription machindifogenic signals, the
presence of growth factors and nutrient availabgityivatemitogenactivated protein
kinase/extracellulasignal regulated kinaseVAPK/ERK) and phosphatidylinositol 3
kinaseprotein kinase B alphalammalian target of rapamycin (PIB¥KT/MTOR)
signaling cascades which upregulate rRNA synti{&@ismmt 201QHannan et al. 2031
For instance, ERK is capable of phosphorylating Hu®RN3 and UBF, increasing
transcription initiation and elongation rate, respectiy&hao et al. 2003Stefanovsky et
al. 2006 Stefanovsky and Moss 2008 he PI3BK/AKT/mTOR pathway also affects Pol
| transcription machinery at multiple levelhrough the activation of ribosomal protein
S6 kinase (S6K) this pathway also upregulates the phosphorylation of UBIRBRINS,
promoting PIC assemblgHannan et al. 2003Mayer et al. 2004 MAPK/ERK and
PISK/AKT/mTOR signaling are interconnecteahd both can activate the transcription
factor cMyc (Mendoza et al. 20)1 1t has been suggested thamMgc is the master
regulator of ribosome biogenesis since it can increase rRNA synthesis, thmaligibe
mechanisms. For instanceeihthanesthe transcription of Pol | machinery components
(Poortinga et al. 20045rewal et al. 2005Poortinga et al. 20)linteracs with SL1 to
promote UBFSL1 complex formation and also binds to the rDNA to facilitate PIC
formation(Arabi et al. 2005Grandori et al. 20055hiue et al. 2009van Riggelen et al
2010. Opposing these signaling cascadg®cifictumor suppressors act to decrease the
rate of rRNA synthesis. The most common examplleadumor suppressor protgb3,
which candownregulate ribosome biogenesis directly by forming a complex Stifh
preventing its association with UE§Ehai and Comai 20@) or indirectly by the activation
of the retinoblastoma protein (pRB). pRB binds to B inhibits its functiomo recruit
SL1 to the rDNA promotefCavanagh et al. 1995Hannan et al. 20Q0Moreover, the
negative regulator of PIBK/AKT/mTOR pathway, PTEN tumor suppressor protein is
involved in quenching rRNA synthesis directly byducing the dissociain of the
subunits of SL1Zhang et al. 2005aBesides thesgentralregulators, a multitude of other
factors contribute to the control and alteration of the MR synthesis ra& via
posttranslational modification§PTMs) or by altering the expression lever the

accessibilityof Pol | transcription machery proteingGrummt 2010.
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It has beesuggested that the rate of rRNA synthesis, thus ribosome biogenesis is
mainly regulated by altering the activity of Pol | transcription machinegat
transcriptionally active generummt and Langst 2013 However several studies
implicated that it can be modulated by changing theatio between eu and
heterochromatic rDNA as welAlthough the presence of stapilent rDNA genes is
indispensable for genome stability, certain shiftnesn eu and heterochromatic state
(which correlates with rRNA synthesis rate) is observed under physiologicatiocnad
such asellular differentiatiorand changes in energy status of the @élirayama et al.
2008 Poortinga et al. 2031 The maintenance of the leebchromatic rDNA is
establishedy the nucleolar remodeling complex (NoRC) that promatasscription
repression by recruiting factors involved in DNA methylation and histone modification
(Grummt 2010.

rRNA synthesis by Pol | occurs in the nucleoblnd leasito the emergence of 3
rRNAs: SSU 18 rRNA and LSU 5.8 and 28 rRNAs(Henras et al. 20)5The third
LSU component5S rRNA is an exception, in a manner tb& rRNA gene arelocated
outside of the NOR®&n chromosome (Fig. 7), wheresimilarly to 475 rRNA genes, they
are also organized intandem repeated unifE6 i UHQVHQ DQG )UHIGaddJ LNV HQ
genes ar¢ranscribed by RNA Polymerase Il (Pol lij the nucleugFig. 1) Besides S
rRNA, Pol Il is also involved in the production ofher small, norcoding RNAS, such
as all transfer RAs (tRNAs), U6 splieosomal RNA anagignal recgnition particle 7&

RNA (Paule and White 2000Transcription initiaibn at the promoter region of th&5
rRNA gene is facilitated by several transcription factors: transcription factor IlIA, 111B
and IIC (TFIIA, TFIIB and TFIIC). hitiation is followed by promoter opening and
escape, elongation and termination of transcription. In contrast to Pol |, Pol Il is able to
recognize terminator sequences and does not require other factors (suchlas THé&

case of Pol I) to terminatianscription. Moreover, after releasing the nascent primary
transcript, Pol 1l might remain bound to the template, which facilitates rajontiagion

of the transcription cycl@aule and White 2000

Regulation of the S rRNA transcription is governed by the same pathways
involved in the control of Pol | transcription machineRor instance, MAPK/ERK
signaling and @vlyc both activate TFIlIB(FeltonEdkins et al. 2003GomezRoman et
al. 2006, while mTOR also stimulates TFIlIBVoiwode et al. 2008 as well as TFIIC
to upregulate Pdll -mediated 5S rRNA transcriptighantidakis et al. 2010In contrast,
p53 and pRB counteract Pidl activity by directly targetingTFIlIIB (Scott et al 200%,

14



Crighton et al. 2008 Thus, regardlessf the differences betweenthe synthesis of 47S
and % rRNAs, rRNA transcriptionis controlled bythese mitogenic and tumor
suppressive signalingathways via the up or downregulation of alRNA transcription

respectively

1.2.2.rRNA processing

Maturation of the 4% prerRNA is a complex and highly hierarchic process,
which includes endaand exonucleolytic cleavagand posttranscriptional modificahs
of the transcript. rRNA processing is initiated-tcanscriptionally, as somgrocessing
factors are recruited to the énd of nascent rRNA already during transcriptidhese
earliest factors are inwetd in the processing of the38RNA, thus thi€omplex is often
referred to as SSU processorhater on, the SSU and LSU processing pathways are
separated by a cleavage introduceth@lTS1 region Fig. 7). Foradetailed description
of 47S prerRNA processing stepsee Figure and reviews in theopic (Mullineux and
Lafontaine 2012Henras et al. 2035

Posttranscriptionainodifications of the rRNArclude pseudouridylation and 2
O-methylation. These chemical reactions are carried out by box H/ACA and box C/D
small nucleolar ribonucleoprotein (snoRNP) complexes, respectively. Both of these
complexes are named after thaique motif present in the RNAcomponent.The
components of box H/ACA snoRNP are the pseudouridine synthase dyskerin, auxiliary
proteins Nhp2, Nop10, Garl and the box H/ACA snoRNA. Box C/D snoRNP consists of
the methyltransferase fibrillarin (FBL), accessory proteins Nop56, Nop58KASHP X
and the box C/D snoRNA. In both snoRNP complexée RNA component is
responsible for sitgpecificity, as it hybridizes to the rRNA which allows the accessibility
of the complex as well as the chemical modification to occur at defined sitesrBiNIA.
Furthermore, by binding and changing its conformation, both box H/ACA and box C/D
snoRNP complexes are involved in directing enaiod exonucleolytic cleavage of the
rRNAs (Watkins and Bohnsack 20).2
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Figure 7. rRNA processing steps in mammalian cellsA very early cleavage of the 47 S ¢
rRNAIn WKH(716 $p VLWH DIRTS (DZxitd) kesult in the emergence of 45 S rf
6XEVHTXHQWO\ 6 U51% L V+HIS &y dt & IFAS1gkeR). _te fi
FOHDYDJH RI WKH 6 U SAEN SRAC-site), Mhdi@sugiH S 1RNA can
processed either at E or at 2 cleavage sites of the ITS1. By the cleavage at site 2 of I’
U51% RI WKH 668 SDWKZD\ DQG WKH /68 6 U51%$ DUH
rRNA leads to the formation of 21-G intermedate, which is cleaved at E site to produce 4
EpreU51% )LQDOO\ 6 U51%$ LV IRUPHG E\ HIRQXFOH
the cytoplasm. Alternatively, 41 S preNA can be cleaved at site E (purple), which leads 1
immediate formatiorof 18 SE rRNA and a 36 S LSU precursor, which is converted into
rRNA by ITS1 resection. However, if the first cleavage of 45 S rRNA occurs in the ITS1
2, the SSU pathway is initiated by the formation of the 30 S precursor, which is cleA@esite
L Q HTS subsequently, leading to the formation of 21 S rRNA and the following step:
as described before. In all cases, cleavage of ITS1 leads to the formation of the 3:
precursor. ITS2 is processed by an endonucleolytic cleavage 4t followed by exonucleoly
resections leading to the emergence of mature 28 S rRNA in the nucleus and mature 5.i
in the cytoplasm(Adopted from Henras et al., 2015.)

To ensure ongoing ribosome betesis, other proteins or protein complexes, such
as RNA helicaseskinases, ATPases and GTPasewe involved in altering the
conformation of the rRNA, removal of processing factors frontRidA and facilitating
assembly of RP§Henras et al. 2008Henras et al. 20351t is worth to highlight the

importanceof two multifunctional proteins: nucleophosmin (NPM) and nucleolin (NCL)

16



both of which have crucial roleat multiple stages of ribosome biogengSigjrishi et al.
2012, Durut and Sae¥asquez 2015Box et al. 201% Both these proteins posss
histone chaperone activity to facilitate remodeling and diaBon of histonesiroundthe
rDNA genes, thus promoting rRNA synthe§&wvaminathan et al. 200Bngelov et al.
2006 Murano et al. 2008 Furthermore, NCL was also found to be associated with the
rDNA genes at pnmoter and coding regions, thereby aidifg | mediated transcription
elongation(Cong et al. 2012 Both NPM and NCL have a role in rRNA processing as
well, however while NPM is involved in LSU maturation via assisting ITS2 cleavage of
the prerRNA, NCL isrequired for 5ETS processinghusfor SSU maturatiorfGinisty
et al. 1998 Savkur and Olson 199&inisty et al. 2000Itahana et al. 20Q3Moreover,
NPM regulates the nuclear export of RPL5 andrgyesomal subunits, whereas NCL
coordinates diverseteps of preribosomal assembl{Bouvet et al. 1998Roger et al.
2003 Yu et al. 2006Maggi et al. 2008 In addition, NPM as well as NCLhave extra
ribosomal functions (e.g. regulation of cell cycle and genome maintenance) which
provides a possible regulatorgrmection between ribosome biogenesis and other cellular
processefBox et al. 2016Scott and Oeffinger 201 8ia et al. 201

The maturation of the S rRNA mainly occurs in the nucleus, howey#nis
complex processiespecially in mammalian cell&is poorly understood After its
transcripion, the precursor of S IRNA is associated with the La protein. La protein is
involved in chaperoning and stabilizing Rbltranscripts, including S rRNA (Wolin
and Cedervall 2002Furthemore, several exonucleases have kswn to be involved
in the processing ahe 3end of %5 rRNA in Saccharomyces cerevisi§€iganda and
Williams 2011). Human homologs of these yeast exonucleases exist, hqwaesant
characterized to date. Furthermgrsgudouridylation S rRNA ha beendemonstrated
to require Pus7 pseudouné synthase independently of box H/ACA snoRNPs in yeast
(Decatur and Schnare 2008mportantly, 55 rRNA forms a complex with several RPs
which is required forts subsequent transport into the nucleolus and incorporation into

the pre60S subunitKig. 1;see below).

1.2.3.Import and assembly of RPs
Mature ribosomes are composed of1B8 rRNA and 33 SSU RPs (BB) which
form the 40S anthe5S, 5.8S, 28 rRNAs ard 47 LSU RPs (RPLswhichform the 66

subunit(Yusupova and Yusupov 20LRP genes are locatedlaith sex chromosomes
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and all autosomal chromosomescept forchromosome 7 and 2Fi. 8) (Uechi et al.

200]). The genes encoding RBetranscribed byhe RNAPolymerasdl (Pol Il) in the
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Figure 8. Human ribosomal protein encoding genes are located on all chmmsomes, witl
the exceptions of chromosome 7 and ZIhe localization of 47 srRNA and 5 S rRNA encoi
genes are represented here as well. (Adopted from Uechi et al., 2001.)

nucleus and RP mRNAs are translated in the cytoplasioweéler,most of these RPs
accumulate inhe nucleolus immdiately after their synthesie be incorporated into the
ribosomal subunitsotherwsefree RPs areapidly degradedy the proteasom@Varner
et al. 1985Lam et al. 200). In orderto be impored into thenucleolus,the RPs must
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pasghe nuclear membrarerough the nuclear pore compl@PC). RPs cannadirecty

diffuse through the NPQheir transport is aenergydependent procesfacilitated by
several nuclear receptor proteins of thkaryopherin family called importingFig. 1)
(Routetal. 1997-INHO DQG *|UONRIK® HW). BdDinstance, importht,
transportin, RanBP5 and RanBP7 have been suggested to be involved in the import of
RPL23A, RPS7 and RPLE6-INHO DQG *|)) inpéitr1ll has beeshown to
participate in RPL12 impoifPlafker and Macara 20D2while importin7 sems to be
required for the nuclear import of RPL4, RPL6 and RPLR3AN H O H W. BoWever,
thedetailed mechanism ofuclear impat of many RPstill remains to be elucidated.

The incorporation of RPsnto the ribosome and rRNA processimagcur
simultaneouly. RPs are assembled with the rRNAs during their maturation in a highly
hierarchic orderand it has been reportedat these poteins contribute to the rRNA
processing as Wepossibly by chaperoning rRNAA&ssembly of the RPs can occur early
or late in ribosome biogenesishich determinesheir position in the mature ribosome.
Some of the RPthat ardocated on the outer sade of the ribosomassociate with the
pre-ribosome only in the cytoplas(ienras et al. 2035

In contrast to other RPs, LSt¢dmponents RPL5 and RPL11 have been reported
to have different incorporation mechanism. RPL5 and RPL11 assoilatiie 55 rRNA
to form the B RNP complex in the nucle(iBig. 1) (Zhang et al. 20Q7Sloan et al. 201)3
Incorporation othe5S RNP into the preibosome is facilitated by two assembly factors,
called Bxdcl and Rrsib yeast(Zhang et al. 20QDonati et al. 2013Sloan et al. 2013
Furthermore the formaton of the ternary complexof 5S RNPmight provide mutual
protection of its components from proteasomal degradation, and ind&ERH&P has been
reported to be stably present in ribossimee fraction and to be involved in another
process (seehapter 1.3.

1.2.4.Export of pre40S and pré&0S subunits and final assembly of the ribosome

At later steps of ribosome biogenesis, the premature SSU and LSU are transported
into the cytoplasm. The energgpendent nuclear export is promotedinly by another
t-karyopherin family member protein, exportin(Fig. 1) (Thomas and Kutay 2003
followed by theassociation of last RPs and the dissociation of processing fédensas
et al. 2008. Final sssembly of the 80 S ribosome occordy during the initiation of

protein synthesiby the release of eukaryotic translation initiation factor 6 (etfegh
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LSU mediated by the elongation factor like(EFL1) GTPas enzyme(Jackson et al.
201Q Weis et al. 201p

1.3. Ribosome biogenesis stress

Ribosome biogenesis acomplex process arréquires the coordinated action of
numerous factors in the ceihcluding all three RNA Pols, for the synthesis of rRNAs
and RP mRNAs; more than 200 auxiliary factors, for rRNA maturation and subunit
assembly; protein translation apaius, for the synthesis of RPs; aAdiP-dependent
nuclear transport of RPs and ribosomal suby@izlomb et al. 2014 Thus, ribosome
biosynthesis meanswvastenergy investment for the cedind it has been suggested that
ca RI WKH FHOOYV HQHUJ\ L YJameseiaK POAButhernwrk, LV SURI
the rate of ribosome biogenesirectly determinesthe rate of translation, which
ultimately drivescellular growth and proliferatiofGrummt 2003Ruggero and Pandolfi
2003 Moss 2004 Rudra and Warner 20D4Accordingly, ribosome biogenesmust be
tightly regulated by numerous pathways and strictly dependent on the nutrient
availability, cell cycle and stress level of the cell. Viregsa ribosome bsynthesis also

affects numerousellular pathwaygFig. 9) (Grummt 2003Boulon et al. 201,0Grummt

Figure 9. The in- and outputs of ribosome biogenesi€Examples of cellular paways that
affect the rate of ribosome biogenesis. On the other hand, ribosome biogenesis is also i
in the regulation of numerous pathways. (Adopted from Quin et al., 2014

201Q Quin et al. 2014 Sanchez et al. 20).6This complex relationship of ribosome
biogenesis and other cellular processes can $teirbestigatd when the production of
ribosomes is perturbedmpairment of ribosome biogenesis can be achieved by the
deficiencyor overexpression and overstimulatimiribosome biogenesis factotsy the

perturbation of nutrient signaling pathways or by cellular streg8arglon et al. 2010
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Grummt 201QQuin et al. 2014 Collectively, the dysregulation of ribosome biogeresi

is often referred to as ribosome biogenesis stress, ribosomal stress or nucleolar stress
(Bursac et al. 201450lomb et al. 2014James et al. 201Quin et al. 2014 Specifically

gross alteration of ribosome biogenesis can result in severe consequences, ceith

cycle arrest, apoptosis or senescemeanajority of these cases activation of the p53
proteinis responsible for the onset of such stress respoRg@ssome biogenesis stress

is also one of the main characteristaf a diverse group of humansgiases, such as
ribosomopathies, cancer and neurodegenerative digdeds and Ebert 201MHetman

and Pietrak 2012 Armistead and TriggRaine 2014Parlato and Liss 20]1rsolic et

al. 2019.

1.3.1. The 5S RNMdm2/p53 pathway
p53isRIWHQ UHIH&dhat@an/dRhdd N QRAPKAScdnsii€red to be the
man tumor suppressor protein in the céllane 1992Efeyan and Serrano 200p53 is

activated in response to numeraeadiularstressesand as a transgption factor it 5 able

to stimulate or repressthe expression of its target genesioreover it possesses
transcriptiorindependent functions, as w@llousdenand Prives 20Q%ilfou and Lowe

2009 Brady and Attardi 2010 The fate of the stresdcells defined by p53 activation is
determined by theell type, the genetic and environmental background and theenaftur

the cellular stress.ower levds of stressvill activate p53dependent temporary cell cycle
arrest, which allows the cells to rep#ie damage before proceeding to replicatmn
mitosis On he contrary, persistent or severe stress activatesngdtated programmed

cell death or apoptosis; or cellular senescence, the metabolically inactive hateeds
(Murray-Zmijewski et al. 2008Zilfou and Lowe 2009Brady and Attardi 2010 Under
normal conditions the level of p53 is kept low,ensure proper growth and division and

to avoid pathological activation of throcesses mentioned aboVéis is assured by a
heterodimeric protein complex, called MdavRimX by binding to p53Kig. 1;Fig. 10)
(Haupt et al. 199Honda et al. 19985u et al. 2002Michael and Oren 2003The active
enzyme of this complex is Mdm2, an E3 ubiquitin ligase that is responsible for attaching
mona and polyubiquitin moieties to p53, thus triggering its nuclear export and
proteasomal degradation, respectivéhig( 1) (Hock and Vousden 2014MdmX is the
inactive paralogue of Mdm2, which renders the protein complex more stable, ensuring

the activity of Mdm2 towards its substrate, @& et al. 200 Furthermore, by binding
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to p53, the MdmaMdmX complex also inhibitsS ~ frénsactivating activity, the ability
of p53 to induce the expression oftisget genegToledo and Wahl 2006

A Regulation of p53 by MDM2

N-terminus P PPPPPP PP C-terminus

MDM2 [ [ gaep | Cental Acidic Region RING finger | |

@ Nb Protein folding to allow
interaction between E3 ligase and p53
MDM2 ubiquitinylates p53

p53 degraded by proteasome
p53 target genes remain silent

B Lack of p53 regulation by MDM2

Ribosomal

Arf\ 15 proteins
N-terminus B BPE PR e C-terminus
MDM2 [ [ psaeD | | CentalAcidic Region | RING finger | |

Effectors bind central acidic region
No protein folding

p53 levels increase

Figure 10. Schematic structure and regulation of Mdm2.A. Under normal coditions p53 i
bound to the p53 binding domain (p53 BD) of Mdm2. The protein folding of Mdm2 alloy
interaction between p53 and the E3 ubiquitin ligase activity possessing RING finger do
Mdm2. As a result p53 is ubiquitylated by Mdm2 and degtdule the proteasome. B. Uni
diverse conditions ARF, NS and RPs bind to the central acidic domain of Mdm2 at distir
These interactions disrupt the protein folding of Mdm2. Consequently, p53 is release
interaction with Mdm2 and it can Isabilized to fulfil its effector functions. (Adopted fr
Jamest al.,2014)

The stressnduced actiation of p53 can occur througfvo diverse processes: via
PTMs of Mdm2 and/orp53 (e.g. DNA damagelependenphosphorylation of p53or
sequestration of Mdm2 by several factors.Botechanisms result in the digtion of
the interaction betweeMdm2 and p53followed by the stabilization of p53, so it can
fulfil its effector functions to trigger stress respongeaspari 2000Sherr 2006Zhang
and Lu 2009Brady and Attardi 201,0Cheng and Chen 20LMHowever,in response to
cellular stress p53 isften stabilized through both PTMs1d Mdm2 sequestration that
ensurs the full transactivation potential of p5@Vurray-Zmijewski et al. 2008
Stabilized p3 binds to DNA to transcriptionally activgp®3-responsive geneSome of
the maintarget genes involve pZdrotein and 148-3 complex which are promoting cell
cycle arrest; Bax, Noxa and Puma which are factors that activate apoptosis-and pai

which is involved in cellular senescen@édurray-Zmijewski et al. 2008Vousden and
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Prives 2009 p53 is also responsible for the transactivation of Mdmz2, thus providing a
negative feedback loop to quench its own activity ater dctivating stress has been
overcone (Picksley and Lane 1993/urray-Zmijewski et al. 2008 Additionally, p53
possessesanscriptionindependent effector functisms well.For instance, upon stress
conditions it can bind to some of the argpoptotic Bcl2 family proteins to counteract
their function and promote apoptotic respofidell et al. 2005 Zilfou and Lowe 2008
Under ribosome biogenesis stresmditions, a subset of RPs bind to the central
acidic domain of MdmZ4Fig. 10), thereby disrpting its interaction with p53 andhe
stabilized tumor suppressor protean triggercell cycle arrest, apoptosis or senescence
subseqantly, depending on the natupéthe stres¢Zhang and Lu 20Q9Golomb et al.
2014. Multiple RPs(e.g. RPL23, RPL26, RPS3, RPS7, RP31ial)e been described
bind Mdm2 andalso topromote p53 activationyhen they areverexpressed in cel{pai
and Lu 2004Dai et al. 2004Jin et al. 2004Chen et al. 20Q7yadavilli et al. 2009Zhu
et al. 20@; Zhang et al. 20LZhou et al. 2013 Although, given the fact, thaRPsare
highly basic proteins thatan easily interact with the acidic domaih Mdm2 non
specificallywhen in excess amoyrdata with overexpressed RPs must be handled with
caution(Bursac et al. 2004 On the contrary, the interaction efd LSU components
RPL5 and RPL11 with Mdm2 has been suggestegromote p53mediated stress
responses upon ribosome biogenesis stress exclusiietycentral role of RPL5 and
RPL11 in this pathway is widely accepted anslipported by several observaisoFirst,
the depletion of RPL5 and/or RPL11 leads to the impairment of ribosome biogenesis,
similarly to other RP deficiencies. However, unlike depletion of other RPs, ablation of
RPL5 and/or RPL11 cannot activate p53, suggesting that these RPs akncediators
of p53 inductionBursac et al. 203ZFumagalli et al. 2012 SecongdPol | inhikition by
low dose ActD treatmentgenerallyinduces ribosome biogenesis stress and a p53
response; however, in the absence of RPL5 and/or RPL11 this p53 induction is totally
inhibited, while concomitant depletion of most other RPs cannot abolish p53 activation
in this maoner (Bursac et al. 202ZFumagalli et al. 2002 Furthermore, despitePsare
being continuously synthesizeipon perturbed ribosome biogenesis, niiest RPs are
rapidly degraded by the proteasofWé¢arner 1977Lam et & 2007 Bursac et al. 2012
However, under these same conditioR®L5 and RPL11 arebée to accumulate in a
ribosomefree fraction, as a result of their mutual protection from proteasomal
degradationfurther supporting the central function of these proteins B ipBuction

(Bursac et al. 2002As it was described before, during unperturbed ribosome biogenesi
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RPL5 and RPL11 are assembled with the 5S rRNA to form the 5S RNP complex, which

is then incorporated into the ribosome as a (Fid. 1) (Zhang et al. 20Q7Sloan et al.

2013. 5S RNP has been shown to accumulate inmidesomefreefraction; therefore it

has been suggesttht RPL5 and RPL11 are neededbealsoassembled in this complex

in order to interat with Mdm2 under ribosome biogenesis stress condi{idarati et al.

2013. Indeed, the requirement of the 5S RfgPthe activation of pSBas been reported

by several research groupar instaice, depletion of theOLR3Agene that encodes the

catalytic subunit of Pol Ill abolished 5S rRNA synthesis and induced-;np&pendent

cell cycke arres{Onofrillo 2013. Similarly, the deficiency of TFIIIA transcription factor,

which is involved exclusively inS rRNA transcriptior{Engelke et al., 1980; Shastry et

al., 1984), induced cell cycle artes a p53independent manner and could also reverse

the activation of p53, induced by Pol I inhibiti{Donati et al. 2013Sloan et al. 201)3

These data further supported #ssence of the 5S RNP complex in this process.
Traditionally, ribosome biogenesis stress has been associated with the

morphological alterations of the nucleold$e dsintegration of the ucleolar structure

is often described upon perturbed ribosome biogenesis, which led to the assumption that

nucleolarRPs andother nucleolar proteins are released to the nucleoplasm pagsiv

wheresome of thentan interact wih Mdm2 to activate p53 respse(Zhang and Lu

2009. More recentlyhowever, several studies have reported an alternativeesof RPs

involved in p53 regulation. Fumagadit al. have presented that impairment of the SSU

biogenesis does not lead to the disruption of the nucleolar strumtuvever still triggers

p53 activation. In this case, the authors observed that @neldtion of 5terminal

oligopyrimidine tract containing messenger RNASTOP mRNAs), including RPL11

MRNA, is upregulategFumagalli et al. 2009 The nasent RPL11 protein produced in

this process can be transported irfte hucleus subsequently, and along with freshly

synthesized RPL5, it could libe source of Mdm2 sequestration, which promotes the

activation of ps3Fumagalli et al. 200%umagalli et al. 200)2However it can be argued

thatthe upregulation of RPL11 translation might be only a uniqusemuence of the

impaired SSU biogenesiince biosynthesis of the LSU is still intact and RPL11 is

consumed in the assembly of the 60S subunit as well as in the p53 response to SSU

impairment. Under these conditionghere is an increased need for RPL1bt@n

synthesis. Surprisinglyiraultaneous defects of both LSU aB8U biogenesis still causes

translatioml upregulatiorof RPL11, howeverin this casethe more significaneamount

of freshly synthesized RPL11 elicits stronger induction of FaBnagalli et al. 2012
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Nonetheless, Bursaet al. have demonstrated that even under conditions when the
nucleolar structure is disrupted, induction of p53 relieseradin the presence of freshly
synthesized RPL.and RPL1XBursac et al. 2092Thus, it seems that disintegration of

the nucleolus ipreferablya passive consequee of ribosome biogenesis stress, although

it is still unknown why only certain conditions canducesuch morphological alterations.
Additionally, the sensing and signaling of ribosome biogenesis stress is also a matter of
debate.Somesuggest that theSSRNP complex might have a function in monitoring
ribosome biogenesis. The rationale behind this thisdhat this complestablyexists in

the ribosoméreefractionand can bguickly mobilized to interact with Mdm2 to turn on

the p53 response when it needed(Sloan et al. 2013 However, details of this

mechanism remaimosty unexplored.

1.3.2. Noncanonical ribosome biogenesis stress pathways

Alternative activation of p53

Besides the 5S RNP complex, there are isg¢\@her factors which are involved
in p53 activation upon ribosome biogenesis stress. The nucleolar factor, alternative
reading frame protein (ARF) is such an examplee gene encoding ARF is located at
theINK4A locus, which also encodes a cyetiepenlent kinase (CDK) inhibitor protein,
pl6 under alternative reading frarf@uelle et al. 1995Sherr 2006 Under normal
growth conditionsARF is expressed at low levels and found in a complex with NPM in
the nucleolus. The expression of ARF is typically upregulated by increased mitogenic
signaling, which promotes excessive growth, therefore the elevation inatieof
ribosome biogenesis. Under these conditiéxBBF is moved towards the nucleoplasm,
where it can interact with the central acidic domain of Mdm2, at a site distincttfi®
5S RNP hbiding site (Fig. @) (Midgley et al. 2000Korgaonkar et al. 20Q%herr 2006
Sherr 2012 Similarly to Mdm2 binding by the 5S RNP, this interaction also promotes
the stabilization and activation of pgBlidgley et al. 2000 Sherr 2006 Sherr 201}
Additionally, ARF possesses several pb8ependent effector functions to inhibit
ribosome biogenesis. For iasice, this prain directly suppresse®ol -mediated
transcription, by counteractirtge phosphorylation of UBFand the nucleolar import of
TTF-1 (Ayrault et al. 2006Lessard et al. 20)0Furthermore, ARF alsoconstrains the
activity of DDX5, an RNA helicase involved in both rRNA transcription and maiarat
(Saporita et al. 2031By exertingan inhibitory effect on multiple leve of ribosome

biogenesis, ths strongly inhibiting ribosome biosynthesis, ARF also promotes the

25



emergenceof the 5S RNP mediated canonical ribosome biogenesis stress pathway
(Bursac et al. 2004

The nucleolar protein NPM is involved in the regulation of ARF. Most studies
suggest thaby interacting with ARFNPM protectsit from being degradednd also
sequester8RF to the nucleolus, preventing its interactionhlWWidmz2 in the nucleoplasm
under normal conditionfKuo et al. 2004 Korgaonkar et al. 2005 Surprisingly,one
study demonstrated that NPM is also capable of interacting with Mdmz2, thereby
promoting the activation of p5&urki et al. 2004. However, the involvement of NPM
in the regulation of p53 is rather cont@dpendent, as itan either promote or inhibit
both the activation and the effector functions of p5& and Wang 2006Colombo et
al. 2011 Box et al. 201k

Another nucleolar factor, nucleostemin (NS) has been suggested to be required for
p53 activation under certain conditiofi3ai et al. 2008 The expression of NS is high in
stem and cancer cellsowever in normal differentiated cells its level is decrd€$eai
and McKay 2002 When overexpressed, NBa@interacts with the central acidic domain
of Mdm2, disrupts itsomplex with p53, thus promotes the stabilization and activation of
p53 Fig. 10) (Dai et & 2008. While this mechanisnhas been clearly demonstrated
under artificial conditions, the involvement of NS in p53 regulation under physiological
conditions remains to be elucidated.

Besides RPL5 and RPL11, there are several RPs which can contabilite
activation of p53 through different mechanism&r fnstance, under certain stress
conditions(e.g. genotoxic stres®PL26 can bind to the &nd 3UTR regions of the p53
MRNA, thereby stabilizing it and promoting its translati@akagi et al. 20050fir-
Rosenfeld et al. 20Q08Furthermore, RPS15, RPS20 and RPL37 have been reported to
downreguéte the level of MdmXwhich then promotes the degradation of Mdm2, thus
the stabilization and activation of pfBaftuar et al. 2013

It is now generally accepted that the zation of p53 is promoted predominantly
by the canonical 5S RNP/Mdm2/p53 pathway when ribosome biogenesis is perturbed.
Although theseand maybe moreyet urdiscoveredalternative processes exist which
might have a rather finrining effecton p53 activationynder specialized circumstances.
p53-independent ribosome biogenesis stresponse

Recently, several studies have been reported that ribosome biggstress
responsecan also be activated in the absence of p53. Cells which have defective p53

expression are still caplabof inducing cell cycle arrest in response to ribosome
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biogenesis perturbing conditions. This gh8ependent cell cycle arrest cancoc
through several mechanisni¥onatiet al. have reported that in cells lacking p53 RPL11
is responsible for inducing cell cycle arrest, by promoting the degoadaftE2F1 when
ribosome biogenesis is impair¢Donati et al. 2011 E2F1 is a transcription factor
involved in cell cycle progressiorand it is often found upregulated in cancer cells
(Crosby and Almasan 20L4Mechanistically, E2A forms a complex with Mdg&) and
this interaction protects it for proteasomal degradafivang et al. 2005b However,
impaired ribosome biogenesis promotes the association of RPL1Medhti2, which in
turn releases E2E from the complex. As eesult, E2F1 is degradedand cell cycle
progression is inhibited in a p53 independent ma(Denati etal. 2011).

Additionally, RPL11 hasalso beenshown to counteract mitogenic signaling
induced upregulation of ribosome biogenggidependently of p5&s described earlier,
theelevated expression of the oncogerdyc increases the rate of ribosolnegenesis
at multiple levels: it upregulates both rRNA and RP syntl{gais Riggelen et al. 200
Therefore, as other RPsRPL11 is in excess amount uponrMgc activation.
Consequently, when overexpresseBL11 is capable of binding to both the oncoprotein
cMyc and its mRNA, leadingptthe degradation ofklyc (Dai et al. 200Y. Thus, RPL11
is involved in an autoregulatory negative feedback loop, which serves as-a p53
independent protection against increased ribosome rg@sgein response to mitogenic
stress.

Besides RPL11, another RP has bseggestedo be required fothe induction
of p53independent ribosome biogenesis stissckpoint Russcet al. havenotedthat
RPL3 when overexpressedan promote the expressiohp21(Russo et al. 2033p21
is one of the main transcriptional targets of p&3dasbeing a CDK inhibitorjt can
trigger cell cycle arregtAbbas and Dutta 20Q%I-Deiry 201§. In this case, RPL3n
complex with oher factors accumulateat the promoter of p21 and activatés
expression, independently of p@3usso et al. 2033Althoughthis study is based on the
artificial overexpressionf RPL3, whichmight not represent physiological conditians
the cells, upregulation of RP synthesi®ften seern response to mitogenic signaling
Although since most RPs are degrddapidly by the proteasome when not consumed in
ribosome biogenesisuntil the physiological upregulation of RPL3 has been
unambiguously shown, the validity of sugmodel remains questionable.

In addition to RPs, anothespmewhasurprising factor haadso beerpresented to

be involved in p53dndependent cell cycle arrest upon impaired ribosome biogeibsis.
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proto-oncogene serine/threonipeotein kinase 1PIM1) has been reported to have such
afunction.Under nemal conditionsPIM1 binds to the SSthrough its interaction with
RPS19 (Chiocchetti et al. 2005 Moreover, PIM1 isalso responsible for the
phosphorylation of a cell cycle inhibitop27<P1, By this PTM, p27* is marked for
further ubiquitylation and proteasomakgtadation(Larrea et al. 2009 However,
impaired ribosome biogenesis causes tlwgasomal degradation of PIMiArough an
unknown mechanism, which in turn stabilizes 27 followed by a p2'7*'-dependent
cell cycle arresfladevaia et al. 2030

Ribosome biogenesis stresstpaays which operate independently of p§&ined
prominent attention througlut the past couple of year8ecause the knowledge
withdrawn from these studies is extremely relevant for the clinics, ediyea cancer
therapy (see chapter3l4.), understading details of these processes or discovering

similar pathways are central issues in this research field.

1.3.3. ImpairedRibosomeBiogenesiCheckpointandthe associated diseases

ImpairedRibosomeBiogenesiCheckpoint

Ribosome biogenesis is consumimgRVW R W KefgyF tHedefoheé (it id Q
interconnected with all signaling pathways in the cell. Mitogenic or stress signals all
affect this process and are capablecafisingribosome biogenesis stress, as it was
described earlier. Deficiency of the cpaments and factors of ribosome biogenesis
direct inhibition of the procesdicit a strong response in terms of ribosome biosynthesis
perturbation andactivation of p53dependent andindependentstress responses.
Recently, this subtype of ribosome tpemesis stressesponsewas named Impaired
Ribosome Biogenesis Checkpoint (IRB%entilella et al. 2017 The earliest
observation of IRBC originates from a study performed by Volamivat These authors
reported that the conditional knockoutRIPS6leads to cell cycle arrest in mouse liver
cells(9RODUHY L 0). lh\Wer& two decadea myriad ofstudieshasreported that
disruption of ribosome biogenesis at virtually any level can activate the canonical 5S
RNP/Mdm2/p53 pathway, falved by cell cycle arrest, apoptosis or senescence.

Perturbation of the Pol | mediated rRNA synthedsys depletion of the PIC
componentgRubbi and Milner 2003Yuan et al. 2005Donati et al. 201Daor by
chemical inhibition of rRNA transcriptiofRubbi and Milner 2003Peltonen et al. 2010
Bywater et al. 201,2Holmberg Olausson et al. 201Reltonen et al. 20}4impaired
rRNA processing by decreased expression of maturation fa@takagi et al. 2005
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Angelov et al. 2006Qin et al. 2011 Carrillo et al. 14, WatanabeSusaki et al. 2004
impaired subunit assembly by deficient RBs et al. 2004Barkic et al. 2009Fumagalli
etal. 2009 /LQGVWU |P DQ GLlanoy §vigg Serrano 2018un et al. 201;,0Dutt

et al. 2011 Bursac et al. 20tZFumagalli et al. 2012Daftuar et al. 201,3Zhou et al.
2013; impaired nuclear import of the RRad impaired nuclear export of the ribosomal
VXEXQLWYV EkaGodedh&ulehtd et al. 201)2all result in thestrong activation

of p53 mediatednainly by the 5S RNP complex (Figl).
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Figure 11. The activation of the IRBC response in response to perturbation of the rRN
sythesis.Impaired 47S preRNA synthesis results in the stabilization and activatiop53f tha
initiates cell cycle arrest, apoptosis or senescence.

Ribosomopathies
IRBC is clinically wellrepresented by a group of diseases, called

ribosomopathiesRibosomopathies are characterized byured mutations in R or
ribosome biogenesis factgenes(Tade 1, Fig 12). Since ells rely on ribosome
biogenesis for their growth and proliferation, orild easily imagine that complete
abrogation of this fundamental process is incompatible withHiéevever, the mtations
associated withibosomopathiesathe affect the availability of mutated proteirthat
cause a decrease in the rate of ribosome biogeiiésis, sich conditions leatb growth
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arrest, due to the insufficient translation and/or dbetinuousactivation of the IRBC
pathway.Although the imparment of suchubiquitous process would suggesglobal
effect on the affected individual, symptoms of patients suffering from ribosomopathies
are tissuespecific Although the affected tissue also varies among thdeift
ribosomopathy conditions seveal standard features can be characterizede.
hematological defects, short stature and predisposition to ci@aea and Ebert 2010
Armistead and TriggRaine 2014 Nakhoul et al. 2014Danilova and Gazda 2015
Tremendous effort was made to discowdrat causes the tissspecific phenotypeof
these disorders ahe molecular levellt is generally accepted thathese specific
phenotypes featuring each disease addiram the combined effect of insufficient
translation, constantactivation of p53 dudo activated IRBC and impaired extra
ribosomal function of the deficient factofArmistead and TriggRaine 2013
Ribosomopathies include rare genetic dismdsuch as Treach&ollins syndrome,
Dyskeratosis congenita, Diamoldackfan anemia, 5q syndrome, Shwachman

Diamond syndrome and otherenless frequensyndromegTable 1).
Table 1 Ribosomopathies

Ribosomopathy Inheritance Main clinical Affected Role in ribosome
symptoms gengs) biogenesis
5¢ syndrome somatically macrocytic anemia, RPS14 SSU biogenesis
acquired AML
BowenConradi autosomal prenatal growth delay, EMG1 SSU biogenesis
syndrome recessive craniofacial, limb
kidney, brain, heart
abnormaities
Cartilage  hair autosomal  skeletal abnormalities, RMRP rRNA maturation
hypoplasia recessive hypoplastic anemia,
immunodeficiency,
cancer
Diamond autosomal craniofacial, limb, RPS19, RPL5, SSU/LSU biogenesis
Blackfan anemia dominant cardiac, urogenital RPL11,RPL15
atnormalities cancer  RPL36, RPL35A,
RPS7, RPS10,
RPS17, RPS24,
RPS26RPS27A
Dyskeratosis X-linked/ mucocutaneous DKC1 rRNA maturation
congenita autosomal abnormalities, TERC, TERT
dominant/ immunodeficiency,
autosomal growth retardation, NHP2, NOP10
recessive neurological
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abnormalities,
pulmonary filvosis
cancer
Isolated autosomal asplenia, primary RPSA SSU biogenesis
congenital dominant immunodeficiency
asplenia
North American autosomal neonatal jaundice, uTP4 rRNA synthesis and early
Childhood recessive biliary cirrhosis processing
cirrhosis
Shwachman autosomal pancreatic SBDS LSU biogenesis, ribosom
Diamond recessive insufficiency, assembly
gastrointestinal,
syndrome skeletal, immune
system abnormalities,
AML
TreacherCollins | autosomal craniofacial TCOF1 rRNA synthesis and early
syndrome dominant/ abnormalities processing
autosomal POLR1C
recessive POLR1D

rDNA
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“7¢s, DC, DS
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processmg
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Figure 12 Human ribosomopathies impair ribosome biogenesis at diverse stepsCS
TreacherCollins syndrome, DC: Dyskeratosis congenita, SDS: Shwaciyianond sydome
DBA: DiamondBlackfan anemia, 5q5¢ syndrome.
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TreacherCollins syndrome(TCS) is a severe craniofacial disorder, inherited
mainly in an autosmal dominant fashion.TCS is most frequentlyassociated with
mutatiors in the TCOF1 gene, which encodes a protein named Treacle. Treacle has
involvement in rRNAtranscriptiorandearly prerRNA processing stef{&ig 12) (Valdez
et al. 2004Gonzales et al. 200Kadakia et al. 2014 In a minor group (ca. 8%) of TCS
patients mutations occum the POLR1Cand POLR1Dgenes that encode RPAC1 and
RPAC2proteins, respectively. Both proteins are subunit components of Pol | and Pol IlI
complexegKadakia et al. 2014Ahmed et al. 2016 Mutations in thefCOF1gene lead
to haploinsufficiency of Treacle, vith impairs ribosome biogenesis, followed by the
activation of the IRBC pathway. As a consequemés is stabilizd, and it mediates
apoptosis, specifically in neural crest cells during early embryogeeso et al. 2006
S&kai and Trainor 2009 This population of stem cells are responsible for the formation
of most ofthe bone, connective, cartilage and peripheral neuron 8ssti¢ghe head
(Graham et al. 1996In TCS extensive apoptosis of neural crest cells causes the severe
craniofacial abnormalities, including underdevelopment of the loaer and the
zygomatic bone, external ear deformities, eye problems due to the drooping of the eyelids
or absence of the eyelashe@sntal and nasal abnormalitighang and Steinbacher 2012
Posnick 2013 TCS is an excellent exampdé IRBC activationandpathological effects
of constitutively active p53. Mouse TCS models are further promoting the importance of
p53 in the development ofithdiseaseTreacle haploinsufficient mice display similar
craniofacial abnormalitieswhich phenotype could be easily reversed by chemical
inhibition or genetic inactivatioof p53(Jones et al. 2008Although in neural crest cells
abnormal activation of p53 seems to medihtepathological effects, it remainsosty
unknown why other cells are not affected by these mutatiSosiesuggest that Treacle
may haveseveral extraibosomal functions which could be mamgtical in the affected
cell type(Sakai et al. 2002 Indeed, Treacle has been presented to be required for mitotic
progressionSakai et al. 2012 translational regulatioWerneret al. 201% and DNA
damagesignaling(seechapter 14.1.) (Ciccia et al. 2014Larsen et al. 20145akai et al.
2016. Most importantly,the function of Treacle in DNA damage respohas emerged
asa reasonable explanation for the tisspecific penetrance of this diseaSpecifically,
it has been reportatiat neuroepithelial cells exhibit a higher level of reactive oxygen
species (ROS), compared to other cell tyj8zkai et al. 206 ROS are potent ducers
of DNA damage(Jena 2012Cadet and Wagner 20t 3hus proficient DNA damage

response, mediated by Treacle, may be extremely crucial in neuroepitheligSe&ts
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et al. 2018. Additionally, a recent study proposed that another protein, namely DDX21
Is responsible for the tisstgpecific pathology of TC8Calo et al. 2018 DDX21 is an

RNA helicase, required for rRNA synthesis and processinghermore it is also
involved in the Polllkmediated transcription of RP geng&alo et al. 201} It has been
noted that Treacle ablation or suppression of rRNA transcripiimuces the
redistribution of DDX21, as it relocates from thecleolus and chromatin fraction to the
nucleoplasm, resulting in the inhibition of ribosome biogenesigortantly, this
redistribution occurs in cranial neural crest cells, but not in other cell types. Thus, the
authors suggest that Treacle haploinsigficy induces faulty rRNA transcription, rDNA
damage p53 activation and DDX21 redistribution as a consequence that results in
apoptosis in neural crest cells, which are hypersensitive to the increased levelGHlp53

et al. 2018 Although precise mechanism through which DDX21 may mediate the
pahology of TCS is still missing, recent developments in this field may hold a great
promise fortherapy ofTCS patients.

Dyskeratosis congenita(DC) is another disease, traditionally called
ribosomopathy andsually diagnosed by a classical triad of mut¢acaous symptoms:
hyper or hypopigmentation of the skin, nail dystrophy and leukoplaiidhe oral
mucosa. Additionally patients might also show a variety of the following symptoms:
telangiectasia, alopecia @remature gying of the hair neurologicalabnormalities,
cancer predispositioandpulmonary fibrosis. Most commonly the cause of death is bone
marrow failure(Kirwan and Dokal 2008Wilson et al. 2013 DC is caused mainly by
mutations in theDKC1 gene.DKCL1 is located on the X chromosome aedcodes
dyskerinprotein which is a component of the box H/AC#oRNP.As box H/ACA
SnoRNP is required fdhe pseudoudylationof the prerRNA, mutations oDKC1 have
been suggested to impair ribosome biogen@&sis 12; Table 1 (Angrisani et al. 201¢%
However, in addition to its function in rRNA maturation, as a part of the telomerase
complex, dyskerin is also involved in the maintenance of telonfregan and Dokal
2008 Angrisani et al. 2014 Indeed, patients suffering from DC show accelerated
telomere shortening which is more pronounced in the rapidly dividingy sted
progenitorcell populations, explainintpe majority of the symptoms and affected tissues
in this diseas€Angrisani et al. 2014 Furthermorejnstead of disrupting the catalytic
activity or the expression levef dyskerinmutations occurring in thBKC1 gene rather
impair the RNA binding domain of the protein, which associates withetloenerase

comple, through an interaction with the telomerase RNA compo(EaRC) (Kirwan
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and Dokal 2008Mason and Bessler 2@). Moreover,a minority of DC patients show
mutations in the telomerase reverse transcriptase (TERT) and TERC encoding genes, in
these case®C is inherited in an autosomal dominant manf&b(e ) (Kirwan and

Dokal 2008 Angrisani et al. 2014Fok et al. 201)Y. Additionally, in several casesther
telomergde componentsave been observed to carry thatation causing the pathology

of DC, which are inherited in an autosomal recessive faghave 1) (Walne et al. 207;
Vulliamy et al. 2008. All thesepieces of evidencehow that symptoms of DC arise
insteadfrom thedysfunction of the telomerase complex and not from impaired ribosome
biogenesis. Howevett, has also beemeported thain the X-linked form of DC(X-DC),
whendyskerin is mutated, pseudouridylation of the rRNA is also affected. This impaired
rRNA maturation causes qualitative alterations in translation, which might promote
tumorigenesiscontributng to the cancer susceptibility seen ¥DXC patientgsee chapter
1.3.4) (Yoon et al. 2006Bellodi et al. 200). The activation of p53 can be also observed

in cells derived from DC patienfshowever it seems to be rather a consequerce
telomere dysfunctiothan activated IRB{Carrillo et al. 2014Fok et al. 201). Thus,
although it might contribute to the complex pathogenesis of the disease, ribosome
biogenesis stress is presumably notghimarycause of DC.

Diamord-Blackfan anemigDBA) and 5@ syndrome are classic examples of
ribosomopathies, as bodthesaliseases are characterized by mutations of the RP genes
(Table 1;Fig. 12) (Nakhoul et al. 2014 DBA is a bone marrow failure syndrome
inherited in an autosomal dominant fashion. Symptoms of DBA patients also include
macrocyticanemia,short stature, craniofacial, limb and urogenital abnorrealiand
cardiac defectgLipton and Ellis 2009Wilson et al. 2014 In nearly half of the cases,
DBA is cawsed by mutations ismall or large subuniRP genes, whilghe genetic
background in the other half remainsostly unknown. The known DBA causing
mutations occur in the followingRP genes:RPS19 RPL5 RPL11 RPL15 RPL36
RPL35A RPS7RPS1QRPS17RPS24RPS26andRPS27Ahoweverthe mutation of
RPS19is most commonly observedhese mutations cause haploinsufficiency of RP
proteins, which lead to both activation of IRBC and insufficient translgfiable 1
(Narla and Ebert 201&llis and Gleizes 20)1Consequently, increased apoptosis of the
erythroid progenitor cells can be observed in the bone marrovAfatients causing
severe anemiéEllis 2014 Danilova and Gazda 20L3However, the exact mechanism
that leads to impaired erythropoiesis is a matter of deliRgduced expression of RPs is

known to induce IRBC and p5®ediated apoptosis that could explain increased
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apoptosis of erytioid progenitorgLipton and Ellis 2009Narla and Ebert 2031M@utt et
al. 201). Indeed, activation of p53 has been observed in boneomaamples derived
from DBA patients (Dutt et al. 2011 However, several reports suggest that RP
haploinsufficiency also reduces thete of global trariation that might be crucial for
erythroid progenitors, which express hemoglobin aatiower level in this case.
Consequently, the amount of free heme is increased that leads to oxidative stress, which
induces p53ndependent apoptosis in these c@likiabrando and Tolosano 20MNarla
and Ebert 201,0Ellis 2014. This theory also provides an appealing explanation for the
tissuespecific cell death observed in DBA, although the involvement of IRBC in the
pathology of the disease cannot be entirely excluded. Furthermore, it is also worth to
mention that many RPalso possess extrdbosomal function, which coul@lso be
affected, when expressed at a lower lettedrefore could contribute tbe pathological
appearance of DBAWarner and Mcintosh 200%Zhou et al. 201p For instance,
haploinsufficiency of RPL5 and RPLliheprimary mediators of IRBCare known to
cause a more severe form of the disease, as phenoigpeleft palatéleft lip and thumb
malformations can be seen only when these proteins are m(&steda et al. 2008

5¢ syndrome i somatically acquired condition, characterized by the deletion of
the long arm of chromosome 5. Patients suffering from the sygdrome show
macrocytic anemia and predisga to acute myeloid leukemia (AML) due to impaired
erythropoiesigPadron et al. 201 Pellagatti and Bultwood 201% Among the ca. 40
genes encoded blge lost chromosomal fragmeRPS14eems to be the most important
for the pathology of this diseag¢€able 1; Fig 12) (Padron et al. 201 1Pellagatti and
Boultwood 201%. Supporting this t#ory, haploinsufficiency of RPS1#h mouse models
is capable of inducing the same phenotype, observed pafigns (Barlow et al. 201p
Furthermore, activation of p53 ascansequence of IRBCan be detectemh both the
mouse models and in cells derived from patients(Barlow et al. 2010Pellagatti et al.
2010. Thus active IRBC and p58lependent apoptosisvebeen suggesti to mediate
impaired erythropoiesigArmistead and TriggRaine 2014 Nakhoul et al. 2014
however, simarly to DBA, oxidative stress induced by heme overload cannot be
excluded as a positive contributor to- Sgndrome.

ShwachmasDiamondsyndrome (SDS) is another ribosomopathy, inherited in an
autosomal recessive manii€able 1) SDS is also characterideas a bone marrow failure
syndrome and additional symptoms of SDS include mainly: exocrine pancreatic

insufficiency, gastrointestinal, skeletal and immune system abnormalities with
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susceptibility to AML(Burroughs et al. 200Nakhoul et al. 2014Nelson and Myers
2018. Majority of the SDS patients carbyallelic mutations of th&&BDSgene, which
encodes a protein presumably involved in multiple steps of ribosome bioge3s. S
has been reported to participatethe final assembly of the ribosomal subunitsring
translation initiation, by promotindhé EFLEtmediated removal of elF6 from the LSU
(Fig. 12) (Finch et al. 2011Wong et al. 2011Burwick et al. 2012 Furthermore, several
studieshavesuggested that SBDS mighiso banvolved in rRNA maturation, due to its
localization to the nucleolus and interactions with NPM and the 28S rHANA 12
(Austin et al. 2005Ganapathi et al. 200.7Activation of IRBC has been suggested to be
the primary cause of this idease, supported by upregulation of p53 observed in cells
derived from SDS patient®ror 2002 Elghetany andAlter 2009). However, less is
known about thenechanism, through whic®BDS mutations affect ongpecifictissues.
Thus,similarly to other ribosomopathies, the molecular background of SD s hede
further evaluated taunderstand betteéhe role anccontribution of ribosome biogenesis
and IRBC to these and othredateddiseases, such as cancer (see cha8et.)L.

1.3.4. Ribosome biogenesis and cancer

Altered nucleolar structure can Beenin many human dieasesand it usually
reflectsaltered mbosome biognesis. For instance, thecreased sizandbr number of
the nucleoliarerecognizd adraits of many tumor typg(Zink et al. 2004 It is widely
accepted that upregulation of ribosome biogenesis drives the excessive growth and
proliferation of cancer cellsyhich aregaining a competitive advantage over normal cells
as aresult(Orsolic et al. 2016 Protconcogenic mitogen signaling pathways, such as
MAPK/ERK and PIBKAKT/mTOR signaling cascadagpregulate ribosome biogenesis
on the level of rRNA synthesiaffecting mainly the Pol | transcription machinery
Furthermore, €Vlyc promotes ribosome biogenesia multiple levels: it triggersPIC
formation an rRNA synthesis; and increasi® synthesis dRPs and factors involved
in diverse steps of ribosome biogengsise chapter 1.2(FeltonEdkins et al. 2003
Hannan et al. 2003hao et al. 2003Mayer et al. 2004GomezRoman et al. 2006
Stefanovsky et al. 2006tefanovsky and Moss 2008/oiwode et al. 2008Grummt
201Q Kantidakis et al. 20L0van Riggelen et al. 20168iannan et al. 2031

Although inthemajority ofthecases upregulation of rRNA synthesicancelis
achieved through positive regulation of the Pol | transcription machinmegytumors

show altered epigenetic feature$ the rDNA as well.These alterations include the
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decrease of the CpG methylation of rDNA promoters and the increased amount of
euchromatin histone modifications of rRNA ger{€a et al.1999 Powell et al. 2002
Ghoshal et al. 2004 Theseepigenetic alteratiapromote rRNA synthesis, as well as
induce changes in thextranucleola chromatin structure, leading to genome instability
(Guetg et al. 201rsolic et al. 2016

Recent studie suggest that upregulation of ribose biogenesis ia crucial step
in the tumorigenic progranmthus instead of being a passive consequence it rather
promotes the initiation and progression of tum@fson et al. 2006Barna et al. 2008
Belin et al. 2009Bywater etal. 2013. For instancein their pioneer studBarnaet al
have used a transgenic mouse model thatasexpressing-Myc ( (—Myc mice), which
make these animalsrone to develofB-cell lymphomasHowever, when intercrossed
with mice heterozygous fdRPL24and showing haploinsufficiency of this protein, the
onset of Bcell ymphoma was delayedhe authorhavesuggested that this outcome
was the consequence of normalized translation, decreased growth ratestadbliehed
genome stabilityfBarna et al. 2008 Although the reslts of this study indeed suggest
that upregulation ofribosome biogenesis is @ssentialktep in tumorigenesiseveral
other factors nght alsocontribute to thigrocess. First, RPL24 haploinsufficiency might
lead to the activation of p53 viae IRBC pathway, whichs resulting in growth arrest.
Therefore, increased ribosome biogenesis might only constrain the activation of p53. On
theother hand, RPL2deficient ribosomes might not promdtetranslation ospecific
MRNAs, which are required for excessive growth followinljlgc upregulation(Orsolic
et al. 201%.

Nonetheless, more and more studies reportrtbabnly theupregulationin the
rate of ribosome biogenedmit also the selective owexpression of diverse factors in
ribosome biogenesimayhave tumorigeic potential For instancethe expression of the
key rRNA processing factohox C/D snoRNP componeRBL has been shown to be
upregulatedn somemalignanciegChoi et al. 2007 Belin et al. 2009Koh et al. 2011
Su et al. 2018 Overexpression of FBL changes the(2methylation pattern othe
rRNA, and as a consequensgucturally altered ribosomes can be formed seatrely
affectthe quality of translatioriThese nofconventional ribosomes have been termed as
MFDQFHU UL MBrseRePaH Wio iavealsodemonstrated that the overexpression
of FBL leads to alterations in the internal ribosome entry site (IREfgndent
translation of several mMRNAMarcel et al. 203). Importantly, upregulation of the IRES
dependent translation of pretmcogenic mRNAs, such as IGF1R, MYC, FGF1/2 and
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VEGFA (Marcel et al. 2018 and downrgulation of the IRESlependentranslation of
p53 (Belin et al. 2009 occur under these conditions. Collectivelthis differential
translationcaused by FBL overgxession and thus altered@methylation of rRNA
seems to contribute to tumorigenesis

Similarly to FBL, overexpression of other rRNA processing factors have been
observed in cancer. For instance, the box H/ACA snoRNP component dyskerin has been
shown tobe upregulated in several tumor tyg&seron et al. 20Q9%Liu et al. 2012a
Dyskerin governs pseudouridylatiaof rRNA, thus analogously to FBL upregulation,
G\WVNHULQ RYHUH[SUHVVLRQ PLJKW DOVR OHDG WR WKH
ULERVRPHVY E\ FKDQJLQJ WKH SVHXGRXblUclcdatabd¥ LR Q SLC
not been reported to date.

Upreaulation of NCL and NPM multifunctional ribosome biogenesis factors have
also been reported in many canc€rsui et al. 2004Leotoing et al. 2008Coutinhe
Camillo et al. 2010Pianta et al. 201Qiu et al. 2012bKalra and Bapat 2013Vong et
al. 2013 Kim et al. 2014 Sekhar et al. 202Zhou et al. 2014Holmberg Olausson et al.
2015 Jia et al. 201Y). Their tumorigenic potential is commonly associated with their
positive impact on ribosome biogenesis, however shth factors are involved in
several extraibosomal cellular processegJajrishi et al. 2011 Abdelmohsen and
Gorospe 201 Box et al. 2016Jia et al. 201); other effects might add up to induce tumor
transformation in NCL or NPM overexpressing cells.

Furthermore, alective overexpression &Ps has also been observed to promote
tumor progression isome canceréShi et al. 2004Guo et al. 2011Du et al. 2014
Sulima et al. 201)7 Theoretically,the excess amount of an RP leads to a change in the
stoichiometry of RPs, which might result in the formation of structurally altered
ribosomes, which again promote pratocogenic mMRNA translationr suppress tumor
suppressor mRNA translation. An examglsuch selective upregulation of RPs has been
reported in gastric cancer. In this casalective upregulation ®#PS13 and RPL2Bave
beenshownto contributeto the multidrug resistance of thesells (Shi et al. 2001
However, it is also worth to mention that RiRs/ealsobeen reported tpossess several
extraribosomal functios (Warner and Mcintosh 2002Zhou et al. 2015 which might
also contribute to tumorigenesiadbr tumor progression.

The main consequegr of upregulated ribosome biogenesis is the upregulation of
global protein synthesig.he higher rate of translationcreases thaumberof proteins

in the cells ananight alsoresult in thedecrease adfranslation fidelity, that leads to the
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appearancef damaged or misfolded proteif@Sonn and Qian 201 &albiati et al. 2017
Sulima et al. 201)7 Furthermore, selective upregulation of several ribosome biogenesis
factors or RPs may alsaterthe physiological balance of proteinstoteostasig cells
Collectively, these pathological changesglobal proten homeostasisre termed as
proteotoxic stress and often occur in cancer ¢Blstola et al. 20181adden eal. 2019.
Consequently,abundant and/or damagemoteins accumulate in the endoplasmatic
reticulum (ER)whichin turninitiates theunfolded protein response (UPRJPR aims

to restore proteostasis, by enhancing protein folding procgssésasomatiegradation

of misfoldedand damagegroteirs and slowing down translatigiMoon et al. 2018
Madden et al. 20)9Upregulated UPR provides an advantage for cancer cells to avoid
proteobxic stress but still obtaiahigh proliferation rat¢Bastola et al. 2018adden et

al. 2019. Proteasomes akssentiaklements of the UPR pathwahereforein various
malignanciesthe primary therapeutic approadhcludes proteasome inhibitigBastola

et al. 2018Moon et al. 2018 We haverecentlydiscovered that a commercially available
drug, called Antabusénasa similar mechanisnof action and it could be beneficial for
cancer therapyAntabuse is an alcohalversion drug, which has been used to treat
alcoholism for decades. The active compound of Antabuse is disulfiram, the main
metabolite of which is a ditiocartopper compleXCuET) that haspotent anttumor
effects(Skrott et al. 201)¢ CuET inhibits the activity of the p9VCP segregase, which

is involved in the removal of membraeenbedded ubiquitylated proteins for further
proteasomal degradation, thereby contributing to Uit mainteance of global
proteostasigSkrott et al. 201;7van den Boom and Meyer 2018 uET binds to and
immohilizes NPL4 protein, which is an important cofactor of p97. By this mechanism,
CUET treatmentleads to the accumulation of polyubiquitylated proteins in the cells,
which cannot be degraded af@m insoluble protein aggregates. Consequently, cell
death isnduced Furthermorecancer cells seem to be hypersensitive for CUET treatment
and CuET also seems to preferentially accumulatecamcer cellsof mouse xenograft
models (Skrott et al. 201y This preclinical study is encouraging and promotes the
initiation of clinical trials based on CUuET treatme8ince there is a direct connection
between intensive ribosome biogeneaibigher rate of translation and UPR in cancer
cells, the indication of upregulated ribosome biosynthesis, such as altered nucleolar
structure could be auseful marker for the successful treatment with CUET in cancer

therapy.
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Targeting the upregulatedbosome biogenesisglirectly is also an emerging
approach in cancer therap$mall molecule inhibitors of rRNA synthesisave been
proved to have vg potent anticancer effectsSuch a promising compouncialled Cx
5461, exerts its inhibitory effect on rRNA transcription through the suppression of SL1
recruitment to rDNA promoterfDrygin et al. 201} Additionally, CX-5461 hasalso
been shown to induce DNA damageia the stabiliziation of four-stranded DNA
structures, sealled GquadruplexegXu et al. 201Y. Importantly, CX-5461 has been
reported to preferentially target cancer cells, leading to apoptosis, senescence or
autophagywhereasormal cells remaimosty unaffected by this drugDrygin et al.
2011, Bywater et al. 2012 These encouragg results show the potential trgeting
ribosome biogenesis icancer therapyConsequentlyCX-5461 s now being tested in
phase I clinical trials
(https://www.anzctr.org.au/Trial/Reqistration/TrialReview.aspx?id=364713
https://ClinicalTrials.gov/show/NCT027199)77 ActD is another rRNA synthesis

inhibitor, which is being used for the therapy of multiple can¢8ikora et al. 1999
Kroon et al. 2014Bhavana et al. 20)7ActD is a DNA intercalatorandit preferentially
intercalates intthe DNA at guanosineytosine (GC) rich regionsyhich are enriched in
rDNA genes. Thisin turn,inhibits the progression of the Pol | transcription machinery,
however at higher concentration it also suppresses RNA synthesis by Pol Il or Pol Ill. As
a resul, ActD interferes with many processes in the cafisiexerts is cytotoxic effects

in cancer as well as in normal celnsequently, severe adverse effects can be observed
in patients treated with ActBChun et al. 200Burger et al. 201,tHernandeVerdun et

al. 2010. Anothemewly identified drugBMH-21 is also a DNA intercalating compound,
which, similarly to ActD, intercalates into G@ich rDNA genes. In addition to its
inhibitory effect on rRNA synthesis, it also promotes proteasomal degradation of Pol |
(Peltonen et al. 201@eltonen et al. 20}4This additional effect of BMF21 on Pol |
degradation nght increase its specificity towards rRN#&nthesisnhibition, thus could
improve cancer therapy when compared to ActD treatn@imical trials with BMH-21

have not been initiated tiate.

Small molecules, which areargeting other selectively upregulated ribosome
biogenesisdctors might be ab beneficial for cancer therapy. For instance, an aptameric
FRPSRXQG $6 LOQWHUIHUHV ZLWK 1&/1V 51$ ELQGLQJ D
in ribosome biogenes(Soundararajan et al. 20@ates et al. 2009 This compound has

been tested in phase I/l clinical triadghere its therapeutic potential has been presented
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https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=364713
https://clinicaltrials.gov/show/NCT02719977

(Laber et al. 2004Laber et al. 2006Stuart et al. 20QRosenberg et al. 20L.4Another
promising compound is NS@8884 which by binding to NPM inducesytotoxicity in
several cancer®i et al 2008 Balusu et al. 201,1Zhang et al. 201)2

The high cytotoxic efficiency of these ribosome biogenesis inhibitors in cancer
cells is mainly explaied by their effect to induce IRBCAs most cancer cells have
upregulated ribosome biogenesis and rely on this process for their growth and
proliferation, impairment of this process strikes these cells and induces a more robust
activation of p53, when compad to normal nottransformed cellsConsequentlythis
therapelt approach is selective enoutghbe extremely beneficial for cancer treatment.
Furthermore, although half dghe human cancers gain diverse p53 mutations, which
render p53 ineffective in tmor suppressiorgdruginducedIRBC can promote several
p53independent pathways leading to growth arrest and/or cell desgtchapter 3.2)
(Bursac et al. 20Xx4ames et al. 201Orsolic et al. 2016 Selective cancer targeting and
promotion of both p58lependent aneindependent IRBC hea been reported fo€X-

5461 in preclinical studiesWhile CX-5461 inducesp5GHSHQGHQW D-BRSWRVLV
lymphoma cells(Bywater et al. 201R it promotes p53ndependent senesue and
autophagy in solid tumor cell lin€Brygin et al. 201} In both cases theytotoxiceffect

of CX-5461 onnomal primary cells is negligibléDrygin et al. 2011 Bywater et al.

2012. Althoughthese examples show thatgeting upegulated ribosome biogenesss

an advantageowspproach in cancer therapyi, it is also worth to mention, that other highly
proliferative cells, such as stem cells have upregulated ribosome biosy(Yaegj%t al.

2017, Qu and Bishop 20%12.e Bouteiller et al. 201,3VatanabeSusaket al. 2014. Thus,

theusage of these compounds must be considered cautiously, since it can lead to severe
consequences in patients, emerging from stem cell depletion.

As the previougxamples show, cancer cells often obigmegulated ribosome
biogenesisvia various mechanismwhich isbelieved to bassociated with their elevated
growth potentialHowever, several recent studies have reported that the decreased rate of
ribosome biosynthesis can also contribute to tumorige(Bsisac et al. 20340rsolic
et al. 201%. The best examples are ribosomopathies wliksgpite the perturbation of
ribosome biogeesis,the appearancef various types of tumors is relatively common
(Narla and Ebert 201@rmistead and TggsRaine 2014Nakhoul et al. 201 4Danilova
and Gazda 20)5There are several mechanisms through wisiatecreasedate of
ribosome biogenesis believed tgpromote tumorigenesigor instance, the reduction in

the rate of ribosome biogenesis results in lthieted amount of available ribosomes,
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which leads to a global drop in protein synthe$isus translation of thosenRNAsS,
which havea lower affinity towards the ribosomes ligst, due to competition with other
high-affinity mRNAs Since hese lowaffinity mRNAs usually encode tumasuppressor
proteins,decreased ribosome biogeneaigl thus the reduced number of ribosoess
be accounted fotumor progressionLodish 1974 Ruggero 201B Moreover, in
ribosomopathies the decreased rate or defeatomponents of ribosome biogenesis
promote IRBC response, resulting in the activation of g%fis, there is a selection
pressure foinactivating mutations of p5&andindeed p53 is often found mutated in
ribosomopathies, such as-myndromeg(- |G HU VW H Q; BuWadeOal. 2004

Another mechanism by which impaired ribosome biogenesis can promote
tumorigenesis is specifically characterized in DC. In addition to the pathological impact
on telomere maintenance, utations of DKC1 also alter the pattern of rRNA
pseudoudylation, which leads to severglalitativechanges in the translatioAltered
rRNA pseudouridylation as well as altered rRNA methylatiordue to FBL
overexpression are hypothesized lead b the formation of differentialpFD QF H U
ribosomeq[ In X-DC, mutations inthe DKC1 gene seento alter the IRESlependent
translation of several mMRNA Specifically, downregulation of IRE&pendent
translation ofp53 andp27 tumor suppressoand XIAP and BCLEX_ antiapoptotic
proteins have been observ@tbon etal. 2006 Bellodi et al. 2011

Furthermore, similarly to the selective overexpression, selective downregulation
of RPs, seen in DBA and 5dgliseases, can also alter the stoichiometry of RPs in the
ribosome. As it was described earlier, this could result in the production of structurally
altered ribosomes, which might promote tumorigenesis.

In conclusion, alterations, such as upregulation or impairment of ribosome
biogenesis botthave the potential torpmote tumorigenesighus tight regulation of

ribosome biogenesis is indispensabl@void such pathological consequences.

1.4. Extraribosomalfunctions of the nucleabk

According to the new, emerging concept, besides governing ribosome biogenesis,
the nucleoluspossesses several extiidosomal functions and is involved in various
cellular processes. As a proteomic stuelyealedmore than 4500 proteshocalize to the
nucleolus and onha minority of these proteins (about 30%) are actively requioed f

ribosome biogenesi®\hmad et al. 2000 The rest of these nucleolaropeinsarelinked
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to variousunrelatedcellular processes, such asll cycle regulation, DNA damage
signaling and repair, telomere maintenance, global gene expression, and Ridsais
et al. 2014 Orsolic et al. 2016 Furthermore, since the nucleolus is a membiasge
organelle, instead of having a stationary protepsoluble proteinsffeciently shuttle
between the nucleolus and the nucleoplasostlydepending onhte physiologicalstate
of the cell Additionally, severakribosome biogenesis factors alsve recognizedxtra
ribosomal functiongYang et al. 2018 These observations indicdtet the nucleolus is

a multifunctional organelle.

14.1. The nucleolus gbemain stress sensof the cells

Numerousexternal and internal stress stimuli have been shown to alter the protein
composition of the nucleolus, also leading to alterations in the nucleolar morphology
and/or impairment of ribosome biogenesis. Virtually any cell stressing conditions,
including but not limited to: hypoxia, heat shock, DNA damage, nutrient starvation and
nucleotide depletion are able to induce ribosome biogenesis, &geingmainlyto the
adivation of p53(Fig. 8) (Boulon et al. 2010Quin et al. 2011 In this manner, the
nucleolus acts as a stresmsor, in response wariousinsults it shuts down the energy
consuming process of ribosome biogenesis and initiates growth arrest to avoid further
damage to the cells andsert the energy supplies to be used for repair mechani$ras
molecular mechasm by which the nucleolus senses stress stimuli differs among diverse
stress insults and best characterized in the case of DNA damage.

Ribosome biogenesis stress as a consequence of DNA damage

Various forms of DNA damage may arise from endogenous or epogesources.
For instanceROSoriginating from cellular metabolisnor DNA mismatches as a result
of faulty DNA replication are examples of the former and ionizing radiation 8R)
ultraviolet light (UV) are examples of the latter sources of DNA danfdackson and
Bartek 2009 DNA damaging agents induce the formationvafious DNA lesions,
including DNA base damagebase mismatches, DNA helix distortions duethe
incorporation of bulky adducts, DNA strand crosslinks, DNA strand bi¢deijmakers
2001). The pathway responsible for DNA damage sensing thefollowing extensive
signaling and DNA damage repair is termed DNA damage response (D&dkson and
Bartek 2009 Ciccia and Elledg2010. Besides facilitating the repair of DNA lesions,
DDR also promotes cell cycle arrest, in order to avoid replication of damaged DNA,

which would lead to theccurrenceof mutations in the genome. Furthermore, in case of
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severe, persistent amdeparabledamage, DDR rather triggers apoptosis or senescence
(Rich et al. 2000Bartek et al. 2007 DNA damage signaling events are governetinmy
major kinases of thehosphatidylinositol Xinaserelated kinase (PIKK) family, namely:
ataxa telangiectasia mutated (ATM) anthsia telangiectasia and Raddated protein
(ATR) kinasesWhile ATM mainly respondto DNA double strand breaks (DSBs), ATR
is activated followng recognition ofdiverse DNA damageypes (Marechal and Zou
2013. Once activated, these kinases phosphorylate hundreds of suhstradéved in
DNA repair, cell cycle regulation, apoptosis and other cellular proce&sgsl3)
(Matsuoka etl. 2007. TheDDR kinases phosphorylate these subssatt specific site
composed of a serine or threonindldwed by glutamine residue (BD site)(Kim et al.
1999 O'Neill et al. 2000 Matsuoka et al. 20Q7Although ATM and ATR are involved
in the signaling initiated by distinct DNA damage types,tthe kinases phosphorylate
almost the same subset of subsgaad often triggerthe activation ofeach other
(Marechal and Zou 20}.30ne of the main targgtroteirs of ATM and ATR isthe tumor
suppressop53. In response to DNA damad2DR kinases phosphorylatee serine 15
residue on p53pSerl5p53). This PTM along with the phosphorylation of Mdni®/
ATM/ATR stimulates the dsociation of p53 and Bm2, resulting in the stabilization
and activationof p53, followed by the initiation of p58ependent cell cycle arrest,

apoptosis or senescen@aspari 200D

Oncogenesis

Immunity and defense 25
25

Cell proliferation and differentiation
39 Nucleoside, nucleotide and

Intracellular protein traffic nucleic acid metabolism
34 202

Cell structure and motility
40

Signal transduction
55

Developmental Protein metabolism
processes and modification

61 Cell cycle 93

72

Figure 13. Substrates of ATM/ATR are involved in numerous cellular processesBy &
proteomic screen numerous substrates of ATM/ATR could be identified and classified tc
groups according to thegellular function (Adopted from Matsuoka et al., 2007).
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In their pioneer study, Rubland Milner proposedthat the nucleolus acts as a
stress sensor in response to DNA damage, as stabilization and activationuside3
these condition®nly occur when the nucleolar structure isoatBsrupted(Rubbi and
Milner 2003. This suggestthat in @se of severe DNA damage, the DDR signaling
and/or DNA damage itselimust reachthe nucleolus,to induce its disruptian
Consequently, ribosome biogenesis is also disrupted, which promotes activation of IRBC
and the stabilization and activation of p%s@weral researchgroupshave demonstrated
that the DDR signaling indeed reaches the nucleolus, however instead of inducing its
disruption directly, itrather triggershe shutdown of rRNA synthesithereby triggering
IRBC and p53 activatioKruhlak et al. 2007Larsen et al. 2034Harding et al. 2015
van Sluis and McStay 20)L5Kruhlak and colleaguesvere the first to report the
connection between the nucleolus and DDR. The authors have used laser micro
irradiation to introduce DSBs in the nucleolar DA observed that rRNA transcription
by Pol | was transiently inhibited. This rRNA transcription inhibition did not spread to
the surroundingiucleoli, nor affected the rate of global transcript{&muhlak et al.
2007). Kruhlak et al. also showed that thiscal inhibition of Pol | is mediated by the
DDR kinase, ATM.Mechanistically, when DSBs ametroducedin the rDNA ATM in
complex withtwo DDR adaptor protes, Nijmegen breakage syndrome 1 (NBS1) and
mediator of DNA damage checkpoint (MDC1) interferes with PIC formation and
promotes the dissociation of the elongating P&id.(14) (Kruhlak et al. 200y, DSBs in
the rDNA induce the formation of nucleolar capéere proteins involved in DDR and
DNA repair are recruited and bind to rDNRarding et al. 20L15van Sluis and McStay
2015. Repression of rRNA transcription also occurs as altre$ globally introduced
DSBs. Severe DNA damage in the naurcleolar chromatti triggers the transcriptional
shutdown in all nucleoli of the cells and this global Pol I inhibition is also mediated by
ATM. Larsenet al.reported that in this casen ATM-dependent accumulation of NBS1
on nucleolar chromatiis facilitated, whereNBS1 forms a complex witlthe Treacle
protein, whichresuls in the inhibition of rRNA synthesid~(g. 14) (Larsen et al. 2004
Surprisingly, ATM is also localizedtthe nucleoli under normal conditiorssiggesting
that it has a primary role in the protection of rDNA against darfageSluis and McStay
2015. Compared to nenucleolar chromatin, due to the high transcription rate and its
repetitive naturerDNA is extrenely fragile (Durkin and Glover 2007McStay 2018,
which might explain the basal localization of ATM to the nucleoli and its rapid response

to rDNA damage. Furthermor@ther nucleolar protegamay be targeted by ATM
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(Matsuoka et al. 20QTarsen and Stucki 20L6Additionally, while in the casefdocally
introduced DSBs DDR signaling inhibits Pol | to triggerfast response of repair
mechanisms in rDNA, in the case of globally introduced DSBs rRNA transcription
repression rather serves as a signal to turn on IRBC, leading-tep&Bdent cellycle
arrest.Similarly, other stress signaling pathways also converge on the inhibitfed bf
and or other nucleolar factof8oulon et al. 201)) indicating a significant role for

ribosome biogenesis in general stnessponse.

DSBs in rDNA DSBs in non-nucleolar chromatin

Nuclous

Figure 14. rRNA transcription shutdown in response to DSBs.A. DSBs induced in ¢
individual rDNA promote local rRNA transcription shutdown. Furthermore, a nucleolar
formed which facilitatesapid DNA damage repair. B. DSBs formed in the -nocleola
chromatin induce a global Pol | transcription shutd@aiopted from Larsen and Stucki., 20:

Further sipporting the importance of the nucleolus in stress serBunger et al.
have recently reported thasabset of common chemotherapeutic digsa sibstantial
effect on ribosome biogenesidlkylating agents, e.g. cisplatin and oxaliplatin;
intercalating agents, e.g. doxorubicin and mitomycin C; and antimetabolites, e.g.
methotrexate strongly impair rRNAynthesis, while other antimetabolites, e.g. 5
fluorouracil; topoisomerase inhibitors, e.g. camptothecin; kinase inhibitors, e.g.
flavopiridol; and translation inhibitors, e.g. cycloheximide perturb early or late rRNA
processing steps. Although these agardusesevere damage to the cellg inducing
DNA damage or by impairing other prominent cellular patrsyéyeir inhibtory effect
on ribosome biogenesis also contributes to cytotox{@tyrger et al. 2010 Targeting
ribosome biogenesis has been shown to be beneficial in cancer therapy, as it promotes
both p53dependent andindependent responseklowever, these chemotherapeutic
compounds have other cytotoxidesdts, which may be toxic for nemansformed cells,
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as well. In contrast, drugbatsolelytarget ribosome biogenesis could be more selective

to cancer cells

1.4.2. The nucleolus in genome maintenance

There are several features of the rDNA genes, whaider them extremely
vulnerableto DNA damageand thusgenome instabilityThese characteristics include
the highly repetitive natur@ndthe elevated transcription raierDNA genesOntheone
hand, the repetitive nature of rDNA genes promstthe ocurrence of intra and
interchromosomal recombinatiowhich might lead to grosshromosomadtieletions or
translocabns. On the other handthe high rate of rRNA transcription might either
facilitate collisions between the transcriptional and replicationachineriesor inhibit
replication by the appearee of Rloops (DNA:RNA hybrids) formed during
transcription. Ultimately, both of thesenechanisms trigger genommstability
(Tsekrekou et al. 201 Lindstrom et al. 2018

Recent proteomic studies haxeported that besides of ATM, numerous other
DDR proteins and DNA repair components are also locatizéte nucleolu§Ahmad et
al. 2009 Ogawa and Baserga 201¥Under normal conditionshese proteins accumudat
in a subnucleolar structuregalled the intranucleolar bodyNB) and are quickly re
localized into nucleolar caps, in casienucleolar DNA damage (Fig4)l (Hutten et al.
2017). Althoughthese DDR and DNA repair factors do not seem to laumction in
ribosome biogenesisheir nucleolar localizatioprobably serves as a protection against
rDNA damage, promoting a fast sensismgnaling and repairing system to avoid genome
instability. Additionally, several nucleolar proteins which haa@rominent function in
ribosome biogenesis abeen shown to be involved in DR well(Ogawa and Baserga
2017). For instance, NCL has been reportecaccumulate at DNA damage sites, where
it facilitates DNA repair(Kobayashi et al. 2032 Moreover, numerous ribosome
biogenesis factors carry the S/TQ phosphorylationasitearephosphorylated by ATM
DQG RU $75 '"'5 NLQ D ViadiatighOvhiehdds@des novel role for these
proteins, in genommaintenance cesse$Matsuoka et al. 2007

Besides being involved in DDR and DNA damaggpair the nucletus
presumably promotes genome maintenance through other mechassmsll. For
instance, ihascritical importance in the regulation of cell cycle, telomere maintenance,
chromatin and genome organizati@sekrekou et al. 201 Lindstrom et al. 201,8¥uan

and Tong 2018 The key functiorof the nucleols inextraribosomalprocesses might be

a7



interconnected with itprimaryfunction in the synthesis of ribosomes. Since ribosome
biogenesis is an energy consuming process, which is directly proportional to the rate of
translaion thatdrives growth and prdkration, it has a strong effeah genome stability.
Accordingly, genome maintenance and ribosome biogenesis must operate in agreement
and be tightly controlled to avoid palbgical consequence$his mayalso provide an
explanation, why the nucleolus\ggrns numerous processes and behaves as a hub for a
myriad of proteins.

15. HEATRY, a new player in ribosome biogenesis

The human HEAT repeat containing 1 (HEATR4)a mosty uncharacterized
protein. Although it has been suggested to plagle in ribcssome biogenesis and other
cellular pathways, its detailed function in these processes remains largely unkihewn.
yeast homologpf HEATR1, UTP10 is classified as a transcriptional U three protein (t
UTP)(Gallagher et al. 200&Krogan et al. 2004Dez et al. 200)/ t-UTPs areeomponents
of the SSU processome aactamongst the earliest factors recedito the 5end of the
nascent 47S preRNA. These proteinare required for early 18S rRNA processing steps
which areoccurringco-transcriptionallyandseem to promote Pol | mediated transcription
as well(Gallagher et al. 20Q4Prieto and McStay 200.7Supporting their function in
rRNA synthesis,-tJTPs form beadike structures during active transcription and re
localize to nucleolar caps upon transcription inhibitonl are strictlyco-localized with
Pol | transcription complex under both conditigRsieto and McStay 200./Due to their
dual functions in both transcription and processing, it was suggestedUuhstmight
facilitate interactions between the Pol | transcription machinery and subsequent
processing factaer(Gallagher et al. 20Q4Prieto and McStay 2007In addition to the
yeast UTP10, zebrafish BAP28 afhd/panosoma brucddTP10 homologs of HEATR1
havealso beendentified inrRNA synthesis and/or early SSU procesgiAguma et al.
2006 )DNWRURYi)HW DO

The humarHEATR1gene is located at chromosome 1943 and encodes a large
(236 kDa) protein consistingf 2144 amino acids. Thgotein contains one HET repeat
on its Gterminus(Fig 15) (http://www.uniprot.org/uniprot/ Q9H5§3HEAT repeathave

been suggestdd provide a platform for protetprotein interactions and can fmind in
numerousother proteins, such dmintingtin, elongation factor 3 or peah phosphatase
2A, ATM, ATR and mTOR(Perry and Kleckner 2003 oshimura and Hirano 2016
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Although the finction of uman HEATR1remains largely uncharacterizetihas been
implicated in cancer. @ study hapresentedhat HEATR1 isoften overexpressed in
glioblastoma andthus itmay serve as an excellent target for cytotoxic T lymphocytes
(Wu et al. 2011 Another research groupas reportedhatthe frequentiownregulation

of HEATR1 observed in pancreatic ductal adenocarcinomas (PDadcCpunts for
reduced sensitiwt towards gemcitabine chemotherapeutic drug. Mechanistically,
HEATR1 promotes the dephosphorylation of AKT by acting as a scaffold and bringing
AKT in close proximity with the inactivating protein phosphata&gRP2)). Therefore,

in the absence of HEATR1he PI3K/AKT/mTOR pathway is upregulated, assuring
resistance against gemcitabine treatment in PDAC cells. Furthetmeaeithors of this
study proposed that HEATR1 primary localized to the cytoplasm, where it can interact
with AKT and PP2 (Liu et al. 2016.

Ser1492

1 ® 2106 2144

< ( HEAT repeat O

HEATR1 (2144 aa)

Figure 15.The schematic structure of HEATR1 protein.The HEATRL1 protein consist of 21
amino aas and containa HEAT repeat domain at its C terminus. HEATRL1 is phosphon
by ATM/ATR, putatively on the Ser 1492 residue.

Several proteomic studiegvealed thaHEATR1 might also bea component of
DDR signaling pathway. For instance, it seems to be recruitbé RNA damage ite in
response to UV irradiatiofiChou et al. 2010 Additionally, HEATR1 might be a
substrate of the ATM/ATR DDR kinasesnd its putative phosphorylation sitdosated
onthe serine 1942 residu8dr1492) Fig 15) (Matsuoka et al. 2007

In the following experimemt part we investigated the function of human

HEATR1 in ribosome biogenesis
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2. AIMS OF THE THESIS

1. Validating the roleof a newly identified protein, HEATR1 in the stabilization
and activation of p53.

2. Characterization of HEATR1 and elucidation of itsdtion in ribosome

biogenesis.

3. Elucidation of the possible involvement and function of HEATR1 in DDR.

50



3. MATERIAL AND METH ODS

3.1. Cell culture, treatments and generation of DSBs

$00 FHOO OLQHV XVHG LQ WKLV VWXG\(DHOHIWVXOW
medium (DMEM) (Table 2), supplemented with 10% fetal bovine serum (Life
Technologies) and penicillin/streptomycin (Sigikrich) in a humidified atmosphere
of 5% CQ at 37°C. In the case of human primary fibroblasts (BJ and MRCells)
DMEM was supplemented with 1% MEM Nessential amino acids Life

Technologies).

Table 2 The list of cell lines used in this studyCell lines were obtained from either ATCC
the collection of Danish Caer Society

Cell line Origin Growth mode Cell culture
media

BJ (ATCC) Human skin fibroblast Adherent DMEM

HelLa (DCS) Human cervix carcinoma Adherent DMEM

MRG5 (ATCC) Human lung fibroblast Adherent DMEM

U20S (DCS) Human bone osteosarcon Adherent DMEM

Treatmentf the celsZHUH GRQH DV LQGLFDWHG LQ WKH pE

section.Chemical compounds are listed in Table 3.

Table 3 The list of chemical compounds used in this study.

Chemical compound Used concentration Treatment
period

Cycloheximide (CHX, Sigma —J PO 0-2 hours

Aldrich)

Actinomycin D (ActD, Sigma | 5 nM O/N

Aldrich)

BMH-21 (Selleckchem) —0 3 hours

X-ray irradiation was carried out using the XYLON.SMART 160E/1.5 device
(XYLON, Horsens, Denmark) at the following seg# 150 kV, 6 mA, 11mGy/s.
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3.2. RNA interference

siRNA transfections were done using the Lipofectamin RNAIMAX (Invitrogen)
WUDQVIHFWLRQ UHDJHQW DFFRUGLQJ WR WKH PDQXIDF
were purchased frofhermo FisheBcientific Ambion (Table 4).

Table 4 The list of SIRNAs used in this study.

SiRNA Sequence

SiCON (negative control, AM4635) *AGUACUGCUUACGAUACGGTT-3 »

SIHEATR1#1 (s30230) sCCACUUUCCAUUUGCGAUATT
SIHEATR1#2 (s30231) sGAUGUUGUUUUGUCGGCUATTF
SIHEATR1#3 (s30232) sCACUUUCCAUUUGCGAUAATT- -
sip53 (s605) sGUAAUCUACUGGGACGGAATT-3;
SiRPL5 (s56733) sCAGUUCUCUCAAUACAUAATT- -«
siRPL11 (s12169) sCAACUUCUCAGAUACUGGATT-

3.3. Cell cycle analysis.

Cells were fixed in70% icecold ethanol and stained with propidium iodide for
flow cytometric analysis. Fixed cells were analyzed on a FACS Verse instrument (BD
Biosciences)and cell cycle distribution was measured using the FACSuite software (BD

Biosciences).

3.4. Western blotting

Whole cell lysates were prepared in Laemmli sample buffer (LSB; 50 mM Tris,
pH 6.8; 100 mM DTT, 2% SDS, 0.1% bromophenol blue, 10% glycerol)s @em a
FRQIOXHQW PP 3HWUL GLVK ZHUH O\WHG LQ °C—O0O /6%
for 5 minutes with shaking at 1250 rpm. Whald| lysates were subsequently separated
by SDSPAGE, using 3% or 412% gradient, preast electrophoresis ge(Thermo
Fisher Scientific) and transferred to nitrocellulose membranes (GE Healththee).
membranes were blocked in 5% (wt/vol) skim milk in 0.1% (vol/vol) Tw2emn PBS
and probed with the primary antibodiese¢ Table 5 for the dilutions of specii
antibodie$, followed by the HRHRabeled secondary antibodigs (:1000 dilution)GE
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Healthcare), and visualized by ECL detection reagents (GE Healthcare) and the
Chemidoc system. Band intensities were measured and quantified by the &ystigad

(http://imagej.nih.gov/ij).

Table 5 The list of antibodies used in this study.

Antibody Origin  Clonality Dilution Method

-actin Mouse Monoclonal 1:2000 Western blot
(Santa Cruz)
Fibrillarin Rabbit  Polyclonal 1:500 Immunofluorescenct
(Abcam)
HEATR1 Rabbit  Polyclonal 1:250 Western blot
(SigmaAldrich) 1:50 Immunofluorescenct
,PSRUWLQ | Mouse Monoclonal 1:1000 Western blot
(Abcam)
MDM2 (2A10) Mouse Monoclonal 1:500 Western blot
(Abcam)
Nucleolin Rabbit  Polyclonal 1:500 Immunofluorescenct
(Abcam) 1:1000 Western blot
Nucleophosmin Mouse Monoclonal 1:500 Immunofluorescenct
(FC82291) 1:1000 Western blot
(Abcam)
Nucleostemin Rabbit  Polyclonal 1:2000 Western blot
(Abcam)
p21 (12D1) Rabbit Monoclonal 1:500 Western blot
(Cell Signaling)
p53 (DG1) Mouse Monoclonal 1:250 Immunofluorescece
(Santa Cruz) 1:500 Western blot
phospheHistone Mouse Monoclonal 1:1000 Immunofluorescenct
H2AX (pSerl139)
(JBW301)
(Millipore/Merck)
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phospheHistone Rabbit  Monoclonal 1:500 Western blotting
H2AX (pSerl139)
(EP854(2)Y)
(Novus Biologicals)
Phosphe(Ser/Thr) | Rabbit  Polyclonal 1:20 Immunoprecipitation
ATM/ATR substte
(Cell Signaling)

RPA194(C-1) Mouse Monoclonal 1:1000 Immunofluorescenct

(Santa Cruz)

RPL5 Rabbit  Polyclonal 1:2000 Western blot

(Abcam) —J PJ R Immunoprecipitation
lysate

SMC1 Rabbit  Polyclonal 1:1000 Western blot

3.5. Immunofluorescence

Cells were grown on Xthm coverslips and were fixed with 4% paraformaldehyde
in phosphate buffered saline (PBS) for 15 minaite4°C. Permeabilization was carried
outwith PBS containing 0.2% (vol/vol) TritoX-100 for 5 minutesat room temperature
The fixed cells were blocked in 5% (vol/vol) fetal bovine serum in PBS for 30 minutes,
then incubated with primary antibodies (see Table 5 for the dilutions of specific
antibodies) diluted in 5% (wt/vol) bownserum album in PBS for 1 hour at room
temperatureCoverslips were washed 3 times in PBS supplemented with 0.1% (vol/vol)
Tween 20, once with PBS, then incubated with an appropriate secondary goalblinti
or goat antmouse Alexa Fluor 488 or Alexa Fluor 568 ngmated (Invitrogen)
secondary antibodg1:1000 dilution) diluted in 5% (wt/vol) bovine serum albumin in
PBS for 1 hour at room temperature. Coverslips were washed 3 times in PBS
supplemented with 0.1% (vol/vol) Tween 20, once with PBS, then mountedlatgs
using the DAPI containing Vectashield mounting reagent (Vector LaboratdBiedgs
were visualized by the Axio Observer.Z1/Cell Obser8ginning Disc microscopic
system (Yokogawa and Zeiss) equipped with an Evolve Pi@ometrix) EMCCD

cameraZeiss Plan Apochromat 100x/1.40 NA objective was used.
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3.6. EdU and EU staining

Cells weregrown on 12mm coverslips and DEHOOHG HLWKHU ZLWK

with 1 mM EU (SigmaAldrich) for 30 mirutes then fixed with 4 % paraformaldehyde
in PBS for 15 mintesand permeabilized with 0.2 %siton X-100 for 5 mimtes followed
by incubation withthe staining solution (100 mM TrsICl, pH=8.5, 1 mM CuS04, 1

0 DJLGH FRQM XJD W H GGmaMsborp(@ Xcki)for 3@inutes Coverslips
were washed 3 times PBS supplemented with 0.1% (vol/vol) Tween 20, once with PBS,
then mounted onto slides using the DAPI containing Vectashield mounting reagent
(Vector Laboratories)iImage acquisition and analysisere performed usingScan R

acquisition and analysis safare (Olympus).

3.7. Immunoprecipitation

Cells on a confluent 106hm Petri dish were washed 3 times in PBS and lysed in
an icecold TNE buffer (150 mM NaCl, 50 mM TrHCI, pH 8.0, 1 mM EDTA, 0.5%
NP-40) supplemented with cOmplete and PhosST@ets (Rche). Lysates were
homogenized by a 20G needle and incubatedce for 30 minutes, themleared by
centrifugation.Where appropriatggrimary antibodies(see Table 5 for the dilutions of
specific antibodiesyere added tthe supernatant of thgsate ad incubated for 16durs
DW f& /PYHRWHWKHQ LQFXEDWHG ZL-28KSheep@nRdbbitQ DEH D G
IgG (Novex) for 1 our DW  f@dantigen complex®were washed extensively, then
elutedLQ 1 /6% EHIHIRAGH. 6'6
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4. RESULTS AND DISCUSSION

4.1. Identification of HEATR1 in a highesolution microscopy screen

To investigatethe regulation of p53tabilization and activatigra high content
RNA interference (RNAI) screemas performed in our laboratorfMoudry et al.,
unpublished data)n this screenl75 unique human genes were taggetach withthree
independent siRNAsSA part of these genes was previously identified as ribosome
biogenesis factors in yeast, while the other half of them was suggested to have a role in
ribosome biosynthesisndrelated processg¥®Vild et al. 201(. Importantly, he RNAI
screenwas performedn the human osteosarconfel20S) cell line which is exprssing
wild-type p53 Following thegenetic knockdown of thedarget geneghe activation of
p53was visualizedoy immunofluorescence

The investigated genesgere divided into five categories: inactivation of whose
resulted in no changes in the level of p53 (normal); gene knockdowns that caused a
decrease in p53 expression (decrease and strong decasas@gpletion of whose, which
induced the increase of p53 (increase and strong incréaseig 21%of sSIRNAS which
strongly induced the expression of p53, we identifiexb¢hthat are targetindEATR1
protein Following HEATR1 depletion the fluorescenmtensity of p53 increased from
the normal rangaround 1500 497, 498and 410 for eachsiRNA targeting HEATR1
(Fig. 16).
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m strong increase ; 9%
W increase
normal

decrease

m strong decrease

Color P53 intensity siRNA count Percentage
strong increase > 300 161 21,3%
increase 299 - 250 72 9,5%
normal 249 - 110 422 55,7%

decrease = 109 - 80 36 4,8%
strong decrease 79 -0 66 8,7%

HEATR1 knockdown — p53 intensity: 497, 498, 410

Figure 16.The expression level of p53 measured in the RNAI screeli’5 unique gnes wet
targeted, each by three independent siRNAs. Depletion of 56% of these genes did not
and 9% of them decreased and strongly decreased the expression of p53, respectively
expression of 9% of the investigated genes led to theaserof p53 level, while 21% cau
strong increase in the expression of p53. Depletion of HEATRL1 led to the strong increas
level, as the fluorescence intensities of p53 were 497, 498 and 410 in the case of the :
specific to HEATRL.

4.2. Depletion of HEATRL1 leads to the stabilization of p53 and initiates p53

dependent cell cycle arrest

To validae our observatiofrom the RNAI screenthat HEATR1 depletion leads
to anelevated level of p53, we transfected U20S cells withltheeindependent sSiRNAs
against HEATR1. All three siRNAs led to a reduction in the endogenous level of
HEATRL1 to the samex¢ent, while they indeed increased the expression of p53 and its
transcriptional target, p21 (Fig7A). Furthermore, to reduce potential -tdirget effects
of the individual siRNAgJaclson et al. 2003 we used a pool of these siRNAs in this
(Fig 17A) andall following experimentsDepletion of HEATR1 was also efficient in
diploid human fibroblast (BJ) cells, where, similarly to U20S impaired HEATR1
expression led to the increased egsion of both p53 and p21 (FigB).
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Increased expression of pB3usually achieved by the stabilization of the protein
through several mechanisms (see chap8t ). To cafirm that p53 stabilization occurs
when HEATR1 is depleted, wenhibited gldoal protein synthesis by applying
cycloheximide (CHX)o U20S cells, to investigate proteirrmiover of p53. Indeed, the
half-life of p53 increased in HEATRdepleted cells from about 1 hour to nearly 2 hours
(Fig. 17C), suggesting that protein stabilizatiis contributing to the increased expression
of p53 in the absence of HEATR1.
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SIHEATR1 + ™ - | P53

HEATR1
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Figure 17. Depletion of HEATR1 leads to the stabilization of p53A. U20S cells wel
transfected with control and HEATR1 siRNAs and 72 hours later whole cell lysates were |
and immunoblotted with the indicated antibodies. B. BJ cells were transfectedowitbl an
HEATR1 siRNAs and 72 hours after the transfection whole cell lysates were prepa
immunoblotted with the indicated antibodies. C. U20S cells were transfected with con
+($75 VL5133V DQG WUHDWHG ZLWK — buPsQ@ftér tFransfedit
:KROH FHOO O\VDWHV ZHUH SUHSDUHG DW LQGLFDW
actin antibodies.

Next, we wonderedhether stabilization of p53 following HEATR1 depletion has
an observable effect on the cellsorder to obtain more information about the cell cycle
progression of controversusHEATR1 deficient cells, wdirst studied the proliferation
rate of these cells. Total cell counts, assessed at 2, 4 and 6 days after SIRNA transfection

showed thatlecreased expressiohHEATR1 impairs proliferation in U20S cel(sig.
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18A). Furthermoreasimilar impairment of the proliferation rate could be seen in the case
of HEATR1 depleted BJ cells, indicating that the obseiwadiferation arrest was not
cell-type restricted (Fig.8B).

A B
3000000 800000
—siCON 700000 —siCON
% 2000000 —siHEATR1 . 600000 —SiHEATR
5 _g 500000
= E 400000
O 1000000 % 500000 .
. O 200000
100000
0 0
0 2 4 6 0 2 4 6
Days after transfection Days after transfection

Figure 18.Deficiency of HEATRL1 leads to growth and/or proliferation arrest.A. U20S cell
were transfected with contrahd HEATR1 siRNAs and 100000 cells were seeded. Cell ni
was determined 2, 4 and 6 days after transfection. Error bars indicate standard deviatio
n=3. Significance was determined by a fimded student test: * p<0.05. B. BJ cells v
transfeted with control and HEATR1 siRNAs and 200000 cells were seeded. Cell numl
determined 2, 4 and 6 days after transfection.Error bars indicate SDs, n=3. Significa
determined by a twamiled student test: * p<0.05.

In further experimentswe comparedhe cell cycle profile ofcontrol versus
HEATRL1 deficient cells. U20S cells transfected with a control siRNA showed a normal
cell cycleprofile, where a larger cell population (42% of the cells) was in G1 phase, while
38% of the cells progressed througlptsase and 20% of them were in G2 phase (Fig.
19A). HEATR1 ablationlargelyaltered thestandarctell cycle profile, since the amount
of cell in S phasewas reduced to 19%, while tleibpopulationof cells in G1 was
increased to 59% (Figl9A). To investigée whether this cell cycle arrest seeam i
HEATRL1 depleted cells imediated by53, we performed edepletion of HEATR1 and
p53. Interestingly, the cell cycle progression of HEATR1 and-gdRient cells was
restored entirelyFig 19A). It is also worth ® mention that RNAmediated depletion of
p53 alone did not induce any significant changes in the cell cycle profile (Fig. 0A).
contrast to U20S cellan human cervical carcinoma (HelLa) cell line, which laas
defective p53 expression, thblation ofHEATR1 did not result icell cycle arrest or the

alteration of the cell cycle profile (Fig9B).
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Figure 19. Ablation of HEATRL1 alters the cell cycle profile.A. U20S cells were transfeci
with the indicated siRNAs and 72 hours after the transfection cell cycle profiles were obte
flow cytometry. Cell cycle profiles are representative of three independent experimentsa
cells were transfected wittontrol or HEATR1 siRNAs. The cell cycle profiles were assess
flow cytometry 72 hours after the transfectionsiRés are representative of three indeper
experiments.

To provide more evidence ahme impairmentof proliferation and cell cycle
progression in HEATR1 deficient cells, we perfornagglethynyt2 sdeoxyuriding EdU)
incorporation assay, to follow the replicating population of control and HEATR1 depleted
cells. The nucleotide analog EdU incorporates into the newly synthesized DNA strand
and with a simple click chemistry EdU can be visualized by fluorescenc&/étedal
and methods)indeed, the subpopulation of replicating cells was reduced from 54% to
26% in the case of HEATRL1 depleted céHgy. 20A). Importantly,similarly to the cell
cycle profile, the reduced rate of replication measured by EdU incomuoratuld be
rescued by theoncomitant depletion of HEATR1 and p53 (FiQA2. Moreover, we also
confirmedthat RNAFmediated knockdown of p53 efficiently reduced the endogenous
level of the protein, without affecting HEATR1 protein abundance (fiB).2

In conclusion, we confirmed our observations from the RNAI screen that impaired
expression of HEATRL1 results in the elevated expression of the tumor suppressor protein,
p53. Following HEATR1 silencingp53 seems to b&tabilized on the protein level and
acivated, documented by the increased expression of its transcriptional target, p21.
Furthermore, HEATR1 depletion resulted in prominent proliferation and cell cycle arrest
in the G1 phase. Importantly, this cell cycle arrest could be reversed by concomitant
depletion of p53, indicating that the observed proliferation and cell cycle arrest is
mediated by p53. Additionallywe show here thahctivation of p53and impaired
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proliferation due to HEATR1 depletion are nastricted to one cell type, as these
phenanenacould be observed in both U20S and BJ cell lines. Notably, we could not
observe cell cycle arrest in HeLa cells following HEATR1 knockdown. Howeavéhne
human papilloma virus (HPV) positivdelLa cellsthe expression of p53 is completely
abrogated ¥ the HP\tencoded E6 oncoproteiischeffner et al. 1990Nerness et al.
1990. Thus, the absence of p68uld be accounted for failed cell cycle arrest in HeLa
cells, which is further supporting tleentral role of p53 in proliferation and cell cycle

arrest following HEATR1 depletion.

A siCON siHEATR1 sip53 siHEATR1 + sip53
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Figure 20.Depletion of HEATR1 reduces the amounbf replicating cells.A. U20S cells wetr
WUDQVIHFWHG ZLWK WKH LQGLFDWHG VL51%$V D%ReBynyt

fdeoxyuridine (EdUYor 30 minutes. Cells were fixed on coverslips, EdU was visualiz
click chemistry and nucievere visualized by DAPI staining. Results are representatives o
LQGHSHQGHQW H[SHULPHQWYV %DU —P % 8 26 FH
and 72 hours after transfection whole cell lysates were prepared and immunobot
HE$75 S  Dagtd antibodies.

4.3. HEATRL1 is localized o the nucleolus

HEATR1 protein homologs idiverse species, such as yeast UTH1€z et al.
2007 andTrypanosoma brucdibUTP10() DNW R U R Y i )th&Ve De@n described as
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nucleolar proteins, whereas Zebrafish BAP28 &las beersuggsted to reside in the
nucleolus(Azuma et al. 2006 AlthoughhumanHEATR1 was also shown to localize to
the nucleolus(Prieto and McStay 200,/ one recent study described HEATR1 as a
cytoplasmic proteir(Liu et al. 2016. The authas identified HEATR1 as a member of
PISK/AKT/mTOR signalingbeing responsible for the deactivation of AKT by binding
both AKT and its phosphatase enzyme PR2AI et al. 201§ (see chapter %).
Apparentlythe interaction of the three proteimsist occuin the cytoplasm, where AKT
and PP2A are predominantly locatedIltadeed Liu and colleagues also suggested that
HEATRL1 is rather a cytoplasmic protein and itsalaation is required for itsiteractions
with AKT and PP2A(Liu et al. 2016.

In order to reveal theubcellulafdocalization of HEATR1in our cultured human
cells, we applied immunostaining of endogenous HEATRCcording to our
immunofluorescence experiments, HEATR1 was localiakdost exclusivelyin the
nucleus whereit was rathelmccumulated in nucleolar regions in U20S cells (Figh)2
Similar localizationof HEATR1 was observed in primary human fibroblast dg@llsand
MRC-5 (Fig. 2lA). Importantly, the nucleolar areas were validated by co
immunofluorescence of NPM and DAPI staining for all three cell lines (Fig\).2
However, in the case of the two fibrabtcell lines, endogenous HEATR1 cowdtso be
visualized in the cytoplasmic fraction, indicating that HEATRight be present there, as
well (Fig. 21A). Furthermore, to test the specificity of thismunofluorescence signal
we depleted HEATR1 arttien peformed its immunostaining. In both U20S and BJ cells
knockdown of HEATR1 abolished the nucleolar signal of HEATR1, while left the weak
nucleoplasmic and cytoplasmic background fluorescence signal unchanged Brago?

Fig. 21C).

From these resultsve an conclude that HEATRL1 is predominantly a nucleolar
protein. Although a weaker fluorescence signal could be observed in the nucleus as well
as in the cytoplasm followintheimmunostaining of HEATR1, silencing of the protein
only abolished the nucleolalubrescence signallhis indicates that HEATR1 resides
mainly in the nucleolus and the weak nuclear and cytoplasmic fluorescent signal may be
the result of unspecific binding of the antibody used against HEATR1. Furthermore, in
four diverse cell lines wested HEATR1 was localized to the nucleoli, further supporting
our theory of HEATR1 being a nucleolar protéeiough it is important to mention that
we cannot exclude the possibility of differential localization of HEATRbtimer cell

types, such as pareatic cancer cells, used by L&t al Surprisingly, opposing our
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results,Liu et al. have showed that HEATRfesides mainly in the cytoplasm and is
almostentirely excluded from the nucleus. However, since this studgrai present the
validation of he antibodies used to ass#ss localization oHEATR1, the cytoplasmic
localization of HEATR1 remasdebatable.

siCON siHEATR1

siCON siHEATR1

Figure 21. HEATRL1 is a nucleolar protein. A. U20S, BJ and MR& cells were fixed ar
immunostained with the indicated antibodies. Nuclei of the cells were visualized by DAPI s
% DU —P % 8 26 F Ho@OWthZbhtidlad HEADR/1 siRNAs and 72 hours
cells were fixed, then immunostained with HEATR1 antibody. Nuclei were visualized by
VWDLQLQJ %DU —P & %- FHOOV ZHUH WUDQVIHFW
later cells wee fixed, then immunostained with HEATR1 antibody. Nuclei were visualiz
'$3, VWDLQLQJ %DU —P
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4.4. Downregulation of HEATR1 induces ribosome biogenesis stress

The fact that HEATR1 is @redominantlynucleolar protein, whose depleti
induces p53 and p&@ependent cell cycle arrest implied that HEATRigm have an
active function in ribosome biogenesithius abrogation its expression may induce
ribosome biogenesis stress. To test this possibility, we investigated (1) the altevtions
the nucleolar structure and (Il) the involvement of the RPL5 and RPL11 in the activation
of p53 upon HEATR1 knockdown.



4.4.1. Nucleolar structure alterations

To analyze the structure of nucleoli in contretsusHEATR1-depleted cellsye
immunostainedeveral nucleolar proteins with wddhown localizationWe followed the
localization of FBL, NCL and NPM, all of vwth showed a predominant accumulation
the nuclelusunder normal conditions both U20S and Hela celffig. 22). However,
ablation ofHEATR1 induced dramatic alterations in the localization of these proteins.
Specifically, FBL relocated to the periphery of the nucleoli and formed nucleolar caps,
while NPM and NCLstaining spread intaucleoplasmic regions under these conditions
(Fig. 22). Additionally, we also confirmed the activation of p53 upon HEATR1 ablation
in U20S cells by immunofluorescence staining (F@AR Furthermoe, as previously
discussed, HelLa cells have defective p53 expression. In agreement with this, we did not
observeany induction of the protein by immunofluorescence staining following HEATR1
depletion(Fig. 22B).

Disintegration of the nucleolus described by the altered localization of nucleolar
proteins is a strong indication of ribosome biogenesis stress repornedieyous studies
(Rubbi and Milner 2003Yuan et al. 2005Boulon et al. 2010Bursac et al. 20)2andit
is an acknowledged marker of multiple disea@éarla and Ebert 2AD; Hetman and
Pietrzak 2012Armistead and TriggRaine 2014 Parlato and Liss 2014rsolic et al.

2016. For instance, FBL has been reported to form nucleolar caps in response to low
dose ActD treahent(ShavTal et al. 2005 whereasNCL and NPV have been shown to
relocatefrom nucleoli to nucleoplasm following diverse insults to ribosome biogenesis
(Yuan ¢ al. 2005 Llanos and Serrano 2018u et al. 2018 However, in some cases
ribosome biogenesis stress is not represented by the disruption of ld@anstructure.

For exampleFumagalliet al.reported thathe depletion of RPS@duces the stabilization

of p53, which is not accompaniéy morphological changes in the nucleolar structure
(Fumagalli et al. 2009 To dag, it is not wellunderstood what are the signals or processes
that are leading to structural alterations of the nucleolus. Moreover, it is alseaot cl
whether such changes could hawevaluable function under some conditions.
Nonetheless, it is widely accepted that disruption of the nucleolar structure means
impaired ribosome biogenesithus our observations suggested that the absence of

HEATR1 activates ribosome biogenesis stress pagbw
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Figure 22.Disruption of the nucleolar structure upon HEATR1 knockdown.A. U20S cell:
were transfected with control and HEATR1 siRNAs and 72 hourstlagecells were fixed al
immunostained with the indicated antibodies. Nuclei of the cells were visualized by
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hours later cells were fixed, then immunostaingth vihe indicated antibodies. Nuclei w
YLVXDOL]HG E\ '$3, VWDLQLQJ %DU —P

4.4.2. Activaion of the canonical 5S RNP/Mdnp%3 pathway
Next, we wondered whethéhne impaired expression of HEATR1 induces p53

stabilizaton via the canonical 5S RMRdm2/p53 pathway. To test this possibility, we
performed simultaneous silang of HEATR1 and efter RPL5 or RPL11 and monitored
the level of p53 by immunoblotting Co-depletion ofeither RPL5 or RPL11 with
HEATR1 successfully quenched the activation of p53 seen in HEATER&ient U20S

cells (Fig. BA). This data suggested thaalilization of p53 is indeed mediated by RPL5
and RPL110f note, depletion of neither RPL5 nor RPL11 could induce any changes in

the expression level of HEATR1 (Fig3R). To further confirm the central role of these
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proteins in this process, we performinenmunoprecipitation odRPL5. Importantly, while
in control cellsRPL5 did not form a complex with Mdm2ve could detect a strong
interaction between these two proteim$iEATR1-deficient U20S cell§Fig. 23C).
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Figure 23.HEATR1 depletion activates the canonical 5S RNP/Mdm2/p53 pathway witho
inducing DNA damage.A. U20S cells were transfected with the indicated siRNAs and 72
later cells were lysed and subjected for Western blot analysis with antibodies against
,PSRUWLQ % 8 26 FHOOV ZHUH WUDQVIHFWHG ZLW
cells were lysed and immunoprecipitated with control (IgG) arRLTR antibodies, the
immunoblotted with the indicated antibodies. C. U20S cells were transfected with the ir
VL51%V DQG KRXUV ODWHU FHOOV ZHUH O\VH Gactir
antibodies. D. U20S cells were either transfected withtrol or HEATR1 siRNAs or we
irradiated with 2 Gy. 72 hours after transfection or 1 hour after irradiation cells were fix
LPPXQRVWDLQHG ZLWK + $; DQWLERG\ 1XFOHL ZHU}

In the following experiment, we investtedwhether RNAimediated knockdown
of HEATR1 induces DNA damage activation of DDR that could also lead to p53
stabilization and activation. To examine this possibility, wperformed
immunofluoresceH VWDLQLQJ RI + $%$; DQ HVWDEOLVKHG
Specifically, upon DNA damage, such as DSB induction ATM is activated that is
responsible for the phosphorylation of the histone variant H2AX on its serine 139 residue

(Rogakou et al. 1998This key PTM is required fdhe recruitment of subsequent DDR
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factors to theDNA lesion and its spreading around the DNA damage sustains DDR
signaling(Rogakou et al. 1998 ackson and@artek 200%. Indeed,the introduction of

'1$ '6%V ELUUDGLDWLRQ UHVXOWHG LQ WKH LQGXFWLF
appeared im characteristic patterrsocalled irradiatioAnduced foci (IRIF) (Fig. 2D).

In contrast to irradiated cells, HEATRIEpleted U20S cells did not show the induction

R IH2AX (Fig. 23D); thus we could exclude DNA damage and/or active DDR as a cause

of p53 stabilization in this case.

In conclusionpur experiments supported the hypothesis that ablation of HEATR1
induces p53hrough the 5S RNP/Mdm2/p53 pathwayportantly, we also excluded that
stabilizationof p53 isa consequence of DNA damadependent phosphorylation of the
protein since depletion of HEATR1 did not indub& A damage, evidenced by the
absence of + $; , 3 s. Notably,it has been reported that U20S cells fail to induce
p53-dependent cell cycle arrest in response to DNA damage due to the overexpression of
a truncated, mutant form of the Wipl phosphatase, which is responsible for the removal
of the stabiliziy phosphorylation mark from p5Xleiblova et al. 2018 This further
supports our theory that HEATR1 deficiency induces p53 exclusively through the
canonicabS RNP/Mdm2/p53 pathway.

JXUWKHUPRUH WKH DBignaHiQ ABATR1 defictent cellglso
indicates the lack of DDR activation. One study has reportedattiatatedATM is
actively involved in the suppression thie ARF protein (Velimezi et al. 2018 Thus,
under such stress conditions when ATM is+aativaded, ARF might be stabilizednd
by binding Mdm2 it could induce p53. MoreovekRF has been shown to inhibit
ribosome biogenesis, by suppressing the nucleolar import of the. TthEreby indaing
ribosome biogenesis stredessard et al. 20)0This way ARF could also contribute to
the activation of the 5S RNP/Mdm2/p53 pathway. Thus, since HEAERIetion does
not induce the activation of DDR, ARF could be activated to induce the stabilization of
p53 in both direct and indirect manner. Howew20S cells, used ithe majority of our
experimentgio not expreséRF, due to promoter hypermethylatigBadal et al. 2008
This further supports the key importance of the 5S RNP/Mdm2/p53 pathway in the
induction of p53 in HEATR1 deficient cells.
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4.5.HEATR1 is involved in rRNA synthesis

The nucleolar localization of HEATR1 antet fact that itdepletion leads to
ribosome biogenesis stress and the induction ofdgg@ndent cell cycle arrest via the 5S
RNP/Mdm2/p53 indicated a potential role of HEATR1 in ribosome biogenesis. Since
several studies reported that homologs of HEATRhultiple organisms are involved in
rRNA synthesis(Gallagher et al. 2004Azuma et al. 2006Prieto and McStay 2007
J)DNWRURY i Hist @®analyzed nascent RNA synthesidHIBATR1-deficient
U20S and Hela cellsin order to do so, we performeal 5ethynyl uridine (EU)
incorporation assayimilarly to EAU, EU is a nucleotide analogue that incorporates into
the newly synthesized RNAhus nascent RNA synthesis can be followed by fluorescence
(see Material and methods). Under normalditions, EU incorporation waghe most
pronounced in the nucleadf both U20S and HelLa cells (Figd)2 This is in agreement
with the fact that rRNAs are the most abundant RNA species in th@laelland Salic
2008. However, HEATR1 knockdown completely abolished the flaoeat signal of the
nucleolusin both cell lines suggesting that the absence of HEATR1 impaired rRNA
synthesigFig. 24). Moreover this inhibition of rRNA synthesis observed upon HEATR1
ablation was similar to the effect we detected upon low dose ActD treatment in U20S
cells (Fig. 2A).

Proteing which are involved in rRNA transcription and assoeiaith the Pol |
transcription machineryocalize into he FC region of the nucleoMoreover,although
the co-localization of these components is still retained during transcription inhibition,
they are redistributed to the periphery of the nucleolus formingcped fibrillar caps
(ShavTal et al. 2005Prieto and McStay 200.7Thus,in order to further confirm the
involvement of HEATR1 in rRNA synthesis, wevastigated the ctocalization of
HEATR1 with Pol I under normaonditionsanduponrRNA transcription inhibion. We
performed immunofluorescence staining of HEXTand RPA149, whicls the largest
subunit of Pol LUnder unperturbed growth conditioti®e staining pattern of HEATR1
and RPA149 was completely overlapping (Fi§). Zurthermore, when we applied a low
dose ofActD to inhibit rRNA synthesis, Pol | along with HEATRL1 redistributed to
overlaying fibrillar caps (Fig.27). To confirm our resultseen upon ActD exposure, we
treated the cells with another rDNA intercalator drug, BRIH In addition to its

inhibitory effect on transcription by intercalation, the exposure to BMHlso induces

68



siCON

siCON

SiIHEATR1

SiHEATR1

ActD

Figure 24.HEATR1 has a role in rRNA synthesis.A. U20S cells were either transfected \
the indicated siRNAs or treated with 5 nM ActD. 72 hours after transfection or 16 hou
treatment cells were labeled with 1 mM EU for 30 minutes. Cells were fixed and EU d¢
was performece\ FOLFN FKHPLVWU\ 1XFOHL DUH PDUNHG E
cells were transfected with either control or HEATR1 siRNA and 72 hours later cells were
with 1 mM EU for 30 minutes. Cells were fixed and EU detection was performyexdidi
FKHPLVWU\ 1XFOHL DUH PDUNHG E\ ZKLWH GDVKHG

the degradation of Pol(Peltonen et al. 201®eltonen et al. 20}4indeed, RPA149 was
almost completely degraded in response to BRIHtreatmentMeanwhile, HEATR1
was accumulated in fibrillar caps and colocalized with the remainingdetptded
RPA149(Fig. 25B). Overall, these resultsiggestethat HEATR1 is a componeont the
Pol | transcription machinery and supported our previous observations theg @ h
function in rRNA synthesis.

In conclusionwith this datg we confirmed thabesides being a nucliewo protein,
HEATRL1 is involved in ribosome biogenesBSpecifically, we found that HEATR1,
similarly to its homologs in different organisms, ip@ssble componentof the Pol |
transcription machinery and its depletion results in plgent inhibition of rRNA
synthesis. Althouglthese dataepresentVWURQJ HYLGHQFH IRU +($75 V L
rDNA transcription, we cannot excluttee possibility that HEATR1 participates in othe
steps of ribosome biogenesis well For instanceyeast UTP10 and Zebrafish BAP28
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have been reported to be requifedearly SSU processir(@allagher et al. 200Azuma
et al. 200%; thus it is likely that HEATR1 protein hassamilar function.
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Figure 25.HEATR1 co-localizes with Pol I.A. U20S cellsvere either mockor ActD (5 nM}
treated overnight, then fixed and immunostained with HEATR1 and RPA149 antibddde
werH YLVXDOL]HG E\ '$3, VWDLQLQJ %DU —oPBMI4-21802
— Otreated for 3 hours. Following the incubation cell were fixed and immunostaine
HEATR1 and RPA149 antibodies. Nuclei were visualized by DAPI staining. Bar-1P

Of note,the prominent role of HEATRL1 in rRNA synthesis is not restricted to the
U20Scell line, since HEATRL1 depletion impaired rDNA transcription in HeLa cells as
well (Fig. 24B) Moreover, as we observed in previous experiments, the deficiency of
HEATRL1 also induced ribosome biogenesis stresteiracells, evidenced by the altered
nucleolar structurFig. 22B) Therefore, it is likely that similarly to U20S cells, the 5S
RNP complex binds to Mdma these cells following the ablation of HEATR4owever,
as it was mentioned earlier, due to the overexpression of the-edBdted E6
oncopraein, the expression of p53 is downregulated in HeLa (®tlseffner et al. 1990
Werness et al. 1990thus the 5S RNP cannot induce p53 expression. Indeed, as we
presented earlier, HEATR1 knockdown could not induceg@endent cell cycle arrest
in HeLacells(Fig. 22B) Interestingly, HEATR1 depletion did not induce cell cycle arrest

at all (Fig. 19B) Moreover, p53 downregulation could rescue cell cycle arrest in
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HEATR1-deficient U20S cells, mimicking the conditions of the HelLa cell Ki#gough

p53 is a central player in ribosome biogenesis stress;ingg@pendent cell cycle
checkpoint activating phtvays are also operating in response to impaired ribosome
biogenesis (see chapteB.2.). However, our findings did not reflect the activation of
such pathways, neither in HEATRIepleted HeL#&Fig. 19B) nor in p53and HEATR1
ablated U20S cell¢Fig. 194). Importantly, we cannot exclude the possibility of the
induction of p53independent processes leading to cell cycle arrest with slower kinetics.

4.6. Upregulation of HEATRL1 in cancer

Throughout our experiments, we obssivthat the protein level of HEAR1
might be lower in normal cells, compared to the cancer cels lused in this study. To
further investigatehis observationwe performed a compative Western blot analysis
with exponentially growingcancer cell linesU20S and HelLaand primary fibroblast
cells,BJ and MRGS5. Indeed,cell lysates obtained from U20S and HelLa contained a
higher level of HEATR1, while the protein was barely detectable in BJ and-M&dlls
(Fig. 26). The upregulation of ribosome biogenesis is a common characterisan@dr
cells, which gaira proliferativeadvantage over normal cells due to the increased capacity
of protein production apparatusee chapter 3.4.). Supporting this notion, other
ribosome biogenesis factors, such as NS, NCL and NPM were also foumghat
abundance in lyaes of cancer cells (FigbR Although the two examined cancer cell
lines presented an overall upregulation of ribosome biogenesis, we cannot exclude the
selective overexpression of HEATR1specificcancer typed-or instance, eecent study
reported the upregulation of HEATR1 in glioblastoma cells, where HEATR1 was
demonstrated as an excellent target faell mediated immunotheragWu et & 2014).
However, whether there is a selective overexpression of HEATR1 or a global
enhancement in ribosome biogenesis in these glioblastoma cells has not been shown.

Furthermore, selective downregulation of HEATR1 héso been reported to
contribute b theincreasedesistance against gemcitabingratients with PDAJLiu et
al. 2016. However, in this casgemcitabine resistance caused by HEATR1 deficiency
is DVFULEHG WR +($75 fV LQYROYHPHQ®h thQotileKndn&NW VL J
our experiments show that HEATR1 depletion has severe consequences in the cells: due
to its essentialrole in ribosome biogenesis, its absence ingiaieosome biogenesis

stress, resulting in p5@ependent cell cycle arrest. Since this aspect of HEATR1
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deficiency was not investigated by Lat al, we cannot exclude the possibility that
defective ribosome biogenesis contributes to the phenotype of PDAC cells observed by
the authors. Furthermore, one can also imagine titaer nucleolar factors can
compensate the absence of HEATRMhus ribosome biogenesis can still operate
sufficiently in PDAC. Nonethelessas both these scenariosemain to be highly
speculativefurther stidies are needed to uncover the molecular background of HEATR1
deficient cells. Moreover, the potential involvement of HEATR1 doarupregulation

in the pathogenesis of various cancer types also needs to be elucidated.

©
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Figure 26. HEATRL1 is overexpressed in cancer cell€ancer cell lines U20S and Hela,

normal fibroblast cells BJ and MR&were lysed and immunoblotted with HEATR1, NS, N
130 D Qdstin antibodies. The total protein amount is visualized mg¢®€au S staining and
DEXQGD Qétihl R
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4.7. Involvement of HEATR1 in DN damage response

Recently, mmerous studiehave focused on the connectibatweenribosome
biogenesis and DDR. As described earlier, ribosome biogenesis factors have been
described asssentiaplayers in DDR, several DDR factdrave beeshown tdbelocated
in the nucleolus and DNA damades been reported to potently indutieosome
biogenesis stress (see chaptet.L.Thus, our focus has beshiftedtowards the role of
HEATR1 in DDR.

4.7.1. Phosphorylation of HEATR1 by ATM
During their effort tadetermineATM/ATR substrates in response to DNA damage

in HEK 293T cells, Matsuokat al.identified numerous ribosome biogenesis faciioes
high throughput proteomic screevhich are phosphorylated by either of these two master
kinases. Along with thegaroteins, HEATR1 was alddentifiedto be phosphorylated by
$70 $75 IR O O-Radiatpoh. Specificallythephosphorylation sitevasrecognized

on the Serl492residue(Matsuoka et al. 20Q7Fig. 15; Fig. Z7A). In order to validate
their observations, wanmunoprecipitated all ATM/ATR substrates with an antibody
recognizing phosphorylated S/TQ sites. Notablydogenous HEATR1 was accumulated
among proteia ZKRVH 6 74 VLWH ZDV SKRVr&a#i&ioh\ Gl G IROO
to SMC1 proteina known ATM/ATR target (Fig. ZB). Thesedataconfirmed the results
seen in the screen of Matsuakaal.that HEATR1is a substrate of ATM/ATRHowever,

with this experimentwe could not determine the exact phosphorylation site of HEATR1
Nonethelessthese resultsndicated thatHEATR1 might be a component oDDR

signaling

73



Ser1492
1 ® 2106 2144

C Q==

HEATR1 (2144 aa)

INPUT IP: 1gG IP: p-S/TQ
- + - + - + IR (10 Gy)

HEATR1 (short
exposure)

HEATR1 (long
exposure)

SMC1

Figure 27. +($75 LV SKRVSKRU\ODWHG E\ $-imaxdiidn. IR Ol
schematic structure of HEATR1 proteifhe HEATR1 protein consist of 2144 amino acids
contains a HEAT repeat domain at itd6€minus. HEATRL1 is phosphorylated by ATM/AT
putatively on the Ser 1492 residue. B. U20S cells were either-trestied or irradiated with .
Gy. 1 hour following the irradiation cells were lysed and immunoprecipitated with contro
and pS/TQ antilodies, then immunoblotted with the indicated antibodies.

4.7.2. Depletion of HEATR1 leads to atteted\H2AX formation

According to one proteomic study HEATR1 recruiisDNA lesionsfollowing
UV irradiation (Chou et al. 2010 Therefore, we assumed that HEATR1 miphve a
function in the early phase of DDRo investigate this possibility, we depleted HEATR1
LQLUUDGLDWHG FHOOV DQG IROUGRHAHIEQ WHX)V,5W\ IR U WIXW
fluorescence signal was indeed reduced in HEA@Rficient cells, compared tmontrol
cells (Fig. BA-C). This indicated thadEATR1 facilitates theDDR responsewhich is
impaired in the absence of the protein

Next, we aimedo confirm that this phenotype is the specific consequence of
HEATR1 ablation and is independent of théosome biogenesis stress response.
Therefore, we treated the cells with 0@ RVH $FW' DQG TXDQWLILHG + $;
VLIQDO LQWH Q\NratiatiohREXQWRBZULQYIL QJO\ ZH | Ron@anW KD W
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was attenuated, similarly to what we observechim ¢ase of HEATR1 depletion (Fig.

28D).
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Figure 28. +($75 GHSOHWLRQ OHDGV WR UHGXB®SGcells vy
transfected with either control or HEATR1 siRNA and 72 hours later cells were irradiatec
*\ KRXU IROORZLQJ WKH LUUDGLDWLRQ FHOOV ZHy
1XFOHL ZHUH YLVXDOL]HG E\ '$3, VWDLQLQJ %DU
LPPXQRVWDLQHG DV LQ $ ,PPXQRIOXRUHVFHQFH LC
indicate standard deviations (SDs), n=3. Significance was determined byalédstudent tes
** p<0.01. C. U20S cells were either metkated or irradiated with 2 Gy. 1 or hours later
were lysed and immunoblotted with the indicated antibodies. D. U20Sne=#seither mod
or ActD (5 nM)treated overnight, then fixed arichmunostained with + $; antibody
,PPXQRIOXRUHVFHQFH LQWHQVLW\ RI + $; ZDV TXDQ
(SDs), n=3. Significance was determined by a-taited student test: * p<0.05.

Overall, these data indicated tiHEATRL1 is asubstrate of ATMATR when cels
DUH FKDO O HréadiétiGn. 8d_fdr,Kve could notalidatethe phosphorylation site
on HEATRZ noridentify the function of thigTM.

Future studies will be required to discover the missing information regarding the
role of HEATRL1 in DDR. One possible approach to uncover the DNA damage responsive
phosphorylation site of HEATR1 could be timroduction of arectopically expressed
and tagged form of HEATRL1 to the cells. This HEATR1 construct could campus
mutations of the protein. For instance, by replacing Serld@® alanine a
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phosphomutant construct, while by substituting Ser1492 with aspartic acid, a
phosphomimetic constct could be producedransfection of these construelsng with

the depétion of the endogenous proteinfollowed by -irradiation and
immunoprecipitation with the phospt®TQ antibody and subsequent immunoblotting
with antibodies against these constsuwould reveal whether Serl492 is the site
phosphorylated by ATM/ATR. Such HEATR1 constructs calib beused to monitor
alterations in DDR and interactions with other DDR components, without disrupting
ribosome biogenesis.

Importantly, although the 8@ XFWLRQ LQ WKH + $; IOXRUHVFHQI
we observed following HEATR1 ablation can be rather attributed to the global effect of
impaired ribosome biogenesis, it is not watiderstood what processes cause this
phenotype.One recent study has reped a similar reducton,Q WKH + $; VLJQD
following NCL depletion. In this cas¢he authors explained this phenomenon by the
active involvement of NCL in DDR. As a histone chaperon, NCL is required for the DNA
damagenduced histone eviction, which isIVVHQWLDO IRU WKH VSUHDGL
signal and DDR signaling around the DN&sion(Kobayashi et al. 20)2Although in
our experimentsieitherHEATR1 depletion nor ActD treatment B to the reduction in
the proteinlevel of NCL ZKLFK FRXOG H[SODLQ VXFK FKDQJHV LQ
observed altered localization of this protein under these conditions. Typically, upon
HEATR1 ablation or ActD treatmentNCL was released from nucleoli tthe
nucleoplasm. Thus, it is possible that such altered localization impairs the histone
chaperone and DDR function of NCL. Nevertheless, the mechanism by which DDR is
impaired under these scenarios needs to be furthadatad.
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5. SUMMARY

Ribosome biogenesis is a complex process ihanitiated n a subnuclear
organelle, the nucleolusThe nucleolus is assembled around rDNA genes, whose
transcription results in the emergence of a single transcript, the 4#&NwWe The
transcription is followed by the maturation of this primary transcript, resulting in the
appearance of 18S, 5.8S and 28S rRNAs. Meanwhile, the forth rRNA component, 5S
rRNA is transcribed and matured in the nucjeusl ribosomal proteins are synthesiz
in the cytoplasm. The assembly of the ribosomal componentsdiake in the nucleolus,
nucleus and cytoplasrRibosomebiogenesisonsumes tremendous energy of ¢eés;
therefore it isinterconnected with a multitude of signaling pathways in thé cel
Perturbation of this process promotes the phenomenon of ribosome biogenesis stress that
Is characterized mainly e disintegration of the nucleolar structure, the activation of
tumor suppressor p53 and growth arrest. Interestingly, ribosome biagystress is one
of the main characteristics of diverse diseases. Furthermore, the nucleolus has been
described as the major stress sensor of the cells, due to impairment of ribosome biogenesis
following different stress stimuli. Of these stress signaks,ctbse connection of DNA
damage and ribosome biogenesis has been best characterized.

In this work we have identified HEATR1 as a novel nucleolar protein that is
involved inthe early steps afibosome biogenesis. Supporting this notion, ablation of
HEATR1 disrupts rRNA transcriptigrieads to the disruption of nucleolar structure and
promotes the stabilization and activation of p53, which results in cell cycle arrest.
Depletion of HEATR1 activates the canonical RPL5/RPL11/Mdm2/p53 pathway,
evidenced by th increased interaction between RPL5 and Mdm2 under these conditions
andattenuateg53 activation upon edepletion of RPL5 and/or RPL1Eurthermore, &
it was suggested by others, HEATR1 may be actively involved in the pathology of
diseases, such as can.In addition, HEATR1 mightlso beinvolved inDNA damage
signaing KRZHYHU WKLYV DVSHFW Rl +($75 TV IXQFWLRQ QHI
Overall, in this study we characterized the novel role of HEATR1 in ribosome
biogenesis. Importantly, HEATRmayalso berelevant in the therapy of cancer or other

diseases, where ribosome biosynthesis is impaired.
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7. ABBREVIATIONS

T1ETS S{H[ WHUQDO WUDQVFULEHG VSDFH
40S or SSU small ribosomal subunit
fETS fHIWHUQDO WUDQVFULEHG VSDFH
5S¢ 5¢ syndrome
5S RNP 5Sribonucleoprotein
60S or LSU large ribosomal subunit
ActD actinomycin D
AKT protein kinase B alpha
AML acute myeloid leukemia
ARF alterndive reading frame protein
ATM ataxia telangiectasia mutated
ATR ataxia telangiectasia and Rad8ated protein
box C/DsnoRNP box C/D small nucleolar ribonucleoprotein
box H/ACA snoRNP box H/ACA small nucleolar ribonucleoprotein
CDK cyclin-dependent kinase
CHX cycloheximide
CuET ditiocarb-copper complex
DBA DiamondBlackfan anemia
DC Dyskeratosis congenita
DDR DNA damage response
DFC dense fibrillar component
DMEM '‘XOEHFFRTV PRGLILHG (DJOHYV PHGLXP
DSB doublestrand break
EdU 5-ethynyt 9%deoxyuridine
EFL1 elongation factor likel GTPase enzyme
elF6 eukaryotic translation initiation factor 6
ER endoplasmatic reticulum
ERK extracellularsignal regulated kinas
EU 5-ethynyl uridine
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FBL

FC

GC

GC
H3K27me3
H3K4me3
H3K9me2/3
H4ac
H4K20me3
HEATR1
HPV
HRP

IGS

INB

IR

IRBC
IRES
IRIF
ITS1
ITS2
LSB
MAPK
MDC1
MRNA
mTOR
NBS1
NCL
NOR
NoRC
NPC
NPM

fibrillarin

fibrillar center

granular component
guanosinecytosine

trimethylation of histone 3 lysine 27
trimethylation of histone 3 lysine 4
di- or trimethylation of histone 3 lysine 9
acetyldion of histone 4
trimethylation of histone 4 lysine 20
HEAT repeat containing 1

human papilloma virus

horseradish peroxidase

intergenic spacer

intranucleolar body

ionizing radiation

impadred ribosomebiogenesicheckpoint
internal ribosome entry site
irradiationrinduced foci

internal transcribed spacgr

internal transcribed spacgr
Laemmli sample bufie
mitogenactivated protein kinase
mediator of DNA damage checkpoint
messenger RNA

mammalian target of rapamycin
Nijmegen breakage syndrome 1
nucleolin

nucleolar organizer region
nucleolar remodeling complex
nuclear pore compk
nucleophosmin
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NS

PBS
PDAC
PI3K
PIC
PIKK
PIM1
Pol |

Pol Il
Pol Il
PP2A
pRB
pSerlsp53
PTMs
PTRF1
rDNA
RNAI
ROS
RP

RPL
RPS
rRNA
S6K
SDS
SDSPAGE
Serl492
SLYTIF1-B
SnoRNP
TCS
TERC
TERT

nucleostemin

phosphate buffered saline

pancreatic ductal adenocarcinoma
phosphatidylinositol Xinase

pre-initiation complex
phosphatidylinositole-Binaserelated kinase
proto-oncogene serine/threonupeotein kinase 1
RNA polymerase |

RNA Polymerase Il

RNA Polymerase lli

protein phosphatase 2A

retinoblastoma protein

p53phosphorylatd onthe serine 15 residue
posttranslational modifications

Pol | and transcriptelease factor 1
ribosomal DNA

RNA interference

reactive oxygen species

ribosomal protein

large subunit ribosomal protein

small subunit ribeomal protein

ribosomal RNA

ribosomal protein S6 kinase

ShwachmafDiamond syndrome

sodium dodecyl sulfatgolyacrylamide gel electrophoresis

serine 1942 residue

selectivity factor

smadl nucleolar ribonucleoprotein
TreacherCollins syndrome
telomerase RNA component

telomerase reverse transcriptase
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TFIIA
TFIIIB
TFIIC
TIF1-A/hRRN3
tRNA
TTF-1
t-UTP
UBF
UCE
UPR
uv
X-DC

transcription factor I1A
transcription factotlIB
transcription factotlIC
transcription initiation factor 1A
transfer RNA

transcription termination factor 1
transcriptional U three protein
upstream binding factor
upstream core element
unfolded protein response
ultraviolet light

X-linked form of Dyskeratosis congenita
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