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Abstract

The promyelocytic leukemia protein (PML) is a tumour suppressor. It has been reported that PML
interaction with the p53 protein is involved in the activation of cell cycle checkpoints and, when
persistent, may lead to the premature onset of cellular senescence. Cellular senescence is a state
of permanent cell growth arrest that is associated with characteristic morphological and metabolic
changes and persistent DNA damage signalling. Importantly, PML nuclear bodies coassociate with
persistent DNA damage foci in senescent cells; however, the role of this interaction is still obscure.
My goal was to characterize the role of PML in DNA damage response (DDR) and the induction
of premature cellular senescence after genotoxic stress, namely X-radiation, using both siRNA-mediated
PML knock down (PML KD) and complete PML knock out (PML KO) in human cells. The dynamics of DNA
damage foci, levels of various proteins involved in DDR, and proliferation rate were measured in both
PML KD and KO cells. No significant changes in the formation of DNA damage foci, activated DDR
(p53 and Chk2), activated p21°PYWAFL cyclin-dependent kinase inhibitor, senescent morphology,
and SA-B-galactosidase activity in PML KO cells were observed. However, PML KO cells displayed higher
levels of retinoblastoma protein (Rb) and diminished proliferation. In conclusion, PML protein has no
direct role in the development of ionizing radiation-induced premature cellular senescence but could be

important for the regulation of cell cycle progression via modulation of Rb protein level.

Key words: PML, PML nuclear bodies, DNA damage response, DNA damage foci, Rb, cellular senescence,
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Abstrakt

Promyelocyticky leukemicky protein (PML) je nadorovym supresorem. DuleZitym aspektem je jeho
interakce s proteinem p53, kterda muiZe zplsobit aktivaci kontrolnich bodld bunécného cyklu
a pfi dlouhodobé signalizaci i rozvoj predcasné bunécné senescence. Bunécna senescence je stav trvalé
zastavy rUstu, ktery je spojen s morfologickymi a metabolickymi zménami a permanentni signalizaci
odpovédi na poskozeni DNA. Role proteinu PML pfi asociaci slézemi poskozeni DNA a ve vyvoji
senescence je zatim nejasna. Cilem mé prace bylo charakterizovat protein PML v souvislosti s odpovédi
na poskozeni DNA (DDR) a rozvojem senescence po genotoxickém stresu, a to rentgenovém zareni, diky
vyuziti deplece PML pomoci technik siRNA-zprostfedkovaného ,knock-downu“ a pomoci kompletniho
,knock-outu” (PML KO) PML v lidskych burikdch. Dynamika |ézi DNA, hladiny protein(i souvisejicich
s DDR a proliferacni kfivka byly méreny pomoci metod imunoblotu a neptfimé imunofluorescence.
Nebyly pozorovany zadné vyznamné zmény ve vytvareni lézi DNA, aktivaci DDR (p53 a Chk2), aktivaci
inhibitoru cyklin dependentnich kindz p21°P¥WAf senescentni morfologii a aktivité SA-B-galaktozidazy
u PML KO bunék. Na druhou stranu, PML KO bunky vykazovaly vys$si hladinu retinoblastomového
proteinu (Rb) a pomalejsi proliferaci. Zavérem, PML protein hraje pravdépodobné jen nepfimou roli
v pfedcasné bunécné senescenci indukované ionizujicim zarenim, ale mUZe byt dlleZity pro regulaci

prichodu bunéénym cyklem diky modulaci hladiny proteinu Rb.

Klicova slova: PML, jaderna téliska PML, odpovéd na poskozeni DNA, léze DNA, Rb, bunécna

senescence, genotoxicky stres, ionizujici zafeni, rentgenové zareni



Contents

1.

1 (e Yo [F ot 4 o] 1 FU PR 10
LItEratUre FEVIBW ..cceuuiieeeiiiienieitteeierteenierteesiertensiereensseseanssessnnssssenssssssnsssessnssssssnssssssnnssessnnsssssnnssssannssssannane 12
2.1 DNA AAMAGE FESPONSE .veeeeeeeeeeeeeeeee e ettea e e sttt e eeaattaeaasssaeatseaaessssaasassssasassessassssaseassssasasssesannnes 12
2.2 ClUIOE SENESCENCE. ......vvvveeeeeeeeieeeeeeeeeciiee et eeetteee e e et et e e e e e sttt e e e eeessasssbaeseessssssssesseesessarses 15
2.2.1 Features of cellular SENESCENCE .......coooiviiiiiiii 15
2.2.2 Types Of CellUlar SENESCENCE ........eiiiieiiieeeerteeee ettt e 18
2.3 Promyelocytic 1@UKEMIQ PrOt@IN ...........ceeecuueeeeeiieeeeiieeeesiie e esteeesite e ete e s ste e s stteassssteesssasaeaesnssesennans 22
2.3.1 PML Structure and iSOTOIMS ...cociuiriiiiie ettt ettt e e s e ebab e e e e e e seeaabaeeeeeesesnnnes 22
2.3.2 Transcriptional regulation Of PIML.........ccccuiii it e e s e e e 23
2.3.3 Posttranslational modifications Of PIML ........cuiiiiiiiiiiiiiiee et eesiarree e e e e eeanaes 23
2.3.4 PML NUCIEAI DOAIES ...ttt ettt e e e e s et a e e e e e e sesaabbareeeeeesnnnses 24
2.3 5 PIML fUNCHIONS...cciiiiiiiiiice 26
2.3.5. The differences between human and murine cell cultures in connection with PML protein and
CRIIUIAT SENESCENCE ... 29
AIMS OF ThE ThESIS ceeeeiiiiieeiiicccitercerc ettt reeeeereeenessseeeteeesansssssssssessnnssssssssesesnnnssssssssessnnnnsssssssssnnnnnns 30
Materials aNd METNOUS ..ottt ree e eeeeeeeseeesseeesnasssssssseeessnsssssssssesssnssssssssseesnnnnnssnnns 32
B 1V Lo T =T (o] KPR 32
g 0 0 =T oY (=1 SRS 32
O A 1N 1 41 o Yo Yo LT =T RNS 34
RS N = o 10Tl 1= d o 1T USRI 35
Y D R o X € = ] £ SRR 36
.2 METROGS. ......eveeeeee ettt e e ettt e e e e s ettt a e e e ee st s aaeeeeessassssaaaseessassssseasseesessssssssaeseeasnsses 37
A R O | I ol U 1 (U T =T PPPPPUPPPTRS 37
4.2.2 INdUction Of CeIlUIAr SENESCENCE ... ..uvvviieiiiiiiitiiiiee ettt e e e ssabare e e e e eeeas 37
B e R O a1 o =T 10 011 0] KPP PPPPPPPPPPPPPPRS
B R W] oo (=T o1 4 [ o OO PRSPPI
4.2.5 IMMUNODBIOTEING coeeeiiie e e e e et e e e st e e e s e reeeeesnaeeeesnneeeaanns
4.2.6 Immunofluorescence
4.2.7 SA-B-galactosidase STAINING.....cccccvuiieiiiiee et e s e e e e seee e e st e e e s saeee e snaeeeesnseeeeenns 41
RESUILS ...eeeeiiiiieniiriteeierieenierteeeiereeesereeessereeessereensseressssssesnssssesnssssesssssssnsssssensssssensssssennssssennssssensssssannssssannnne 42
5.1 The effect of glucose concentration and spectrum of X-radiation on the induction of IR-induced
premature cellular senescence in human CeIS iN ViItro ..........ccccoeeeeeuveveeeieeeeceiiiieee e e et e e e eeeccareaaa e e 42
5.2 Optimization of radiation dose for the induction of IR-induced premature cellular senescence.......... 49

5.3 The effect of PML knock down on the DNA damage response and the maintenance of IR-induced

PremMature CElUIAr SEBNESCEIMCE ............ueeeeeeeee et eeeee e ee e et e e e e e s e e e sttt e e et e e sasseaeessseaesssseasssssenaans 54

5.4 The effect of PML knock out on the establishment of IR-induced premature cellular senescence....... 57
5.4.1 The effect of PML knock out on the DNA damage foci formation, DDR activity and cell cycle
AT ST e 57
5.4.2 The effect of PML knock out on cellular proliferation ..........cccoveeiiiiieiiiiiieiee e 61
5.4.3 The effect of PML knock out on the establishment of senescent phenotype ........ccccec..... 63

6



D SUMIMIAIY i e e e e e e 65

DISCUSSION ceuuiiieeniertennertenniertensereensiereenssereenssersansserssnsssssnnssssssnssssssnsssssnnsssssnnssessnnsssssnnsssssnnsssssnnssssannssesannnne 66

6.1 Optimisation of conditions for the development of IR-induced premature cellular senescence in cell
CUIEUIE MOGEI N VIEIO oottt ettt et e ettt e st e e st e e s satsa s e sasteasssbesesnsseasssnsenas 66

6.2 The effect of PML depletion on the establishment and maintenance of DDR signalling in IR-induced

premature cellular senescence and on cell cycle Progression ...............oueeeceeneeenceeensieesieiesieesieeseeeae 69
L0007 4Tl T T o 75
2= =T =T TS 76



List of abbreviations:

53BP1
APS
ATM
ATR
ATRIP
BCA

BJ
Brcal
BrdU
BSA
CBP
Cdc25
CDKls
Chk1
Chk2
Chk2 pThr68
CIP/KIP
CREB
ctrl
DAPI
DAXX
ddH20
DDR
DNA-PK
DNA-SCARS
DSBs
DMEM
DMSO
DPBS
EDTA
EdU
FBS
GAPDH
GLH
Gy
H2AX
HR
HRP
hTERT
IMG

INK4
IR
MDC1
Mdm?2
MEFs
mono
MRN

tumour suppressor p53-binding protein 1

ammonium persulfate

ataxia telangiectasia mutated

ataxia telangiectasia and rad3-related protein

ATR-interacting protein

bicinchoninic acid

human foreskin BJ fibroblasts

breast cancer susceptibility protein 1

5-bromo-2'-deoxyuridine, a nucleotide analogue

bovine serum albumin

CREB-binding protein

dual specificity phosphatase cdc25
cyclin-dependent kinase inhibitors

checkpoint kinase 1

checkpoint kinase 2

checkpoint kinase 2 phosphorylated on threonine 68
cyclin-dependent kinase interacting protein/the kinase inhibitor protein
cAMP response element-binding protein

control

4', 6-diamidino-2-phenylindole

death domain-associated protein 6

double distilled H20

DNA damage response

DNA-dependent protein kinase

DNA segments with chromatin alterations reinforcing senescence
double strand breaks

Dulbecco’s modified Eagle’s medium

dimethyl sulfoxide

Dulbecco's phosphate-buffered saline
ethylenediaminetetraacetic acid, 99%
5-ethynyl-2’-deoxyuridine, a nucleotide analogue

foetal bovine serum

glyceraldehyde-3-phosphate dehydrogenase

glutaraldehyde

gray (a derived unit of ionizing radiation dose in the International System of Units)
histone H2AX

homologous recombination

horseradish peroxidase

catalytic subunit of the human telomerase reverse transcriptase
Institute of Molecular Genetics of the ASCR, v. v. i., Videriska 1083, 142 20 Prague 4,
Czech Republic

inhibitors of cyclin-dependent kinase 4

ionizing radiation

mediator of DNA damage checkpoint protein 1

E3 ubiquitin-protein ligase Mdm?2

mouse embryonic fibroblasts

monoclonal antibody

mrell-rad50-nbsl complex

8



NCS neocarzinostatin

NHEJ nonhomologous end joining

No. number

(6] oncogene-induced premature cellular senescence

p15 p15'N%4 (cyclin-dependent kinase 4 inhibitor b)

pl6 p16'Nk4a (cyclin-dependent kinase inhibitor 2a, isoforms 1/2/3;
cyclin-dependent kinase 4 inhibitor a)

p18 p18'NK4e (cyclin-dependent kinase 4 inhibitor c)

p21 p21CPY/WAFL (cyclin-dependent kinase inhibitor 1)

p19 p19'Nk4d (cyclin-dependent kinase 4 inhibitor d)

p27 protein p27X! (cyclin-dependent kinase inhibitor p27; cyclin-dependent kinase
inhibitor 1b)

p300 histone acetyltransferase p300

p53 tumour suppressor protein 53

p53 pSerl5 tumour suppressor protein 53 phosphorylated on serine 15

p57 p57%P? (cyclin-dependent kinase inhibitor 1c)

PARP-1 poly (ADP-ribose) polymerase 1

PBS phosphate-buffered saline

PBST 1xPBS+0.1% Tween® 20

PD population doubling

PFA paraformaldehyde

PML promyelocytic leukemia protein

PML KD PML knock down

PML KO knock out in the PML gene

PML NBs PML nuclear bodies

PML wt PML wild type; with an intact PML gene

ppRb hyperphosphorylated retinoblastoma protein

poly polyclonal antibody

pRb hypophosphorylated retinoblastoma protein

Rad51 DNA repair protein rad51 homolog 1

RARa retinoic acid receptor alpha

Rb retinoblastoma protein

RNA ribonucleic acid

RPA replication protein a

RPE-1 hTERT human retinal pigment epithelial cells immortalized by the expression of catalytic
subunit of the human telomerase reverse transcriptase

Ser serine

SAHFs senescence-associated heterochromatin foci

SASP senescence-associated secretory phenotype

SA-B-galactosidase senescence-associated beta-galactosidase

SDS sodium dodecyl sulphate

SDS-PAGE sodium dodecyl sulphate -polyacrylamide gel electrophoresis

SUMO small ubiquitin-related modifier

TEMED N,N,N’,N’-tetramethylethylenediamine

Thr threonine

TopBP1 DNA topoisomerase 2 binding protein 1

Tris tris(hydroxymethyl)aminomethane

X-gal 5-bromo-4-chloro-3-indolyl -D-galactopyranoside

YH2AX gamma-H2AX, histone H2AX phosphorylated on serine 139



1. Introduction

Cellular senescence is a state of an irreversible cell cycle arrest which is accompanied by many metabolic
and morphological features that distinguish senescent cells from quiescent ones. Cellular senescence
was first described by Leonard Hayflick, who observed that a cell culture can reach only a limited
number of population doublings and after exceeding that threshold the culture remains alive but unable
to proliferate. This state was called replicative cellular senescence. Later on, a similar cellular state was
also observed after inflicting various types of stress, namely oxidative stress, DNA damage, treatment
with genotoxic drugs or activated oncogenes. This state was termed premature cellular senescence,
as the cells were unable to proliferate even though they had not reached the critical amount
of population doublings. Senescent cells often display activated DNA damage response (DDR) signalling,

indicating impaired genome integrity.

The promyelocytic leukemia protein (PML) is considered a tumour suppressor. Its role in malignant
disease has been discovered first in acute promyelocytic leukemia. Moreover, PML protein was shown
to be deregulated in many types of cancer indicating its widespread tumour suppressive role. PML
homodimerizes utilizing SUMO-modification and SUMO-interaction domain and in this way it forms PML
nuclear bodies (PML NBs). PML acts as a scaffold component of PML NBs, a nuclear compartment
composed of several dozen molecules of various proteins. One of the possible functions of PML NBs
is a storage site for other proteins, which would then influence various cellular processes such as DDR

signalling, cell cycle arrest, or apoptosis.

PML is involved in the stabilization of p53, supporting its acetylation and facilitating the p53 dependent
expression of p21°PYWARL cyclin dependent kinase inhibitor. This results in the activation of cell cycle
checkpoints and, when persistent, in the development of premature cellular senescence. Therefore,
the PML NBs were suggested to play a role in the regulation of cell proliferation, cell cycle arrest,

response to viral infections, and, last but not least, cellular senescence.

The regulation of PML protein expression in cellular senescence has been studied by the members
of the Laboratory of Genome Integrity (IMG, Prague) in the past. Nowadays, the role of PML protein in
IR-induced premature cellular senescence is explored as the coassociation of PML nuclear bodies with

unrepaired double strand breaks representing DNA damage foci, an intriguing but not yet functionally
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characterized feature of the IR-induced premature cellular senescence. The DNA damage foci can be
induced by genotoxic stress, for example by X-irradiation or by chemotherapeutic drugs. For reasons yet
unclear, some DNA damage foci remain unrepaired. It is believed that such DNA damage foci result
in DDR signalling, persistent activation of cell cycle checkpoints, and development of the senescent

phenotype.

Based on the coassociation of PML NBs with DNA damage foci and on the fact that PML was shown
to induce premature cellular senescence, | attempted to characterize the role of PML in DDR and
IR-induced premature cellular senescence using an in vitro human cell model with manipulated levels
of PML expression. The new insights found in this work are based mainly on the utilization of human
cells bearing a complete knock out inthe PML gene (PML KO), which have not been used

in the investigation of cellular senescence before.
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2. Literature review

2.1 DNA damage response

The DNA damage response (DDR) is a signalling pathway which coordinates the repair of various types
of DNA damage with several cellular processes, mainly with the progression of cell cycle (Fig. I);
for a review, see (Branzei and Foiani 2008). The reason to stop the progression of the cell cycle
is to avoid subsequent DNA damage by interference with e.g. DNA replication or cellular division during

the repair of the damage, which could result in a genomic instability.
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Figure I. A simplified depiction of the DNA damage response signalling pathway and phosphorylation events.
Sensors (MRN complex, RPA, 9-1-1 complex and ATRIP), mediators (53BP1, H2AX, MDC1, Brcal and TopBP1),
transducing kinases (ATM and ATR), downstream kinases (Chk2 and Chk1 kinases) and effectors p53 and Cdc25
(Sulli et al. 2012).
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DNA damage can result from various types of stress and so it can manifest in various ways — single
and double stranded breaks, chemical or spontaneous modification of bases, incorporation
of nucleotide analogues, replication mistakes, interstrand cross links or damage caused by intercalating
agents. The amplification of the DDR signalling leads to the formation of so-called DNA damage foci
(Haaf et al. 1995). My aim is to focus on DNA damage foci which are formed around DNA double strand
breaks (DSBs). The signal from DNA damage foci then triggers DDR signalling and influences the fate

of the cell.

The focus of this thesis is on genotoxic stress, namely ionizing radiation (IR; in particular X-radiation),
being one of the stimuli which can cause DNA DSBs. The master regulator of DDR signalling of DNA DSBs
after IR is the ATM (ataxia telangiectasia mutated) kinase, which phosphorylates many downstream
proteins, among others histone H2AX, checkpoint kinase 2 (Chk2), tumour suppressor protein 53 (p53),
breast cancer susceptibility protein 1 (Brcal) and others (Lee and Paull 2005). H2AX is one of the special
variants of histone H2A and represents about 2 - 25% of the total H2A amount. It is spread throughout
the genome as a sensing component of DNA DSBs and is phosphorylated on serine 139 in the response
to DNA DSBs triggered, among other phenomena, by IR. The phosphorylated form of histone H2AX was
termed yH2AX (Rogakou et al. 1998). Another important mediator is tumour suppressor p53-binding
protein 1 (53BP1) which mediates DNA damage checkpoint signalling, DNA repair and activation of Chk2
and p53 (Wang et al. 2002).

After exposure of the cell to IR, p53 is phosphorylated by ATM on serine 15. This phosphorylation leads
to a diminished interaction of p53 with its negative regulator, E3 ubiquitin-protein ligase Mdm2 (Mdm?2)
(Fig. 1) (Shieh et al. 1997; Banin et al. 1998). Mdmz2 links ubiquitin to p53 a thus targets
it to proteosomal degradation (Kubbutat et al. 1997). Therefore, the diminished p53 interaction with
Mdm?2 leads to a reduced p53 turnover and to an increase in the p53 pool. What is more, it was found
that Chk2 phosphorylates p53 on serine 20 after DNA damage, which is also known to impair the binding

of p53 negative regulator Mdm2 (Hirao et al. 2000).

The coordination and maintenance of the signalling and repair proteins at the sites of DNA damage
is effected  through  several posttranslational  modifications, such as  ubiquitination,
poly(ADP-ribosyl)ation, phosphorylation, acetylation and SUMOylation; for a review, see
(Lukas et al. 2011). One of the most important mechanisms is the ubiquitination cascade (Mailand et al.
2007).
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Figure Il. Regulation of p53 stability. Mdm2 E3 ubiquitin ligase links ubiquitin to p53 that target p53
for proteosomal degradation. Oncogene activation or DNA damage induces ATM activation leading
to posttranslational modifications of p53 which impair the p53 interaction with Mdm2. Thus the nuclear p53 pool
is increased and enables regulation of other cellular processes such as apoptosis, cell cycle arrest, cellular
senescence, DNA repair, metabolism, and probably also others, not yet discovered (Valent and Strasser 2013).

The main effect of the DDR signalling in connection with premature cellular senescence lies
in the induced cell cycle arrest by activated cyclin dependent kinase inhibitors. The cyclin-dependent
kinase inhibitors counteract the cell cycle progression resulting in cell cycle arrest
(Vermeulen et al. 2003). Due to the ATM dependent signalling, the p53 is posttranslationally modified
and therefore stabilized (Banin et al. 1998). Because p53 works as a transcriptional factor and induces
p21CPYWAFL axpression, the stabilisation of p53 leads to the accumulation of p21“PYWARL cyclin

dependent kinase inhibitor (Stein et al. 1999).
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2.2 Cellular senescence

Cellular senescence is a specific cellular state characterized by essentially irreversible cell cycle arrest.
Its purpose is thought to withdraw damaged cells from the cell cycle so they are not able to transduce
their damage to the daughter cells and thus it prevents the cells from malignant transformation. Apart
from tumour suppression, cellular senescence has also been identified as a factor in tissue repair,

wound healing mechanisms and foetal development (Mendez et al. 1999; Mufioz-Espin et al. 2013).

2.2.1 Features of cellular senescence

The senescent cells display a plethora of various features which distinguish them from proliferating
or quiescent cells. These features typically represent persistent DDR signalling, p16INK4a expression,
an irreversible cell cycle arrest at the G1/S or at G2/M cell cycle checkpoints, enlarged and flattened
cellular morphology, enhanced senescence-associated P-galactosidase (SA-B-galactosidase) activity,
senescence-associated secretory phenotype (SASP), resistance to some forms of apoptosis, chromatin
alterations such as the formation of senescence-associated heterochromatin foci (SAHF) or DNA
segments with chromatin alterations reinforcing senescence (DNA-SCARS), increased size and amount
of PML nuclear bodies and also altered transcriptome and proteome (Dimri et al. 1995; Kulju and
Lehman 1995; Alcorta et al. 1996; McConnell et al. 1998; Ferbeyre et al. 2000; Chang et al. 2002; Dierick
et al. 2002; Hardy et al. 2005; Bartkova et al. 2006; Zhang et al. 2007; Rodier et al. 2009; Hubackova et
al. 2010; Rodier et al. 2011; Lupa et al. 2014). It was shown that for the establishment and maintenance
of cellular senescence, the indispensable feature is the activation of the persistent DDR signalling
pathway (Bartkova et al. 2006; Di Micco et al. 2006; Masterson and O’Dea 2007; Fumagalli et al. 2014).
However, no marker has yet been identified which would be specific to senescent cells and which would

distinguish senescent cells from quiescent cells (Rodier and Campisi 2011).

Morphological changes in senescent cells

The morphological changes associated with the development of cellular senescence are generally
the most easily observable features (Fig. lll). The senescent cells are flattened, larger with higher

cytoplasmic content and often multinuclear (Hayflick and Moorhead 1961).
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Figure Ill. Senescent cells. Senescent cells generally display an enlarged cellular morphology and express
SA-B-galactosidase (blue staining). RPE-1 hTERT drug-induced senescent cells by neocarzinostatin in the middle
surrounded by RPE-1 hTERT proliferating cells. (Knoblochova, unpublished data)

Activity of SA-B8-galactosidase

In the senescent cells, a higher activity of a lysosomal B-galactosidase was described and this lysosomal
B-galactosidase was termed SA-B-galactosidase (Dimriet al.1995). The increased detection
of SA-B-galactosidase in senescent cells was found to be due to a growth in lysosomal mass. Lee et
al. (2006) showed its nonessential role for cellular senescence and the higher expression
of SA-B-galactosidase was attributed to a consequence of cellular senescence, rather than as a cause.
The activity of SA-B-galactosidase is detected by a cleaved substrate termed X-gal
(5-bromo-4-chloro-3-indolyl-B-galactopyranoside), which shows an indigo colour after cleavage (Fig. Ill)
(Kurz et al. 2000; Lee et al. 2006). Despite the nonessentiality, the senescence-associated
B-galactosidase activity is an acceptable indicator of the senescence state, especially in in vitro culture

model systems.

Persistent DDR signalling

Cellular senescence is often triggered by DDR signalling which persists (Bartkova et al. 2006; Di Micco et
al. 2006; Masterson and O’Dea 2007; Fumagalli et al. 2014). The DDR can be caused by various genotoxic
stimuli - by eroded telomeres, DNA DSBs, various drugs or strong mitogenic signals (Maser et al. 1997;
Michishita et al. 1998; Takai et al. 2003; Bartkova et al. 2006; Novakova et al. 2010). However, cellular
senescence can occur without anapparent DDR signalling, e.g. after increased expression of
cyclin-dependent kinase inhibitors (CDKIs) from both the CIP/KIP (p21¢PYWAFL n27XP1 p57KP2) and INK4
families (p15'%%, p16'Nk42 p18NKéc ©K19NK4d) (Kamijo et al. 1997; McConnell et al. 1998; Tresini et al.
1998; Fuxe et al. 2000).
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Irreversible cell cycle arrest

Irreversible cell cycle arrest is caused by a suprathreshold permanent activity of at least one
of the CDKIs. The permanent activity of CDKIs after DNA damage is triggered mostly by persistent DDR
signalling and is mediated, for example, via p53 or p16™k*/retinoblastoma protein (Rb) tumour
suppressor signalling pathways (Kulju and Lehman 1995; McConnell et al. 1998; Narita et al. 2003).
Particularly, p53 regulates CDKls from both CIP/KIP and INK4 families (see above). The CDKIs prevent
the cyclin-dependent kinases from phosphorylating the Rb protein and thus disable in consequence
the dissociation and activation of E2F transcription factors, which initiate the cell cycle progression
(Weintraub et al. 1992). Thus, the effector protein which is indirectly regulated by the CDKIs (also
by p21¢PYWAR) s the Rb protein. The Rb can be found in the cells in two forms.
In its hypophosphorylated (pRb) state, Rb interacts with the E2F transcription factors. This interaction
disables the E2F transcription factors to function as a transcription factors and thus inhibits the cell cycle
progression. In its hyperphosphorylated (ppRb) state, i.e. phosphorylated by the cyclin-dependent
kinases, the Rb protein dissociates from the E2F transcription factors and so enables the E2F proteins
to function as transcription factors and to induce cell cycle progression. The p21“PYWAf s induced after
DNA damage via DDR signalling to cause an immediate cell cycle arrest, in contrast to p16™%* induction
which is still not well understood (Robles and Adami 1998; Stein et al. 1999; Rodier et al. 2009; Coppé et
al. 2011).

Heterochromatin formation

It is believed that the permanent cell cycle arrest in senescent cells is triggered by the persistent DDR
signalling effecting the activation of CDKls (as described above) accompanied by changes in chromatin
remodelling — the formation of facultative heterochromatin, namely SAHFs (Narita et al. 2003; Zhang et
al. 2007). However, cellular senescence can be established even in the absence of SAHFs (Kosar et al.

2011; Di Micco et al. 2011).

Another type of heterochromatin structure found in senescent cells are DNA-SCARS. DNA-SCARS
are persistent nuclear foci that trigger DDR signalling and harbour activated DDR proteins. They result
from various types of cellular stress such as DNA damage, dysfunctional telomeres or robust mitogenic

signalling (Rodier et al. 2011).
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Senescence-associated secretory phenotype

Apart from cell cycle arrest, persistent DDR also triggers events related to the induction of SASP.
The SASP is characterized by the secretion of various cytokines, growth factors and other factors
stimulating the microenvironment around the senescent cells in an autocrine and paracrine manner
(Rodier et al. 2009). It was shown that the induction of the Janus kinase-signal transducer and activator
of transcription (JAK/STAT) signalling pathway, possibly induced by the various cytokines, evokes PML
expression in drug-induced premature cellular senescence (Hubackova et al. 2010). However, Coppé et

al. showed that the SASP is a common but unessential feature of senescent cells (Coppé et al. 2011).

It should be noted that the abovementioned features of cellular senescence may or may not be present

according to the cell type and the nature of the primary stimulus which has caused the senescent state.

2.2.2 Types of cellular senescence

Replicative cellular senescence

Two main types of cellular senescence are recognized — replicative cellular senescence and premature
cellular senescence. Replicative cellular senescence was first described by Leonard Hayflick,
who observed that human primary diploid cells are able to undergo only a finite number of cell divisions,
and after reaching this limit they do not divide any further. Despite this inability to divide these cells
are vital and metabolically active (Hayflick and Moorhead 1961). The replicative senescence was thought
to be caused by telomere erosion, where the reduced telomeres trigger persistent DDR signalling
causing a cell cycle arrest (d’Adda di Fagagna et al. 2003). However, it was shown that the DNA damage
foci on the telomeres were probably not caused by telomere shortening but by some other type of DNA

damage, because telomeric proteins inhibit DNA repair (Fumagalli et al. 2012; Zimmermann et al. 2013).

Premature cellular senescence

Premature cellular senescence occurs after diverse types of stress, most of them triggering persistent
DDR signalling by various mechanisms (Fig. 1V). Among such stressors are ionizing radiation
(X and y radiation) or genotoxic drugs, activation of oncogenes or oxidative stress. According to the type

of such stimulus, there can be distinguished e.g. IR-induced premature cellular senescence,
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drug-induced premature cellular senescence or oncogene-induced premature cellular senescence.
Although the morphology of the various types of senescent cells looks similar, the gene expression

varies according to the type of the stimulus (Chang et al. 2002; Dierick et al. 2002) .

Pre-senescent cell

Dysfunctional
telomeres

Strong mitogenic
signals

Chromatin perturbations
and other non-genotoxic
stresses

Non-telomeric
DNA damage

l

Senescent phenotype

Apoptosis ' Altered gene
resistance 0/ expression

Figure IV. The induction of senescent phenotype by various stimuli (Campisi and d’Adda di Fagagna 2007).

IR-induced premature cellular senescence

lonizing radiation causes various types of DNA damage; most important are DNA DSBs. The DNA DSBs
arise both from the direct impact of ionizing radiation and from enzymatic processing of other types
of DNA damage caused by the free radicals, which mostly arise from the radiolysis of water molecules
(mainly hydroxyl radicals) (Ward 1985; Sachs et al. 1992; Wallace 1998). The DNA DSBs are detected
as DNA damage foci (or ionizing radiation-induced foci, IRIF), where many DDR and DNA damage repair
proteins can be found. The DNA damage foci were first reported to occur after irradiation in connection
with the immunofluorescence staining of Rad51, a component of homologous recombination (Haaf et
al. 1995). Moreover, later it was shown that the DNA damage foci are precisely organized dynamic
structures, created by the multiplied DDR signalling factors which spread from the DNA DSBs sites to the
flanking chromatin with substantial help from phosphorylation and ubiquitination (Bekker-lensen et al.
2006; Mailand et al. 2007; Stewart et al. 2009). The DDR signalling triggers the activation of cell cycle
checkpoints and hence causes a cell cycle arrest through the decreased activity of cyclin dependent
kinases in order that the DNA DSBs repair processes do not interfere with replication, cell division or

other cellular processes, which would cause more damage. If the DNA damage proves irreparable, the
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DDR signalling triggered by the DNA damage becomes persistent and results in permanent growth arrest
and so in premature cellular senescence or apoptosis, depending on the type or amount of the damage

(Noda et al. 2012).

lonizing radiation was reported to induce premature cellular senescence in both malignant transformed
and nontransformed cell types after various doses ranging from 5 Gy to 20 Gy (Brown et al. 1997; Rodier

et al. 2009; Noda et al. 2012; Miinch et al. 2014; Rossiello et al. 2014).

Drug-induced premature cellular senescence

Drug-induced premature cellular senescence can occur after treatment of cells with various genotoxic
drugs and chemicals, e.g. 5-bromo-2'-deoxyuridine (BrdU) or neocarzinostatin (NCS) (Dedon
and Goldberg 1992; Michishita et al. 1998). A frequent consequence of the treatment with genotoxic
drugs is the accumulation of reactive oxygen species (ROS) and the generation of oxidative stress which
in turn influence the development of cellular senescence. BrdU is a nucleotide analogue which was
shown to incorporate into DNA in place of thymidine and it is thought to change interaction of DNA with
proteins and thus to change the expression of some genes by an unknown mechanism (Bick and Devine
1977; Morris 1991). The role of BrdU as a trigger of cellular senescence was first described by Michishita
et al. (1998) and confirmed by several following studies (Michishita et al. 1998; Janderova-Rossmeislova
et al. 2007; Masterson and O’Dea 2007; Hubackova et al. 2010; Novakova et al. 2010). NCS
is an antibiotic which binds into a DNA minor groove and it inflicts single- and double-stranded DNA
breaks in a sequence-specific manner (Dedon and Goldberg 1992; Smith et al. 1994). NCS was shown
to be a senescence-inducing agent in ViBo cervical cancer cell line and MRC5 fibroblasts (Bafiuelos et

al. 2003; Hewitt et al. 2012).

Oncogene-induced premature cellular senescence

Oncogene-induced premature cellular senescence (OIS) is triggered by an overexpression or a mutation
in some oncogenes which become more active. It was first discovered on mutant protein HRASY!2 which
in the primary cells caused a cell cycle arrest instead of a malignant transformation as in immortalized
cells (Serrano et al. 1997). The cause of the cell cycle arrest and thus of cellular senescence seems
to be replicative stress caused by elevated ROS or repeated firing of replicons during the S phase

resulting in DNA DSBs (Bartkova et al. 2006; Di Micco et al. 2006).
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As mentioned above, cellular senescence is a state of permanent cell cycle arrest accompanied by many
other features, which can also differ according to the type of induction agent. One such feature
is the already mentioned connection of cellular senescence with PML. The possible role of PML

in premature cellular senescence is the main investigative aim of my work.
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2.3 Promyelocytic leukemia protein

The promyelocytic leukemia protein (PML) is known to be an important tumour suppressor; its role
in cancer was discovered in acute promyelocytic leukemia, where the PML gene (on chromosome 15)
is translocated to the gene encoding the retinoid acid receptor a (RARa) receptor (on chromosome 17)
and thus causes an aberrant signalling (de The et al. 1990). PML is also deregulated in a broad range
of cancers and its tumour suppressor function was also confirmed by studies made on PML” mice
(Koken et al. 1995; Terris et al. 1995; Wang et al. 1998; Gurrieri et al. 2004). Although the PML” mice
showed a normal and fertile phenotype, they developed more tumours upon treatment with
tumour-promoting drugs than their PML** siblings (Wang et al. 1998). Later it was shown that PML

deficiency even alone leads to spontaneous tumorigenesis in the prostate (Trotman et al. 2006).

Further studies showed that PML is significant in many other cellular processes such as transcriptional
regulation, DDR, apoptosis, cellular senescence, and viral defence; for a review, see (Bernardi

and Pandolfi 2007; Everett and Chelbi-Alix 2007).

2.3.1 PML structure and isoforms

The PML gene is approximately 35 kb long and contains 9 exons which can be spliced into seven main
alternative splicing forms (PML isoforms I-VIl), unmodified with molecular weight from ca. 70 to 95 kDa
(Fig. V) (Fagioli et al. 1992; Jensen et al. 2001). All isoforms contain an N-terminal domain within the first
three exons, with a tripartite motif consisting of a zinc finger called the RING domain, two additional zinc
fingers called the B-box motif, and a coiled-coil domain (RBCC/TRIM motif). The RBCC motif is important
in multimerization and thus in the formation of PML nuclear bodies (Jensen et al. 2001). The PML

isoforms are placed predominantly in the nucleus but some of them can be found also in the cytoplasm.

Intriguingly, it was shown that PML is in contact with nucleolar material creating large ring-shaped
structures (termed PML doughnuts) embracing small nucleoli in senescent cells after encountering

stress (Condemine et al. 2007; Janderova-Rossmeislova et al. 2007).
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Figure V. The human PML gene containing 9 exons (a) and 7 isoforms formed by alternative splicing (b).
The localisation of the RBCC motif and NLS is shown (Bernardi and Pandolfi 2007).

2.3.2 Transcriptional regulation of PML

PML upregulation was shown after oncogene activation, DNA damage, treatment with cytokines such
as interferons and IL6, and viral infections (Maul et al. 1995; Stadler et al. 1995; Chan et al. 1997;
Ahn and Hayward 2000; Ferbeyre et al. 2000; Adamson and Kenney 2001; Pearson and Pelicci 2001;
Hubackova et al. 2012). Correspondingly, PML was found to include IFNy-activated sites
and IFN-response elements (ISREs) (Stadler et al. 1995). PML transcription is also controlled by the p53
protein due to a p53 responsive element in the PML gene (de Stanchina et al. 2004). In normal cells,

PML protein is expressed diversely in various cell types or tissues (Flenghi et al. 1995).

2.3.3 Posttranslational modifications of PML

PML has been found to be phosphorylated on many sites. Two phosphorylation events were reported
in connection with DNA damage: Firstly, after phosphorylation by Ataxia telangiectasia and Rad3-related
(ATR) kinase, PML is translocated into the nucleolus, followed by its negative regulator Mdm2
(Bernardi et al. 2004). Secondly, PML is phosphorylated also by Chk2; this event is considered to trigger
apoptosis within the ATM-Chk2-PML signalling pathway in a p53-independent manner (Yang et al. 2002).
PML was also reported to be negatively regulated by the casein-kinase 2 (CK2) and concurrently

inhibition of CK2 increased the tumour-suppressive function of PML (Scaglioni et al. 2006).
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SUMOylation (a covalent binding of proteins from the SUMO family; small ubiquitin-related modifier)
is another important posttranslational modification. PML contains SUMO-interacting motifs and binds
SUMO-1, SUMO-2, SUMO-3, and SUMO-conjugating enzyme, which catalyses SUMOylation on lysine
residues (Kamitani et al. 1998; Duprez et al. 1999; Shen et al. 2006). The covalent modifications
especially by SUMO-2 and -3 were found to be crucial for the regulation of PML accumulation
and formation of PML nuclear bodies (Zhong et al. 2000; Mukhopadhyay et al. 2006). It was proposed
that the nucleation event of PML nuclear bodies is dependent on the PML covalent binding of SUMO
proteins and on noncovalent interactions of PML SUMO-interacting motifs with other SUMOylated PML

molecules (Shen et al. 2006).

2.3.4 PML nuclear bodies

PML can be found in most mammalian cells in the form of small nuclear speckles, PML nuclear bodies
(PML NBs). Normal human cells contain 1 to 30 PML NBs, mostly ranging in size from 0.1 to 1 pm
(zhong et al. 2000; Jensen et al. 2001).

PML NBs (also known as the POD — PML oncogenic domain, ND10 — nuclear domain 10, or Krippel
bodies) are highly heterogeneous and dynamic structures which change in various cell cycle phases
under normal circumstances and in response to cellular stress (Fig. VI) (Muratani et al. 2002). They are
ring-shaped and do not contain any nucleic acid in the core (as was shown by electron microscopy)
(Boisvert et al. 2000). The PML NBs are in extensive contact with the surrounding chromatin which also
influences their morphology and dynamics (Eskiw et al. 2004). Moreover, PML NBs are not randomly
positioned in the nucleus; they are detectable near other nuclear bodies such as Cajal bodies or nucleoli
and were shown to bind to the nuclear matrix (Stuurman et al. 1992; Grande et al. 1996). Although only
PML is indispensable for the formation of PML NBs, more than 150 other proteins may accumulate
in the PML NBs, such as SUMO-1, Death domain-associated protein 6 (DAXX), CREB-binding protein
(CBP), transcription factor Sp100 and p53 (Dyck et al. 1994; Ishov et al. 1999; Weidtkamp-Peters et al.
2008).

It was shown that the number of PML NBs increased with cell cycle progression from GO to G1, S,
and G2. PML NBs respond to the changes in chromatin structure in the S phase where they undergo
fission and thus probably monitor the chromatin state (Dellaire, Ching et al. 2006). Immunofluorescence
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in situ experiments also revealed a close association of PML NBs with histone gene clusters during
the S phase (Wang et al. 2004). More than 50% of PML NBs associate with replicative genes during
the middle-late S phase (Grande et al. 1996). During the M phase PML NBs form aggregates and are
spread around the cytoplasm, although a small fraction remains bound to the chromosomes (Dellaire,
Eskiw et al. 2006). It was suggested that the tied PML NBs form seeds for new PML NBs in the G1 phase
(Dellaire, Eskiw et al. 2006).
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Figure VI. PML nuclear bodies are highly dynamic structures containing proteins participating in various cellular
processes. (http://www.fli-leibniz.de/www_imaging/PML_en.php)

The PML NBs grow also in size and number after cellular stress, after induction by cytokines
(e.g. interferons type | and Il), and in senescent cells, which has led to the conclusion that PML NBs are

stress-responding structures (Stadler et al. 1995; Ferbeyre et al. 2000; Hubackova et al. 2010).
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2.3.5 PML functions

Although many findings point to PML role in tumour suppression or cellular senescence, the exact
function of PML remains to be elucidated. Several explanations of PML NBs’ function have been
proposed: In the first model, PML NBs are seen as a storage site for various proteins both in normal
conditions and after stress. According to the second model, PML NBs can act as platforms
for posttranslational modifications, considering the putative function of PML as an E3 SUMO ligase
and the role of PML NBs in SUMOylation (see above). The third model presents the idea that PML NBs
could serve as sites for ongoing cellular processes such as chromatin regulation or transcription,

principally due to the spatially proximate assembly of the required factors (Bernardi and Pandolfi 2007).

The role of PML in transcription

It has been shown that PML NBs are found in transcription rich regions, but PML knock down had
no impact on the respective gene expression (Wang et al. 2004). Although PML was assumed to play
an important role in transcription regulation, it has not been confirmed yet. There are only few pieces
of evidence supporting the PML role in transcription; one of them is the nonrandom association of PML
NBs with a cluster of major histocompatibility complex (MHC) genes at the p53 gene locus (Shiels et
al. 2001; de Stanchina et al. 2004). It has been proposed that PML can modulate transcription by the
availability of transcriptional factors or by playing a role in chromatin remodelling (Zhong, Delva et al.
1999). However, a transcriptional repressive role was also proposed for PML NBs because of the binding
of heterochromatin protein 1 (HP1) and because of PML NBs participating in the formation of SAHFs
in senescent cells (Seeler et al. 1998; Zhang et al. 2007). The kinetics of the formation of SAHFs is by all
evidence a multistep process, which includes the recruitment of HP1 and HIRA to the PML NBs in the
first step (Zhang et al. 2007). Explanation for these contradictory findings could be a more complex
function of PML NBs, where e.g. PML NB function could be cell cycle- or stress-dependent or PML

isoform-specific (Bernardi and Pandolfi 2007).

PML as a tumour suppressor

As already mentioned PML is aberrantly regulated in many types of cancer (Koken et al. 1995; Terris et
al. 1995; Gurrieri et al. 2004). Also, PML”" mice developed more tumours upon treatment with tumour-
promoting agents than PML** mice (Wang et al. 1998). Moreover, it has been described that PML
deficiency itself promotes spontaneous tumorigenesis in the prostate (Trotman et al. 2006).
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The overexpression of PML leads to growth suppression and in consequence to establishment
of premature cellular senescence or apoptosis (Ferbeyre et al. 2000; Lin et al. 2004; Mallette et al. 2004;
Bischof et al. 2005). Also, PML-overexpressing prostate cancer cells showed a lower growing potential
invivo (He et al. 1997). Interestingly, most of the PML tumour suppressive effects are ascribed

to the PML effect on p53 and Rb signalling pathways (Alcalay et al. 1998).

The role of PML in DDR

The exact role of PML in DDR is not known; however, there is evidence that PML interacts with many
DDR components and that it could regulate them or be regulated by them. As already mentioned, PML
is phosphorylated by Chk2 and by ATR after genotoxic stress (Yang et al. 2002; Bernardi et al. 2004).
Also, increased expression of PML and an increased number of PML NBs was observed in relation with
ATM signalling after genotoxic stress (Dellaire, Ching et al. 2006). Moreover, PML protein interacts with
many DDR components, mostly inside of PML NBs (Carbone et al. 2002). Dellaire et al. suggested that
PML could play a role in sensing DNA damage (Dellaire, Ching et al. 2006). However, the interactions
of DDR and repair proteins with PML NBs are highly complex; some proteins associate with PML NBs
before stress and consequently are activated and change localisation (Chk2) or dissociate
and re-associate (Mrell); other proteins localize to PML NBs only after encountering stress (ATM,
YH2AX, Werner syndrome helicase, TopBP1 or Brcal) (Mirzoeva and Petrini 2001; Blander et al. 2002;
Xu et al. 2003; Dellaire, Ching et al. 2006). A possible explanation for the role of PML in the DDR could lie
in the fact that PML was found to interact with p53 in several ways. PML facilitates p53 acetylation
by CBP acetyltransferase and hence helps to induce OIS in a p53-dependent manner (Pearson et
al. 2000). PML NBs contain various proteins, including proteins regulating p53 stability via
posttranslational modifications - Mdm2, CBP, p14”T, etc.; for a review, see (Takahashi et al. 2004).
Also, PML can activate p53 and increase the transcription of p53-responsive genes by sequestering p53
into PML NBs, which implies positive feedback (de Stanchina et al. 2004). Another connection with
the p53 pathway lies in the fact that PML recruits Chk2 to the PML NBs after encountering stress
and thus promotes the phosphorylation of p53 by Chk2 (Yang et al. 2006). Moreover, HIPK2 kinase,
a regulator of p53 and promoter of apoptosis in a p53-dependent manner, was also found in PML NBs
(D’Orazi et al. 2002; Hofmann et al. 2002). Importantly, PML NBs were shown to colocalize with DNA
damage foci as soon as 24 h after a genotoxic event, and this coassociation can persist for weeks

(Carbone et al. 2002; Rodier et al. 2011). However, the exact nature of the PML NBs coassociation with
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DNA damage foci in senescent cells remains still unclear. The evidence of the PML role in DDR signalling

is extensive; on the other hand, unfortunately only indirect.

The role of PML in cellular senescence

The connection of the PML protein with cellular senescence has been proposed on the basis
of the following observations: Upregulated PML and an increase in the number and size of PML NBs
have been found in oncogene-induced senescent human diploid fibroblasts and also mouse embryonic
fibroblasts (MEFs) (Ferbeyre et al. 2000; Pearson et al. 2000). The increased number of PML NBs
and PML upregulation was also described in drug-induced or replicative senescent human diploid
fibroblasts (Ferbeyre et al. 2000; Janderova-Rossmeislova et al. 2007; Hubackova et al. 2010).
On the other hand, PML overexpression itself can cause premature cellular senescence (Ferbeyre et
al. 2000; Pearson et al. 2000). Specifically, PML isoform IV was shown to be indispensable to induce
premature cellular senescence in PML” cells. However, PML isoform IV alone was not sufficient to
induce premature senescence, implying an important role of the cooperation of more PML isoforms
(Bischof et al. 2002). Recently, Miinch et al. (2014) showed that PML is dispensable in cellular
senescence in cells with a stable shRNA-mediated PML knock down. Although a gene knock down is a
commonly used tool in molecular biology, it is not always successful to inhibit fully the expression of the
gene of interest, as a residual protein level can be sufficient to cover the gene’s function. Therefore, it is

worth to explore the role of PML in senescent cells also bearing a PML KO.

PML role in cellular senescence has also been implied by several other indirect observations. As seen
above, PML interacts functionally with p53 in several ways. However, overexpression of E6 and E7 from
human papillomavirus oncoproteins caused an onset of PML-dependent premature cellular senescence,
which was reliant on the Rb tumour suppressor pathway but not on the p53 signalling pathway
in human fibroblasts (Mallette et al. 2004). Furthermore, PML NBs were shown to participate

in heterochromatin formation (SAHFs, described above) in senescent cells (Zhang et al. 2007).

Although there is indirect evidence that PML affects cell cycle regulation via p53 activity, it was
suggested that the key mediator is in consequence the Rb protein (Alcalay et al. 1998). It has been
shown that pRb localizes into PML NBs and that PML interacts with Rb during the development
of cellular senescence (Alcalay et al. 1998; Ferbeyre et al. 2000; Vernier et al. 2011; Talluri and Dick

2014). A growing body of evidence suggests the importance of E2F target genes silencing in the cellular
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senescence in a PML- and Rb-dependent manner (Vernier et al. 2011). It the OIS was found that PML
interacts with E2F target genes and that this interaction is dependent on the Rb LXCXE motif, inducing
the silencing of E2F target genes via heterochromatinization (Talluri and Dick 2014). However, PML was

shown to be nonessential for the activation of Rb growth suppressive effects (Alcalay et al. 1998).

2.3.5. The differences between human and murine cell cultures in connection with PML
protein and cellular senescence

The mouse PML KO MEFs were first used by Wang et al. in 1998. Although the parental mice had
impaired immune response, their sensitivity to carcinogenesis manifested no earlier than after one year
(Wang et al. 1998). In several experiments, MEFs were used as a model of PML depletion (de Stanchina
et al. 2004; Vernier et al. 2011). However, there are some findings which show that murine and human
cells show some differences in connection with cellular senescence and PML protein. It was reported
that the mechanisms controlling cellular senescence differ between humans and mice, mainly in the role
of the p21“PYWAFL cyclin dependent kinase inhibitor, where the role of p21°PYWARL in the cellular
senescence in murine cells is only indirect (Itahana et al. 2004). Also, PML” MEFs showed faster
proliferation than PML"* MEFs (about one additional population doubling of the PML KO cells
in a period of 3 days). This stands in stark contrast to the diminished proliferating capacity of PML
depleted human cells as reported by Miinch et al. (Miinch et al. 2014). Apart from that, only PML
isoforms | and V are identical in humans and mice, implying differences in the PML itself (Condemine et
al. 2006). It was also reported that MEFs without PML showed a decreased rate of induction of
apoptosis and cellular senescence despite the activation of p53 responsive genes (de Stanchina et al.
2004). Altogether, the mouse is a potent model for several human diseases but | chose the human

model due to differences in the function of PML in the cellular senescence of human and mouse cells.
As described above, various findings indicate a functional link of PML to the development of cellular

senescence. Characterization of the role of PML in DDR and IR-induced premature cellular senescence

after genotoxic stress in human cells in vitro is the main objective of my work.
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3. Aims of the thesis

The main goals of the thesis were:

1)

2)

find the best conditions for the development of premature cellular senescence induced
by ionizing radiation in vitro and
use this model for the characterization of the role of PML protein in DNA damage response

and premature cellular senescence after genotoxic stress

The specific aims of the thesis were:

Aim 1:

Characterization of the impact of glucose concentration in the culture medium.

Hypothesis:

Aim 2:

It was found that high glucose concentration in the culture medium can promote
the development of premature replicative senescence. My goal was to test whether a high
glucose concentration in culture medium influences the development of IR-induced premature

cellular senescence.

Analysis of the effect of different types of X-radiation and identification of the most effective radiation

dose.

Hypothesis:

X-radiation is characterized by a broad range of energies dependent not only on intensity (dose)
but also wavelength. The shorter wavelength (higher frequency) results in higher energy,
and therefore penetration depth in matter. The goal was to test the effect of the total dose,
as well as 'soft' versus 'hard' irradiation, on the formation of DNA damage foci and activity
of DDR, cell cycle arrest, morphological changes characteristic of cellular senescence, such
asthe increase in the cytoplasmic amount, and the activity of SA-B-galactosidase,
for the induction of IR-induced premature cellular senescence in RPE-1 hTERT human epithelial

cells.
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Aim 3:
Examination of the role of PML protein in DDR.
Hypothesis:

e The p53 tumour suppressor is often is called the “genome integrity guardian” and is described
as a key component of the DDR signalling pathway. The IR-induced premature cellular
senescence is known to be established due to p53-dependent persistent DDR activation
and p53-induced cell cycle arrest, and correspondingly PML and PML NBs were reported
to interact with p53 in many ways. Based on the complex interplay of PML and the p53 protein,
| examined the possible role of PML in DDR. My hypothesis is that if PML positively interacts
with p53 in promoting DDR, there are likely to be some changes in the DDR after PML KD or PML

KO in IR-induced senescent cells.

Aim 4:
Investigation of the role of PML in the coassociation of PML NBs with DNA damage foci.
Hypothesis:
e Since the majority of DNA damage foci are known to coassociate with PML NBs in IR-induced
premature cellular senescence, the working hypothesis was that PML NBs are functionally
involved in DNA repair. To test this hypothesis, | utilized a cell model with PML KD or complete

PML KO challenged with genotoxic stress.

Aim 5:
Exploration of the role of PML in the establishment of IR-induced premature cellular senescence.
Hypothesis:
e Based on the fact that PML overexpression has been found to promote premature cellular
senescence and the observation that the level of PML changes in senescent cells, which implies
a positive role of PML protein in cellular senescence, the effectiveness of the establishment

of IR-induced cellular senescence in a PML KO cell type was examined.
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4. Materials and methods

4.1 Materials

4.1.1 Chemicals

Chemical Manufacturer/Vendor | Catalogue No.
2-Mercaptoethanol Sigma-Aldrich M3148-25 ML
10xTG I?uffer (Tris/Glycine Buffer - 25 mM Tris, 192 BioRad 161-0771
mM glycine, pH 8.3)
10 x TGS Buffer (Tris/Glycine/SDS - 25 mM Tris, 192 .
mM glycine, 0.1% (w/v) SDS, pH 8.3) BioRad 161-0772
Acrylamide/Bis-acrylamide, 29:1, 30% solution Serva 1068701
APS (Ammonium persulfate, 98%) Sigma-Aldrich A3678-25 G
Aqua for injectione B. Braun Melsungen AG | 87/024/98-C
BrdU (5-bromo-2'-deoxyuridine, 99%) Sigma-Aldrich B5002
Bromophenol blue (3',3",5',5"- Lachema
tetrabromophenolsulfonphthalein)
BSA (Bovine Serum Albumin) Sigma-Aldrich A9647_50G
Click-iT® EAU Alexa Fluor® 488 Imaging Kit Invitrogen (Life 10337
Technologies)
DAPI (4',6-diamidino-2-phenylindole) Sigma-Aldrich D9542-5 MG
Biochrom/Media and
DMEM (Dulbecco’s Modified Eagle’s Medium) Glass Washing
Department, IMG
DMEM, Low Glucose, GlutaMAX™, Pyruvate Gibco/Invitrogen 21885-025

DPBS (Dulbecco's Phosphate-Buffered Saline)

Sigma

D8662-6 X 500 ML

Dithiothreitol

Sigma-Aldrich

43817

Double distilled H,O

Media and Glass
Washing Department,
IMG

EDTA (Ethylenediaminetetraacetic acid, 99%) Sigma-Aldrich E5134-50 G
, - Invitrogen (Life
- -2'- 10337
EdU (5-Ethynyl-2"-deoxyuridine) Technologies) C1033
Ethanol 96% Penta
- T
FBS (Foetal bovine serum) Gibeo | |fe' 10270
Technologies)
Glutaraldehyde solution (Grade I, 25% in H20,
specially purified for use as an electron microscopy Sigma-Aldrich G5882
fixative)
Glycerol (99%) Sigma-Aldrich G-5516-11L

32




Lipofectamine® RNAIMAX Transfection Reagent Life Technologies 13778030

Methanol Penta

MgCl; (Magnesium chloride) Sigma M1028-100 ML

NCS (Neocarzinostatin) Sigma-Aldrich N9162

Opti-MEM® | Reduced Serum Media Gibeo (Life 51985
Technologies)

PageRuler™ Prestained Protein Ladder, 10 to 180 Life Technologies 26616

kDa

PBS (Phosphate-Buffered Saline) Gibco (Life 20012

Technologies)

Penicillin-Streptomycin (10,000 units penicillin and

10 mg streptomycin per ml in 0.9% NaCl, sterile- Sigma-Aldrich P0781-100 ML
filtered), 100 x
FA (formaldehyde), 4% (m/v) pH 7.2 Vitrum

Pierce™ BCA Protein Assay Kit Life Technologies 23227
Pierce™ ECL Western Blotting Substrate Life Technologies 32209
Ponceau S Fluka

. . Coop, Basel,
Sanolait Magermilchpulver 350 g Switzerland
SDS (Sodium dodecyl sulfate) Serva 20765
Sodium azide Koch-Light Laboratories 91789

Ltd.

SuperSignal West Femto Chemiluminescent Life Technologies 34095
Substrate
TEMED (N,N,N’,N’- Tetramethylethylenediamine) Fluka 87689
Tris (tris(hydroxymethyl)aminomethane) Serva 37186
Triton X-100 (polyethylene glycol p-(1,1,3,3- Fluka 93426
tetramethylbutyl)-phenyl ether)
Trypsin EDTA (1 x) 0.05% / 0.02% in DPBS PAA L11-004
Tween20 (Polyoxyethylene (20) sorbitan Serva 37470
monolaurate)
VECTASHIELD® Mounting Medium Vector Laboratories H-1000

X-gal (5-Bromo-4-chloro-3-indolyl B-D-
galactopyranoside 298%, powder)

Sigma-Aldrich

B4252-100 MG

Table 1: List of chemicals
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4.1.2 Antibodies

Primary Antibodies | Species | Type | Vendor | Catalogue No. Dilution

Immunofluorescence

53BP1 rabbit poly Santa Cruz | sc-22760 1:1,000

PML mouse mono Santa Cruz sc-966 1:300

H2AX pSer139 mouse mono Millipore 05-636 1:500

H2AX pSer139 rabbit mono C.eII . 9718S 1:300
Signaling

Western blot

. Cell

Chk2 pThr68 rabbit poly signaling 2661 1:1,000
GeneTEX

GAPDH mouse mono (from GTX3066 1:8,000
EXBIO)
Millipore

H2AX pSer139 mouse mono (from 05-636 1:1,000
Scintila)

H2AX pSer139 rabbit poly C.eII . 2577 1:1,000
Signaling

Pan-actin (C- .

. . Sigma-
terminus: alfa, beta, rabbit poly . A2066 1:1,000
. Aldrich

gamma-actin)

p21wafl (DCS-60) mouse mono Santa Cruz sc-56335 1:1,000

p53 (D.01) mouse mono Santa Cruz | sc-126 1:1,000

. Cell

p53 pSerl5 rabbit poly signaling 9284 1:1,000

PML rabbit poly Santa Cruz | sc-966 1:1,000

Rb (Retinoblastoma | oo mono BD 554136 1:1,000

protein) Pharmingen

Table 2: List of primary antibodies




Secondary Species Type Vendor Number Dilution
Antibody

Immunofluorescence

Goat anti-Mouse I1gG | goat anti-mouse, | Life A11029 1:1,000
(H+L) Secondary poly Technologies

Antibody, Alexa (Invitrogen)

Fluor® 488 conjugate

Goat anti-Rabbit IgG | goat anti-rabbit, | Life A11036 1:1,000
(H+L) Secondary poly Technologies

Antibody, Alexa (Invitrogen)

Fluor® 568 conjugate

Goat anti-Mouse I1gG | goat anti-mouse, | Life A21236 1:1,000
(H+L) Secondary poly Technologies

Antibody, Alexa (Invitrogen)

Fluor® 647 conjugate

Western blot

Goat Anti-Mouse IgG | goat anti-mouse | BioRad 170-6516 1:10,000
(H+ L)-HRP
Conjugate

Goat Anti-Rabbit IgG | goat anti-rabbit BioRad 170-6515 1:10,000
(H + L)-HRP
Conjugate

Table 3: List of secondary antibodies

4.1.3 Oligonucleotides

Catalogue

Oligonucleotides Sequence, sense Vendor
g q Number

Silencer® Select Negative

Control No. 1 siRNA (siNC) Ambion proprietary information Ambion 4390843

SiPML#4 GGAGCAGGAUAGUGCCUUUtt Ambion 5194691

Table 4: List of oligonucleotides
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4.1.4 SDS-PAGE gels

I1mm |1mm |[1.5mm | 1.5 mm
8% 14% 8% 14%
ddH,0 (ml) 2.4 1.4 3.6 2.1
30% Acrylamide (ml) 1.3 2.3 2.0 3.5
Buffer A (ml) 1.3 1.25 1.9 1.9
APS 10% (pl) 35 35 50 50
TEMED (pl) 8 8 12.5 12.5

Tables 5: Separating SDS-PAGE gels

1 mm 1mm 1.5 mm
ddH,0 (ml) 1.2 1.8
30% Acrylamide (ml) 0.3 0.45
Buffer B (ml) 0.5 0.75
APS 10% (pl) 16 24
TEMED (pl) 4 6

Table 6: Stacking SDS-PAGE gels

I1mm | 1mm 1.5 mm 1.5 mm

6% 20% 6% 20%
ddH,0 (ml) 1.715 0 2.57 0
Buffer A (ul) 781 781 1.17 1.17
30% Acrylamide (ml) 0.639 1.767 0.959 2.65
Glycerol (pl) - 625 - 938
APS 10% (pl) 15 15 22.5 22.5
TEMED (pl) 2 2 3 3

Table 7: Separating SDS-PAGE gradient gels (for stacking gels for SDS-PAGE gradient gels, see Table 6)
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4.2 Methods

4.2.1 Cell cultures

Human retinal pigment epithelial cells immortalized by the expression of catalytic subunit of the human
telomerase reverse transcriptase RPE-1 hTERT PML wild type (PML wt) were purchased from ATCC™,
RPE-1 hTERT cells bearing a complete PML KO (RPE-1 hTERT LC-D10A-PML2a-#2 single clone-derived
cells bearing a knock out in PML gene; hereinafter referred to as PML KO cells) were prepared by J. Kosla
(Laboratory of Genome Integrity, IMG Prague) using lentiCRISPR Cas9-D10A technology. Both
RPE-1 hTERT cell types were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) medium with
a glucose concentration of 4.5 g/l. The medium was obtained from the Media and Glass Wash
Department at IMG. It was supplemented with 10% foetal bovine serum (FBS) by Gibco® and with
antibiotics (Penicillin 100 U/ml, Streptomycin 100 ng/ml). Cells were cultured at 37°C in 5% CO, on 6 cm
dishes (with 5 ml of medium), on 10 cm dishes (with 12 ml of medium) or in 6-well dishes
(with 2 ml of medium per well). The cells were subcultured with trypsin/EDTA (0.05%/0.02%)
in Dulbecco's Phosphate-Buffered Saline (DPBS).

Human foreskin BJ fibroblast cells were purchased from ATCC™ and cultured in a Gibco®DMEM medium

with a glucose concentration of 1.0 g/I.

4.2.2 Induction of cellular senescence

Cellular senescence was induced by ionizing irradiation (in particular X-radiation) or by a specific drug,
as specified below. The cells were seeded the day before treatment to reach approximately

60% confluency at the day of treatment, and then harvested at various time points, as indicated.

1) BJ fibroblasts were irradiated with a dose of 10 Gy by an X-ray generator (Pantak, Berkshire, United
Kingdom). In a pilot experiment, RPE-1 hTERT cells were irradiated with doses of 5, 10, 20, 50, and
100 Gy and the development of senescence was assessed. For further experiments, a dose of 20 Gy was

chosen both for RPE-1 hTERT PML wt and PML KO cells.
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2) RPE-1 hTERT PML wt and PML KO cells were treated with 100 uM BrdU (a nucleotide analogue)

(Michishita et al. 1998). The fresh drug was added each second day during medium exchange.

4.2.3 Other treatments

RPE-1 hTERT PML wt and PML KO cells were treated with a nucleotide analogue
5-ethynyl-2’-deoxyuridine (EdU) to detect their proliferation rate. A concentration of 10 uM was used

for 24 h. The cells were cultivated on round glass coverslips with a diameter of 12 mm.

4.2.4 Lipofection

Senescent cells were transfected with two consecutive transfections at a final siRNA concentration
of 20 nM using Lipofectamine® RNAiIMAX Transfection Reagent diluted in Opti-MEM® | Reduced Serum
Medium. First, 300,000 cells were seeded on a 6 cm dish and transfected by a reverse transfection.
The following day the medium was replaced with a fresh medium. On day 3, a direct transfection was
used for the second transfection. On day 4 day the medium was replaced again. The cells were

harvested on day 7.

4.2.5 Immunoblotting

Preparation of cell lysates

Cells on 6 cm or 6-well dishes were washed twice with 2 ml of PBS (pH 7.2) at room temperature, lysed
with 60 - 100 pl 1 x sample buffer (250 mM Tris-HCl, 40% Glycerol, 8% SDS, pH 6.8) heated to 93°C and
scraped into 1.5 ml Eppendorf tubes. The tubes were placed into a freezer with a constant temperature
of -80°C. After harvesting all lysates, the lysates were thawed, then denatured at 93°C for 3 min,
and then sonicated with an amplitude of 2-3 microns in 3 cycles of 15 seconds with pauses of 7 seconds.
Protein concentration in the samples was determined by bicinchoninic acid (BCA) assay using
the Pierce™ BCA Protein Assay Kit according to the manufacturer’s instructions, and absorbance

of the samples was measured with the wavelength of 560 nm on Microplate Photometer Multiscan® EX.
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SDS-PAGE

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate proteins in lysates.
The samples contained 16 - 35 pg of protein and were diluted with 1x sample buffer as needed
to contain all an equal amount of proteins. 1 M dithiothreitol and bromphenol blue were added
to the samples to achieve final concentrations of 1% and 0.02%, respectively. The samples were loaded
onto 1 or 1.5 mm thick polyacrylamide gels of 8%, 14%, or 6 - 20% gradient gels. The electrophoresis
unit Mini-PROTEAN® Tetra Handcast System was filled with 1x TGS buffer (100 ml 10x TGS buffer,
900 ml ddH,0) and set to 25 mA per gel.

Western blotting

The proteins from the gels were transferred to nitrocellulose sheets (Amersham™ Hybond ECL,
GE Healthcare Life Sciences) using Hoeffer TE 22 Mini Tank Transfer Unit (400 mA, 150 V, 1.5 h) filled
with 1x TG Buffer with 20% methanol (100 ml 10x TG Buffer, 200 ml methanol, 700 ml H,0).
The membranes were stained with Ponceau Red to visualize proteins, cut to stripes, washed in ddH,0,

and blocked in 5% powdered nonfat milk dissolved in PBS with 0.1% Tween (PBST) for 20 min.

Immunodetection

The nitrocellulose membrane stripes were washed in PBST for 3x5 min and put into Falcon tubes with
solutions of primary antibodies. They were incubated overnight on a tube roller at 4°C. On the following
day, the stripes were washed in PBST for 3x5 min, incubated in a solution with a secondary antibody
for 45 min and washed in PBST for 3x5 min. Chemiluminescent substrate Pierce™ ECL Western Blotting
Substrate (Life Technologies) and SuperSignal West Femto Chemiluminescent Substrate were used
for protein detection. The immobilized proteins were detected on a medical screen film CP-BU NEW
(high-speed, medium- to high-contrast blue-sensitive, universal film for general radiography; Agfa

Health Care) and developed in OPTIMAX 2010 (PROTEC).

Semiquantification of proteins on immunoblots by densitometry

Densitometry of Rb and its respective loading control from the same immunoblot was performed
utilizing Imagel (NIH) software. Relative optical density was calculated as a ratio of the density

of the signal of Rb protein and the density of the protein signal used as a loading control.
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4.2.6 Immunofluorescence

Direct and an indirect immunofluorescence

Cells cultivated on glass coverslips (diameter 12 mm) and treated with EdU for 24 h were fixed in 4%
formaldehyde (FA) in 24-well dishes for 15 min. The coverslips were stored in PBS with 0.1% sodium
azide at 4°C. The cells were permeabilized by 0.2% Triton X-100 in PBS for 18 min. An EdU staining
solution was prepared during these 18 min, from the Click-iT® EdU Alexa Fluor® 488 Imaging Kit
following the manufacturer’s protocol. The amount of the reaction solution was recalculated
for an incubation amount of 30 pl per a glass. The coverslips were blocked in 250 ul 10% FBS/PBS
solution for 10 min. The coverslips were then incubated first in 25 pl of the primary antibody
and subsequently in 100 ul of the secondary antibody at room temperature for 60 min. Both the primary
and secondary antibodies were diluted in 10% FBS in PBS. After each step, the coverslips were washed
three times with 250 or 500 pl PBS. The coverslips were then incubated in 100 ul
4', 6-diamidino-2phenylindole (DAPI, 1 pg/ml dissolved in aqua pro inj. for 2 min), left to dry off,
and mounted on slides using 5 ul of Vectashield. The images were acquired on a LEICA DM 6000

microscope or on an Olympus Scan”R Screening Station microscope.

Indirect immunofluorescence

Cells cultivated on glass coverslips (diameter 12 mm) were fixed in 4% FA in 24-well dishes for 15 min.
The coverslips were stored in PBS with 0.1% sodium azide at 4°C. The cells were permeabilized by 0.2%
Triton X-100 in PBS for 10 min and blocked in 250 pl by 10% FBS in PBS solution for 10 min.
The coverslips were then incubated first in 25 ul of the primary antibody and subsequently in 100 pl
of the secondary antibody at room temperature for 60 min. Both the primary and secondary antibodies
were diluted in 10% FBS in PBS. After each step, the coverslips were washed three times with 250 or 500
ul PBS. The coverslips were then incubated in 100 ul DAPI (1 pug/1 ml) for 2 min, left to dry off,
and mounted on slides using 5 pl of Vectashield. The images were acquired on a LEICA DM 6000

microscope.
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4.2.7 SA-B-galactosidase staining

Cells cultivated on glass coverslips (diameter 12 mm) were washed three times with 0.5 ml PBS and fixed
in 0.5% glutaraldehyde in 24-well dishes for 12 min. The coverslips were stored in PBS/MgCl, with
0.1% sodium azide (pH 6.0) at 4°C before further processing. The fixed cells were then stained with an
X-gal solution containing 1x X-Gal (40x X-Gal solution was dissolved in N,N-dimethylformamide),
0.02 mM KsFe(CN)s, 0.12 mM K4Fe(CN)s x 3H,0 in PBS/MgCl, (pH 6.0) for 2-4 h. After each step
following the fixation, the coverslips were washed three times with 250 or 500 ul PBS/MgCl; (pH 6.0).
The coverslips were then incubated in DAPI (1 pg/1 ml) for 2 min, left to dry off, and mounted on slides

using 5 pl of Vectashield. The images were acquired on a LEICA DM 6000 microscope.
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5. Results

5.1 The effect of glucose concentration and spectrum of X-radiation
on the induction of IR-induced premature cellular senescence in human cells

in vitro

The first task of my diploma thesis was to test the effect of various conditions (i.e. glucose concentration
in the culture medium and the spectrum of the X-radiation used) on the development of IR-induced

premature cellular senescence.

Normal human BJ fibroblasts are a frequently used cell model for the development of all forms
of cellular senescence in vitro. Although the culture medium recommended for BJ fibroblasts by the
ATCC® (American Type Culture Collection, vendor of various cell types) is the DMEM with a low level
of glucose, | used two formulations of DMEM medium — one with a low concentration of glucose (1 g/I,
5.5 mM, representing normoglycemia), and one with a high concentration of glucose (4.5 g/l, 25 mM,
hyperglycemic medium used usually for the cultivation of cancer cells). | tested these two DMEM
formulations because both were normally used to culture BJ fibroblasts in my laboratory. As high
glucose concentration in the culture medium can cause a premature replicative senescence (Blazer et
al. 2002), my aim was to test whether a high glucose level can also act as a stress factor facilitating the

onset of IR-induced premature cellular senescence.

Another condition | focused my attention on was the quality of the X-radiation used. X-radiation
is electromagnetic radiation with a wavelength between ultraviolet and y-radiation (Fig. 1). It is capable
of breaking down chemical bonds, either directly or by ionization; for the latter reason X-radiation
is considered a form of ionizing radiation. The dose of X-radiation is expressed in gray (Gy) units, where

one gray represents the energy of one joule absorbed by one kilogram of matter.
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Figure 1. The electromagnetic spectrum.
(http://www.sciencetechnologyaction.com/perch/resources/lessons/sta9-a4-rpii-mq.pdf)

The spectrum of X-radiation produced by an X-ray tube is usually modified by metal filters. For example,
a thorium filter removes low energy wavelengths and provides the so-called "hard" radiation,
characterized by a higher proportion of higher energy photons, resulting in a higher penetration depth
in tissue, while the effect of an aluminium filter is substantially weaker, providing "soft" radiation.
For the treatment of patients, hard irradiation is used because of the insufficient penetration depth
of soft irradiation resulting in superfluous damage. That is in line with the standard irradiation technique
for cell cultures, where hard radiation is usually used. However, by administering high radiation doses
the cells encounter stress due to the massive decrease in temperature and the resulting pH change
(because the cells, which are normally cultured at 37°C, are irradiated at room temperature). Also, hard
irradiation causes more stress because hard irradiation lasts considerably longer (approximately four
times; the cells are at room temperature during irradiation) than soft irradiation for the same dose, and
thus hard irradiation causes more undefined culture stress than soft irradiation. | have found
no reference to the type of radiation used for the cell cultures discussed in the literature. Therefore,
| wanted to test whether there are any differences in the impact of soft and hard irradiation on the cell
culture resulting in the development of IR-induced premature cellular senescence, with the possible use

of soft irradiation in mind.

To this end, diploid human fibroblasts (BJ) were seeded in culture media with high and low glucose
concentration. On the next day, these cells were irradiated with either soft or hard radiation at a dose
of 10 Gy, which was previously described to cause IR-induced premature cellular senescence in HCA2
and WI-38 human diploid fibroblasts (Rodier et al. 2009). After 6 days, the cells were analysed for
the development of features typical of premature cellular senescence, namely the formation of DNA
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damage foci and DDR activity, cell cycle arrest, morphological changes characteristic for cellular
senescence, such as the increase of cellular surface, and the activity of SA-B-galactosidase (Dimri et
al. 1995). In this experiment, two types of control cells were used. The first type of control cells was
harvested on the first day and resembled nonirradiated proliferating cells (ctrl d0). The second type of
control cells was harvested on the 6™ day (ctrl d6); however, the cells were subcultured in the same
regime as the irradiated cells, leading to a high density and thus the development of growth arrest
(i.e. contact inhibition). In this way the 'ctrl d6' cells resembled nonproliferating cells which

did not encounter external DNA damage.

X-radiation induces DNA DSBs which are recognized by DDR proteins triggering a massive signalling
cascade. Due to the DDR, many proteins are attracted to the sites of DNA DSBs. This event leads
to the formation of so-called DNA damage foci (Haaf et al. 1995). The presence of DNA damage foci
is connected with IR-induced premature cellular senescence (Wallace 1998). My question was whether
the different types of radiation filters and the glucose concentration in culture media would cause
different number of DNA damage foci. Therefore, the cells were stained by indirect immunofluorescence
with a marker of DNA DSBs (i.e. of DNA damage foci) yH2AX (Rogakou et al. 1998) and the number
of yH2AX foci were quantified by high-throughput microscopy using the Olympus Scan”R (Fig. 2).
All irradiated cells displayed about 1.6 DNA damage foci per nucleus at day six irrespective of glucose
concentration; by contrast, 0.2 DNA damage foci per cell nucleus were found in the proliferating control
cells. Both cells cultured in the medium with high or low glucose concentration irradiated with hard
radiation displayed higher number of DNA damage foci (0.3-0.5 higher in comparison to the cells
irradiated with soft radiation). However, this difference was not confirmed by the quantification
of another DNA damage marker of DNA DSBs and DNA damage foci, the 53BP1 protein. Based on the
assumption that both yH2AX and 53BP1 proteins mark the sites of DNA DSBs, there should be a change
in both of them in parallel. Because | observed a higher number of DNA damage foci only after staining
with the anti-yH2AX antibody and not after staining anti 53BP1, | did not consider the difference in the
counts of yH2AX DNA damage foci as significant and attributed it instead to an experimental artefact.
On the whole, X-radiation induced the formation of DNA damage foci. However, the DNA damage foci
counts were not influenced by the type of filters used during irradiation or glucose concentration

in the culture medium.

44



ctrl dO H s ctrl d6 B

A
yH2AX foci / nucleus
high

8
;10
< 8
[ ]
L 6
s 4
- | |
E , Hl__HE_
o
(=] [}
low @ %g%n%.\"g%n
— N - - n -
[ = = = =
© 0 ©
high low

Figure 2. The effect of the spectrum of X-radiation and glucose concentration in the culture medium
on the formation of yH2AX foci detected by indirect immunofluorescence. The detection of yH2AX (green)
and DAPI (blue) (A). The graph shows yH2AX foci quantification (B). The normal human BJ fibroblasts were cultured
in the culture medium with high (high) or low (low) glucose concentration and then irradiated (IR) with a dose
of 10 Gy of hard (H) or soft (S) X-radiation. The irradiated cells were harvested on the 6 day after irradiation.
The first batch of control cells were harvested immediately after irradiation (ctrl dO) resembling nonirradiated
proliferating cells. The second batch of control cells (ctrl d6) were harvested on the 6™ day but they were
subcultured in the same regime as the irradiated cells, thus leading to the development of contact inhibition
and growth arrest. The ctrl d6 cells thus resemble nonproliferating nonirradiated cells. The immunofluorescence
staining represents the average of three independent experiments (A). The graph shows results from one of these
experiments (B). Bar 50 um.

To find whether the level of DDR activation correlates with the number of DNA damage foci, the level
of the activated DDR was ascertained by the level of phosphorylated p53 on serine 15 (p53 pSerl5)
which is known to be phosphorylated by ATM kinase following DNA damage (Banin et al. 1998).
The p53 pSerl5 was measured also because p53 regulates the expression of the cyclin dependent kinase
inhibitor p21¢PYWAFL (Stein et al. 1999). Another assayed marker of active DDR signalling was
Chk2 kinase. Chk2 is phosphorylated on threonine 68 (Chk2 pThr68), also by ATM, after encountering
DNA damage (Ahn et al. 2000). The phosphorylated forms of p53 and Chk2 were detected
by immunoblotting (Fig. 3). As expected, the p53 pSerl5 and Chk2 pThr68 levels were elevated after
irradiation. No significant differences in the level of activated p53 pSer15, Chk2 pThr68 after irradiation

were found using the different types of radiation filters or glucose concentration in the culture medium.

DNA damage foci and DDR can trigger a signalling cascade leading to a cell cycle arrest. Premature
cellular senescence is known to be related to the cell cycle arrest caused by the enhanced expression
of CDKIs, in the IR-induced premature cellular senescence mostly by the level of p21“"Y/WA™ (Brown et
al. 1997; Stein et al. 1999). Therefore, the level of p21°*Y/WAF was measured by immunoblotting (Fig. 3).

As expected, the p21°PYWATL |evel was elevated after irradiation. No significant difference
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in the p21°PYWAFL \was seen by comparing the two types of radiation filters or of glucose concentration

in the culture medium.
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Figure 3. The effect of the spectrum of X-radiation and glucose concentration in medium on the level of Chk2
pThr68, p53 pSerl5, and p21¢PYWARL measured by immunoblotting. The normal human BJ fibroblasts were
cultured in the medium with high or low glucose concentration and then X-irradiated (IR) with a dose of 10 Gy
of hard (H) or soft (S) radiation. The irradiated cells were harvested on the 6 day after irradiation. The first batch
of control cells were harvested immediately after irradiation (ctrl d0) and resembled nonirradiated proliferating
cells. The second batch of control cells (ctrl d6) were harvested on the 6% day but had been subcultured
in the same regime as the irradiated cells, leading to a development of contact inhibition and growth arrest.
The ctrl d6 cells thus resemble nonproliferating nonirradiated cells. The data represents the average of three
independent experiments. Molecular weight (MW; in grey) of proteins is displayed in [kDa]. GAPDH was used as
a loading control.

Altogether, the X-radiation induced the formation of DNA damage foci, activated DDR signalling
(p53 pSer15, Chk2 pThr68), and activated cyclin-dependent kinase inhibitor (p21°PYWAR) but neither
the formation of DNA damage foci, activity of DDR signalling, nor the level of p21°PYWAFL were

influenced by the type of radiation filters used or by the glucose concentration in the culture medium.

To find whether the cell cycle arrest induced by DDR signalling was permanent and induced
the development of IR-induced premature cellular senescence in irradiated cells in relation to the type
of radiation filter and glucose concentration in the culture medium, characteristic features of cellular
senescence (cellular morphology and SA-B-galactosidase activity) were assayed. Regarding morphology,
theirradiated cells were enlarged, with increased cellular area and higher presence
of the spindle-shaped phenotype compared to the proliferating cells. As for SA-B-galactosidase activity,
this was measured by the blue colouring which arose from the conversion of added X-gal substrate
to anindigo product by the SA-B-galactosidase enzyme (Fig. 4). The irradiated cells cultured
in the medium with the high glucose concentration were positively stained for SA-B-galactosidase

activity in the extent of 86% and 84% after hard and soft irradiation, respectively. Similarly,
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the irradiated cells cultured in the medium with the low glucose concentration were positively stained
in the extent of 86% and 85% after hard and soft irradiation, respectively. Only 1% of the proliferating
control cells displayed a positive SA-B-galactosidase staining, irrespective of glucose concentration.

However, because the proportion of positively stained cells in the hard- and soft-irradiated cells differed
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Figure 4. The effect of the spectrum of X-radiation and glucose concentration in the culture medium
on senescent phenotype development and SA-B-galactosidase activity detected by microscopic imaging.
The normal human BJ fibroblasts were cultured in culture media with high (high) or low (low) glucose
concentration and then X-irradiated (IR) with a dose of 10 Gy of hard (H) or soft (S) radiation. The irradiated cells
were harvested on the 6" day after irradiation. The control cells were harvested immediately after irradiation
and resembled nonirradiated proliferating cells. Images of the same field were taken using phase contrast (upper)
and bright field (lower) imaging. The staining for SA-B-galactosidase activity is shown in the lower images by black
colouring. (The colouring was converted from blue to black in computer processing to improve contrast.) The data
represents the average of three independent experiments. Bar 200 um.
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only by one or two percentage points, | did not consider the difference significant. In sum, X-radiation
caused development of the senescent phenotype but neither the cellular morphology
nor the SA-B-galactosidase activity was significantly influenced by the type of radiation filters used

or by the glucose concentration in the culture medium.

In conclusion, X-radiation caused the formation of DNA damage foci, activation of DDR signalling
(p53 pSer15, Chk2 pThr68), increase in the level of cyclin-dependent kinase inhibitor p21C¢PY/WAFL
and induced senescent phenotype. However, the development of IR-induced premature cellular
senescence was not significantly affected neither by glucose concentration in the medium nor
by the type of radiation filter used. Therefore, the soft irradiation regime and low glucose concentration

in the culture medium can be used for the culturing of BJ fibroblasts.
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5.2 Optimization of radiation dose for the induction of IR-induced premature
cellular senescence

The aim of my thesis was to study the role of PML in DDR and IR-induced premature cellular senescence
after genotoxic stress, namely X-radiation. In the first part of my thesis (see Paragraph 5.1) | tested
culture conditions of BJ fibroblasts which were intended to be used as the cell type model
for the induction of IR-induced premature cellular senescence. However, during my first experiment,
J. Kosla (Laboratory of Genome Integrity, IMG Prague) found that the BJ fibroblasts are incapable
of clonal expansion and thus unsuitable for the intended knock out of PML gene by the CRISPR method.
Therefore, another nontransformed cell type, RPE-1 hTERT cells, was chosen for subsequent
experiments. Considering the results obtained from BJ fibroblasts, | did not test the culture conditions
again but | used soft irradiation regime and culture medium with high glucose concentration

in my subsequent experiments with RPE-1 hTERT cells.

The dose of IR necessary to induce IR-induced premature cellular senescence depends on cell type
(Brown et al. 1997; Rodier et al. 2009; Noda et al. 2012; Miinch et al. 2014; Rossiello et al. 2014). To find
the most effective dose for the induction of IR-induced premature cellular senescence in RPE-1 hTERT
cells, the effect of various X-radiation doses on the development of IR-induced premature cellular
senescence was studied. The RPE-1 hTERT cells were irradiated with doses of 5, 10, 20, 50, or 100 Gy
and the development of features of cellular senescence was followed as mentioned above (the activity
of DDR, formation of DNA damage foci, expression of inhibitor of cyclin dependent kinases p21¢PY/WAFL

morphological changes, and the activity of SA-B-galactosidase). The cells were harvested 6 days after

irradiation.

As | mentioned above, X-radiation can cause DNA DSBs on whose sites DNA damage foci are formed
(Haaf et al. 1995). DNA damage foci play a substantial role in IR-induced premature cellular senescence
(Wallace 1998). My question was whether the different doses of X-radiation will induce different
amounts of DNA damage foci. In order to examine the impact of different radiation doses
on the formation of DNA damage foci, the number of the DNA damage foci was estimated. Again,
the cells were stained by indirect immunofluorescence for yH2AX asa marker of DNA damage.
The yH2AX foci were found in both proliferating control and the irradiated cells (Fig. 5). In the control

cells, on average 2.9 foci per nucleus were observed. After irradiation with 5, 10, 20, 50, and 100 Gy, 4.7,
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9.3, 10.5, 12.7, and 15.2 foci were observed, respectively. Altogether, the DNA damage foci counts rose
with the increasing radiation dose, indicating a correlation between the dose and the extent of DNA

damage.
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Figure 5. The effect of the increasing doses of X-radiation on the formation of yH2AX foci detected by indirect
immunofluorescence. The detection of yH2AX (green) and DAPI (blue) (A). The graph shows yH2AX foci
quantification (B). The RPE-1 hTERT cells were irradiated (IR) by different doses (5, 10, 20, 50 and 100 Gy).
The irradiated cells were harvested on the 6™ day after irradiation. The control cells were harvested immediately
after irradiation. The immunofluorescence staining represents the average of two independent experiments (A).
The graph shows results from one performed experiment (B). Bar 50 um.

It is believed that premature cellular senescence is caused by permanent DDR activation, probably
arising from unrepaired DNA damage. As already mentioned, DDR activation is routinely detected
as increased levels of phosphorylated forms of p53 and Chk2 (p53 pSerl5 and Chk2 pThr68) (Banin et
al. 1998; Ahn et al. 2000). | wanted to find a radiation dose sufficient to activate permanent DDR
signalling and premature cellular senescence. Again, the level of the activated DDR signalling was
detected by the level of phosphorylated forms of p53 and Chk2 (p53 pSerl5 and Chk2 pThr68)
and the total form of p53 by immnunoblotting (Fig. 6) six days after irradiation. Chk2 pThr68 level was
higher when the cells were irradiated with 20 and 50 Gy, compared to cells irradiated with 5 and 10 Gy.
After 100 Gy, Chk2 pThr68 level was lower than after 50 Gy but higher than after 5 Gy. The level
of p53 pSerl5 was significantly higher after irradiation with 50 and 100 Gy compared to the lower
radiation doses (5, 10, and 20 Gy). Interestingly, all radiation doses caused phosphorylation of p53
at almost the same level. In conclusion, persistent DDR signalling (p53 pSer15 and Chk2 pThr68) was

activated by all radiation doses used.

DNA damage may trigger cell cycle arrest facilitated, for example, by the increased levels of CDKls are
responsible for cell cycle arrest during the development of premature cellular senescence. The cell cycle

arrest in IR-induced premature cellular senescence is known to be caused mainly by p21“PY/WAR \whose
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expression is regulated by p53 (Brown et al. 1997; Stein et al. 1999). To induce cell cycle arrest,
p21CPYWARL influences phosphorylation of the Rb protein, which allows cell cycle progression in its
hyperphosphorylated state (see chapter Introduction). To explore which radiation dose would cause
sufficient DNA damage to induce efficient cell cycle arrest, the levels of cyclin-dependent inhibitor
p21CPYWARL and the Rb phosphorylated state were detected by immunoblotting (Fig. 6). The detection
of Rb protein was administered by the immunostaining of the total Rb level, revealing two Rb forms
on the immunoblot — hyperphosphorylated, ppRb, upper band and hypophosphorylated, pRb, lower
band. The level of p21°P¥WAf induced by irradiation varied based on the dose used, and its level also
correlated with the p53 pSerl5 level. The ppRb (Fig. 6, upper band) was detected in the proliferating
control RPE-1 hTERT cells and partly also after irradiation with a dose of 5 Gy, indicating some remaining
proliferation activity after the 5 Gy irradiation. After irradiation with doses of 10 Gy and higher, only
the pRb form (Fig. 6, lower band) was detected implying a predominantly nonproliferating state of the
cells. From the point of view of activated cell cycle arrest (the Rb phosphorylation state and p21¢/PY/WAFL
activation), radiation doses of 10 Gy and higher can be used to induce IR-induced premature cellular

senescence in RPE-1 hTERT cells.
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Figure 6. The effect of the X-radiation dose on the level of Rb, Chk2 pThr68, p53 pSerl15, p53 and p21C¢PY/WAFL
detected by immunoblotting. The RPE-1 hTERT cells were irradiated (IR) by different doses (5, 10, 20, 50, and 100
Gy). The irradiated cells were harvested on the 6% day after irradiation. The control cells were harvested
immediately after irradiation. The data represents the average of two independent experiments. Molecular weight
(MW; in grey) of proteins is displayed in [kDa]. GAPDH was used as a loading control. ppRb — hyperphosphorylated
Rb, pRb — hypophosphorylated Rb, ctrl — proliferating control cells

Altogether, all doses of X-radiation used induced persistently active DDR signalling (p53 pSer15, Chk2
pThr68). Radiation doses of 10 Gy and higher (20, 50, 100 Gy) also induced activation of cell cycle arrest

inductor cyclin-dependent kinase inhibitor p21“"/WAF1- no ppRb was detected.
51



To determine whether the cell cycle arrest led to the induction of premature cellular senescence,
the development of the senescent phenotype of irradiated cells with respect to the radiation dose,
cellular morphology, and SA-B-galactosidase activity were assessed. A flattened cellular morphology
and an increased cellular area were observed after irradiation with all doses tested (Fig. 7). Interestingly,
in cells irradiated with doses of 5, 10, or 20 Gy, the flattened phenotype dominated, in contrast to cells
irradiated by doses of 50 and 100 Gy which displayed a more spindle-like phenotype. The irradiated cells
were positively stained for SA-B-galactosidase activity after irradiation with all doses (Fig. 7).
After irradiation with the doses of 5, 10, 20, 50, and 100 Gy, 47%, 54%, 69%, 72%, and 85% of cells were
positively stained for SA-B-galactosidase activity, respectively, compared to the nonirradiated control
(where no cells were stained positive for SA-B-galactosidase activity). Moreover, the intensity
of the blue colouring correlated with the increasing dose, indicating a higher extent of metabolic
changes accompanying the increasing doses of IR. Together, all irradiated cells showed a senescent
phenotype irrespective of the dose used; however, the proportion of SA-B-galactosidase positively

stained cells increased with the increasing dose of IR.

In conclusion, all radiation doses caused formation of DNA damage foci, activated DDR signalling
(p53 pSer15, Chk2 pThr68), induced an increase in the level of the cyclin-dependent kinase inhibitor
p21CPYWARL and induced the senescent phenotype. The 20 Gy dose was chosen as the most practical

for the development of IR-induced premature cellular senescence in RPE-1 hTERT cells.
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Figure 7. The effect of the different X-radiation doses on the senescent phenotype and SA-B-galactosidase
activity detected by microscopic imaging. Images of the same field were taken using phase contrast (upper)
and bright field (lower) imaging. The staining for SA-B-galactosidase activity is shown in the bottom line of images
by black colouring. (The colouring was converted from blue to black by digital image processing to improve
contrast.) RPE-1 hTERT were irradiated with the doses of 5, 10, 20, 50, and 100 Gy. The irradiated cells were
harvested on the 6% day after irradiation. The control cells were harvested immediately after irradiation. The data
represents the average of two independent experiments. Bar 200 um.
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5.3 The effect of PML knock down on the DNA damage response
and the maintenance of IR-induced premature cellular senescence

The goal of my thesis was to study the PML interaction with DDR and the PML role in IR-induced
premature cellular senescence on the grounds of following observation. The PML protein was found
to participate in p53 acetylation, a posttranslational modification stabilizing the p53 protein
and increasing its activity (Pearson et al. 2000). Also, the overexpression of the PML isoform IV was
shown to induce premature cellular senescence (Bischof et al. 2002). Moreover, PML NBs serve
as a localisation site for many proteins involved in DDR (Mirzoeva and Petrini 2001; Blander et al. 2002;
Xu et al. 2003; Dellaire, Ching et al. 2006) and also PML NBs coassociate with DNA damage foci
in senescent cells (Carbone et al. 2002; Hubackova et al. 2010; Rodier et al. 2011). Also, PML was found
to be a direct p53 target (de Stanchina et al. 2004). These features raise the question whether the PML
protein serves as a key mediator in IR-induced premature cellular senescence via the stabilization
of p53. Therefore, | was interested in whether the presence of intact PML is necessary

for the maintenance of IR-induced premature cellular senescence.

First, | focused on siRNA-mediated PML knock down (PML KD) in RPE-1 hTERT senescent cells.
The transfection efficiency of both siPMLs was examined by immunoblotting (Fig. 9). To induce
IR-induced premature cellular senescence, RPE-1 hTERT cells were X-irradiated with a dose of 20 Gy.
After the development of premature cellular senescence (six days), the cells were transfected by two
consecutive lipofections with corresponding siRNAs - a noncoding siRNA marked as siNC and serving as a
control and two different siRNAs complementary to the mRNA of the PML protein termed siPML#3 and
siPML#4 (indicated as #3 and #4, respectively, in the figures). As DNA damage foci were reported
to coassociate with PML NBs in senescent cells (Carbone et al. 2002; Hubackova et al. 2010; Rodier et
al. 2011), | wished to explore the functional involvement of PML and PML NBs in the DDR associated
with the development of IR-induced premature cellular senescence. | first examined the number of DNA
damage foci in PML KD cells. Both proliferating nonsenescent cells and transfected and nontransfected
senescent cells were stained by indirect immunofluorescence for PML protein and the marker of DNA
damage foci 53BP1 (Fig. 8). The 53BP1 foci were counted with high throughput microscopy using
Olympus Scan”R. Both senescent cells transfected with siNC, siPML#3, and siPML#4 and nontransfected

control senescent cells showed the same number of 53BP1 foci, about four foci per nucleus. Altogether,
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the PML KD in RPE-1 hTERT cells had no impact on the number of DNA damage foci at eight days after

X-irradiation.

C
53BP1 foci / nucleus
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counts of 53BP1 foci

Figure 8. The effect of PML knock down on the number of DNA damage foci in IR-induced senescent RPE-1 TERT
cells. Proliferating control RPE-1 hTERT cells (A) and senescent cells (B) nontransfected (ctrl) and transfected
by two consecutive lipofections with noncoding control siRNA (siNC) and two siRNAs complementary to PML
MRNA sequence (siPML#3, siPML#4). The cells were stained with indirect immunofluorescence for 53BP1 (red),
PML (green), and DAPI (blue). The graph shows 53BP1 foci quantification with Olympus Scan”R automatic software
(C). The proliferating control cells were harvested immediately after irradiation (A). The irradiated and transfected
cells were harvested on the 13%™ day after irradiation (B, C). The immunofluorescence staining represents
the average of two independent experiments (A, B). The graph shows results from one performed experiment (C).
Bar 50 pm.

To further examine the impact of PML KD on the activation of DDR signalling in the IR-induced senescent
cells, the changes in the phosphorylated forms of p53 (p53 pSerl5) and Chk2 (Chk2 pThr68) were
examined by immunoblotting (Fig. 9). As expected, the PML protein level was increased
in the IR-induced senescent cells compared to the nonsenescent cells; increased levels of p53 pSerl5
and Chk2 pThr68 were also detected in the IR-induced senescent cells. After the transfection with
PML#3 and PML#4, the levels of both Chk2 pThr68 and p53 pSerl5 were lower in comparison
with the nontransfected senescent cells. Taken together, a decrease in Chk2 pThr68 and p53 pSerl5

levels was observed after PML KD in RPE-1 hTERT IR-induced senescent cells.

Furthermore, due to the previously reported functional link between PML and p53 manifesting as cell
cycle arrest (Pearson et al. 2000), the effect of PML KD on cyclin-dependent kinase inhibitor p21/PY/WAR
and Rb protein levels was examined by immunoblotting (Fig. 9). As expected, the IR-induced senescent
cells displayed an increased level of p21°PYWAfL compared to the proliferating control cells. Also, only

pRb (Fig. 9, lower band) was detected in the IR-induced senescent cells (without any detected ppRb)
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compared to the proliferating control cells. Interestingly, after PML KD with both siPMLs a decrease
of p53 Serl5, p21“PYWAFL and ppRb levels and also the decrease of the pRb (i.e. the total) level were
observed; note the destabilisation of Rb after a prolonged cell cycle arrest was shown also by (Lukas et

al. 1999).
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Figure 9. The effect of PML knock down on the level of Chk2 pThr68, p53 pSerl5, p21°PY/WAF and Rb detected
by immunoblotting. RPE-1 hTERT cells were irradiated with 20 Gy to induce premature cellular senescence.
After 6 days, the senescent cells were transfected with siRNAs by two consecutive lipofections. A pan-actin
antibody was used to control protein loading. The proliferating control cells were harvested immediately after
irradiation. The irradiated and transfected cells were harvested on the 13" day after irradiation. The data
represents the average of three independent experiments. Molecular weight (MW; in grey) of proteins is displayed
in [kDa]. ppRb — hyperphosphorylated Rb, pRb — hypophosphorylated Rb, ctrl — proliferating control cells,
siNC - noncoding siRNA, #3 — siPML#3, #4 - siPML#4.

In conclusion, no change was seen in the number of DNA damage foci after X-irradiation after
siRNA-mediated PML KD in senescent RPE-1 hTERT cells. After PML KD, a small decrease in p53 pSerl5,
pChk2 pThr68, as well as in p21“PYWAFL and pRb levels was observed in RPE-1 hTERT cells.
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5.4 The effect of PML knock out on the establishment of IR-induced premature
cellular senescence

In the chapter 5.3, the effect of PML KD was examined in the previously established IR-induced
senescent cells. In this chapter, the emphasis was laid on the research of PML role in the development
of IR-induced premature cellular senescence. To further verify the PML role in IR-induced premature
cellular senescence, | utilized a complete PML KO prepared in human cells by CRISPR technology
(see chapter Materials and methods). RPE-1 hTERT PML wt and PML KO cells were treated to induce
premature cellular senescence either by X-radiation with the dose 20 Gy or by the treatment with 100
UM BrdU applied every 48 h. Note, BrdU is known inductor of premature cellular senescence
(Michishita et al. 1998; Masterson and O’Dea 2007) and the BrdU-treated cells were used as a positive
control for the induction of the premature cellular senescence. Irradiated and BrdU-treated RPE-1 hTERT
PML wt a PML KO cells were harvested at various time points (i.e. 1.5 h, 1t day, 3" day, 5" day and 7t
day) and the development of selected features of cellular senescence was followed, namely
the formation of DNA damage foci, the activity of DDR signalling, cyclin-dependent kinase inhibitor

p21CPYWARL |ayel, senescent phenotype and SA-B-galactosidase activity.

5.4.1 The effect of PML knock out on the DNA damage foci formation, DDR activity
and cell cycle arrest

As told above, PML NBs coassociate with the DNA damage foci in senescent cells (Carbone et al. 2002;
Hubackova et al. 2010; Rodier et al. 2011). Again, the effect of complete PML KO on the induction
of DNA damage foci was examined in RPE-1 hTERT PML wt and PML KO cells 7 days after the irradiation
with 20 Gy or after BrdU-treatment (Fig. 10). The cells were stained with indirect immunofluorescence
for yH2AX foci and analyzed by Olympus Scan”R software (Fig. 10). Note, the DNA damage foci were
found also in control cells, i.e. 2.1 and 1.5 foci per nucleus in PML wt and PML KO cells, respectively.
These counts are comparable to the BrdU-treated cells, where the foci counts reached 1.6 and 1.3
(PMLwt and PML KO cells, respectively) foci per nucleus. The irradiation induced an increase
in the formation of DNA damage foci in both PML wt and PML KO cells compared to the nonirradiated

control cells, the cells displayed 7.3 and 5.6 foci per nucleus in PML wt and PML KO cells, respectively.
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In all conditions tested (i.e. in the untreated control cells, after irradiation and after the BrdU
treatment), the PML wt cells displayed ca 30% higher foci counts in average. However, if this 30% DNA
damage foci decrease in PML KO cells was caused as an effect of the PML KO, the difference should be
seen also in the foci counts in median. The median of DNA damage foci in nonproliferating control cells
was 1 focus per nucleus in both PML wt and PML KO cells. The median of DNA damage foci
in the irradiated cells was 5 and 4 foci per nucleus in PML wt and PML KO cells, respectively. The median
of DNA damage foci in nonproliferating control cells was 0 foci per nucleus in both PML wt and PML KO
cells. The DNA damage foci counts counted as median did not display a difference in 30% as the DNA
damage foci counted as an average. Therefore, | did not consider the difference in DNA damage foci
number counted in average as significant. However, the median showed an increased number of DNA
damage foci after irradiation in PML wt cells in comparison to PML KO cells, as well as the average
counts. This decrease of number of DNA damage foci in PML KO cells could indicate a functional

connection of PML and the dynamics of formation of DNA damage foci.

A ctrl IR BrdU

Figure 10. The formation of DNA damage foci in PML wt and PML KO cells after irradiation and BrdU-treatment
detected by indirect immunofluorescence 7 days after IR. The DNA damage foci detected by yH2AX (red). Nuclei
are stained with DAPI (blue) (A). The graph shows quantification of yH2AX-foci using Olympus Scan”R (B).
The RPE-1 hTERT PML wt and PML KO cells were irradiated (IR) by the dose of 20 Gy or treated with 100 uM BrdU.
All cells were harvested on the 7t day after respective treatment. The immunofluorescence staining represents
the average of two independent experiments (A). The graph shows results from one performed experiment (B).
Bar 25 um.
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To assess the impact of the PML KO on the activation of DDR signalling during the establishment
of IR-induced premature cellular senescence in connection with the above mentioned interaction
of PML with p53, both phosphorylated (p53 pSerl5) and total form of p53 and phosphorylated form
of Chk2 kinase (Chk2 pThr68) were detected by immunoblotting in control and irradiated RPE-1 hTERT
PML wt and PML KO cells. The highest p53 pSer15 level was detected 1.5 h after irradiation and then
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the p53 pSerl5 level displayed a decreasing tendency within the following 7 days. Compared
to the nonirradiated cells, the level of p53 pSerl5 was elevated on day 7, indicating a persisting activity
of DDR. The highest Chk2 pThr68 level was detected after 24 h. On the 3™ day, the Chk2 pThr68 level
started to decrease but remained stable at lower level even at 5" and 7" day. Notably, no difference
between the PML wt and PML KO cells was seen in the p53 pSerl5 and Chk2 pThr68 levels after
irradiation. However, a decrease of total p53 level in the PML KO cells was observed in comparison

to the PML wt cells.

To explore the effect of PML KO on the development of cell cycle arrest during the establishment
of IR-induced premature cellular senescence, the p21°PYWAFL 3nd Rb level were examined
by immunoblotting in RPE-1 hTERT PML wt and PML KO cells (Fig. 11 A, B). The cells were either
irradiated with 20 Gy or treated with 100 uM BrdU and harvested within seven days (indicated above).
Both treatments showed an increased level of p21“P¥WAFL cyclin-dependent kinase inhibitor already
after one day. While in the irradiated cells the p21°PYWA"l showed major increase after one day,
it showed major increase after three days in the BrdU-treated cells. The ppRb (upper band, Fig. 11 A, B)
disappeared after the first day after both irradiation and BrdU-treatment, and only the pRb (lower band,
Fig. 11 A, B) was detected in both PML KO and PML wt cells. The level of ppRb was higher in the PML KO
cells in comparison to the PML wt cells in the proliferating cells and after the irradiation after 1.5 h.
After one day, both ppRb and pRb were detected in both PML wt and PML KO cells; however, the level
of pRb was higher in the PML KO cells. Conversely, after three, five and seven days, a higher level
of the pRb was detected in the PML wt cells than in the PML KO cells. Interestingly, the Rb showed
higher increase in proliferating PML KO cells after both treatments in comparison to the PML wt cells
(confirmed by relative optical densitometry of Rb/actin levels) (Fig. 11 C, D). Altogether, no difference
in the p21¢PYWAFL Jeve| was observed comparing the PML wt and PML KO cells. However, a higher Rb

level was observed in the PML KO cells in comparison to the PML wt cells.

59



A RPE-1 wt

RPE-1 PML KO

IR

ctrl 1.5h 1d 3d

5d

7d ctrl1.5h 1d_3d 5d 7d

a-PML

a-Rb

a-Rb (longer exposition)
a-pThré8 Chk2

X ] a-pSerl5 p53

7 a-p21

a-pan-actin

0
ctrl 1.5h 1d 3d 5d 7d

0

a-p53
a-GAPDH
B
RPE-1 wt RPE-1 PML KO
BrdU BrdU
ctrl 1.5h1d 3d 5d 7d ctrl1.5h 1d 3d 5d 7d
a-PML
170—
130—
100—
pPRb < _ oI
pRb 7 a-Rb
110 a-Rb (longer exposition)
21— | a-p21
42— a-pan-actin
MW % pmL non-specific band
c D
2 2
 PML wt w PML wt
d HPMLKO | g ®PMLKO
o =)
£’ i
=
3 E]

ctrl1.5h 1d 3d 5d 7d

Figure 11. The effect of PML knock out on the level of Chk2 pThr68, p53 pSer15, p21<PY/WAFL and Rb detected
by immunoblotting. RPE-1 hTERT PML wt and PML KO cells were irradiated (IR) with 20 Gy (A) or BrdU-treated (B)
to induce development of IR-induced premature cellular senescence. The cells were harvested after 1.5 h and after
1, 3, 5 and 7 days. Note inaccurate loading of the first line in (B). The data represents the average of two
independent experiments. Molecular weight (MW; in grey) of proteins is displayed in [kDa]. Relative optical density
(0.d.) of Rb/actin levels after irradiation (C) and BrdU-treatment (D) of respective bands from above. A pan-actin
antibody was used to control protein loading. ppRb — hyperphosphorylated Rb, pRb - hypophosphorylated Rb
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Taken together, the RPE-1 hTERT PML KO cells showed no difference in the level of p53 pSerl15 and Chk2
pThr68. However, a small decrease of p53 level in the PML KO cells was shown in comparison
to the PML wt cells. Although the activated DDR signalling (p53 pSerl5 and Chk2 pThr68 levels) was
on the same level in PML wt and PML KO cells, PML KO cells displayed lower DNA damage foci counts
in comparison to PML wt cells. No difference in the p21°PYWA™ |eye| was observed comparing the PML
KO and PML wt cells. Bearing in mind the above mentioned indirect evidence for the PML role in DDR
and premature cellular senescence, PML plays probably only indirect or circumstantial role in these
processes. Interestingly, a higher Rb level in PML KO proliferating cells was detected in comparison

to PML wt cells, indicating a possible PML interaction with Rb protein.

5.4.2 The effect of PML knock out on cellular proliferation

Based on the recent report of Miinch et al. (2014), who showed that primary human foreskin fibroblasts
with a stable shRNA-mediated PML KD proliferate with a lower rate, | studied the effect of PML KO on
cell proliferation. Miinch et al. (2014) reported that while primary human foreskin fibroblasts with a
stable shRNA-mediated PML KD yielded 38 population doublings (PD), the wild type cells reached about
15 PD more. To confirm the observations also on a human PML KO cell type, both RPE-1 hTERT PML wt
and PML KO cells were treated for 24 h with the nucleotide analogue EdU, stained by indirect
immunofluorescence and the EdU-incorporation was measured in control and irradiated PML KO
and PML wt cells during 7 days (Fig. 12). The EdU-incorporation in BrdU-treated cells was measured only
on the 7 day, based on the fact that the full development of senescent phenotype was reported
already after 6 days and no further addition of BrdU was needed; this prevented artefacts
of competition between BrdU and EdU incorporation (Masterson and O’Dea 2007). The proliferating
PML wt and PML KO cells reached the incorporation rate 90 - 95% positive cells per sample. At all time
points, the EdU-incorporation of proliferating control PML wt cells was always higher than of the PML
KO cells (p< 0.05).

To underscore the findings of nucleotide incorporation, the proliferation rate of PML wt and PML KO
cells was determined. After both conditions at all time points, the PML wt cells showed a higher cell
counts than the PML KO cells (Fig. 13 A). Expressed preciously in percentage the 7" day, the proliferating
PML KO cells displayed the proliferation capacity of 65+ 12% by the proliferating cells, 80 + 14%

by the irradiated cells and 73 + 25% by the BrdU-treated cells in comparison to the PML wt cells

61



A EdU incorporation B 7th day
100
gp O=—= — G r—— = 7**; — — 100
80 =@=wt ctrl g
&0 g 80
< 60 “@-wt IR =
® 50 S 60
- © Ewt
a “0-PML <]
S - KO ctrl e 0 WPML
g 30 g KO
§ 20 PML 5 20
0 5 0 __B e
1 2 3 4 5 6 7 ctrl IR BrdU

days

Figure 12. The effect of PML knock out on cellular proliferation measured by EdU incorporation. RPE-1 hTERT
PML wt and PML KO cells were treated with 10 uM EdU for 24 h. The first graph (A) shows the percentage
of the positively EdU-stained cells was counted on different time points within 7 days. The second graph (B) shows
percentage of positively EdU-stained cells on the 7™ day after 24 h of EdU incorporation (note, on the 7" was
measured also the proliferation of BrdU-treated cells). The cells were harvested after 1.5 h and after 1, 3, 5 and 7
days. Asterisks (**) represent p value < 0.05 (Student's t-test). The graph (A) represents data from one performed
experiment. The graph (B) shows results from two independent experiments.

(respective counts of PML wt cells were considered as 100%; Fig. 13 B). The computed cell cycle length
was for PML KO cells 20 h 20 min and for PML wt cells 19 h 40 min, i.e. the cell cycle length
is approximately 40 min longer by the PML KO cells than by PML wt cells. Briefly, the proliferative delay
of PML KO is comparable to a delay of 1 PD in a period of 7 days. To summarize, the RPE-1 hTERT PML
wt cells proliferated faster than the RPE-1 hTERT PML KO cells, indicating a PML role in the cell cycle

progression.

A lower proliferation rate of PML KO cells was indicated by the EdU incorporation. Moreover,
the difference between proliferation capacity of PML wt and PML KO cells was evident by comparison
of the cell counts. In all conditions tested, the PML KO cells displayed lower cells counts.
Thus, the difference in proliferation of the irradiated and BrdU-treated cells should be probably
attributed rather to the primary difference in the proliferative capacity of PML KO cells than
to the effect of the treatments themselves. In conclusion, a diminished proliferative capacity of RPE-1
hTERT PML KO cells was confirmed, indicating a possible PML role in the proliferation or in the cell cycle

progression.
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Figure 13. The effect of PML knock out on the cellular proliferation. RPE-1 hTERT PML wt and PML KO cells were
counted on different time points within 7 days. In the graph A, the cell counts were recalculated to the seeding
amount as 100% and the counts are displayed on a logarithmic scale (base 2). For a better visualisation of the
difference in the proliferation rate on the 7t day, the PML KO cells counts were related to the PML wt cell counts;
the PML wt cell counts were stipulated for each condition as 100% (B). (A - all time points; B — only 7" day). The
cells were harvested after 1.5 h and after 1, 3, 5 and 7 days. The graph (A) represents data from one performed
experiment. The graph (B) shows results from two independent experiments. ctrl — control untreated proliferating
cells, IR —irradiated cells, BrdU — BrdU-treated cells

5.4.3 The effect of PML knock out on the establishment of senescent phenotype

The overexpression of PML was found to cause a premature cellular senescence (Pearson et al. 2000).
To ascertain if the development of IR-induced premature cellular senescence will be influenced by the
PML KO, the features of cellular senescence (i.e. the cellular morphology and the SA-B-galactosidase
activity) after irradiation and BrdU-treatment after 7 days were assayed in RPE-1 hTERT PML wt and PML
KO cells. Both irradiated and BrdU-treated PML wt and PML KO cells expressed senescent phenotype,
i.e. flattened and partly spindle-shaped cellular morphology (Fig. 14). However, no differences
in the morphology of the developed senescent phenotype after irradiation or BrdU-treatment between
the PML wt and PML KO cells were observed. Subsequently, the SA-B-galactosidase activity was assayed
(Fig. 14). As expected, no positive cells stained for the SA-B-galactosidase activity were found by both
PML wt and PML KO proliferating control cells. 80% and 91% of the irradiated PML wt and PML KO cells,
respectively, were positively stained for the SA-B-galactosidase activity. After BrdU-treatment, only 39%
of both PML wt and PML KO cells were stained positively for the SA-B-galactosidase activity indicating
a low concentration of BrdU for the full establishment of drug-induced premature cellular senescence
in this cell type. Taken together, the PML KO had not an impact on the development of the senescent

cellular morphology in RPE-1 hTERT cells.
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Figure 14. The effect of PML KO on the development of senescent phenotype and SA-B-galactosidase activity.
RPE-1 hTERT PML wt and PML KO cells were irradiated (IR) with 20 Gy or BrdU-treated every second day (BrdU)
and harvested after 7 days. Images of the same field were taken using phase contrast (upper) and bright field
(lower) imaging (A). The staining for SA-B-galactosidase activity is shown in lower line by black colouring (the blue
colour was conversed to the black colour to visualize a better contrast). The graph shows a percentage of positively
stained cells for SA-B-galactosidase activity (B). The cells were harvested on the 7™ day after respective treatment.
Bar 200 pm.
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5.4.4 Summary

In conclusion, although the RPE-1 hTERT PML KO cells differed in some senescent features (formation
of DNA damage foci, Rb level), the establishment of IR-induced premature cellular senescence was not
significantly influenced by the absence of PML in RPE-1 hTERT PML KO cells after X-irradiation.
The activated DDR (p53 pSer15 and Chk2 pThr68), activated p21°*YWAF senescent phenotype, and
SA-B-galactosidase activity exhibited a similar intensity in both RPE-1 hTERT PML wt and PML KO cells.
Therefore, PML do not play a substantial role in the development of IR-induced premature cellular

senescence, at least in RPE-1 hTERT cells.

However, a difference was seen in the Rb level (which was higher in RPE-1 hTERT PML KO cells)
and in the proliferation rate, where RPE-1 hTERT PML KO cells showed diminished cell counts compared
to the RPE-1 hTERT PML wt cells. The higher Rb level in the RPE-1 hTERT PML KO cells points
to a possible PML interaction with Rb. Hypothetically, PML could function as a negative regulator of Rb.
In consequence of the PML KO, the Rb protein would be more activated and would more effectively

repress cell cycle progression, leading to a diminished proliferating capacity.
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6. Discussion

Cellular senescence is a state of permanent growth arrest that serves as a tumorigenesis barrier
by inhibiting the progression of premalignant lesions to invasive ones. Given the fact that
overexpression of PML protein was found to induce cellular senescence and that PML was described
to interact with p53 in several ways (Pearson et al. 2000), the aim of my thesis was to characterize
the role of PML protein in the DDR and premature cellular senescence after genotoxic stress, namely
X-radiation. In a recent work (Miinch et al. 2014), the effect of permanent PML KD in human primary
fibroblast was analysed. However, | focused on the effect of complete PML KO generated by CRISPR
technology in human cells, which has not been examined yet. Based on previous reports, my hypothesis
was that PML protein would support or increase the DDR signalling and the induction of IR-induced
premature cellular senescence. Therefore, | analysed the development of selected features of cellular
senescence, namely the formation of DNA damage foci, the activity of DDR signalling, levels

1CPUWARL the senescent phenotype, and SA-B-galactosidase

of cyclin-dependent kinase inhibitor p2
activity and examined the effectiveness of the establishment and maintenance of cellular senescence

in cells with partial and complete PML depletion.

6.1 Optimisation of conditions for the development of IR-induced premature
cellular senescence in cell culture model in vitro

High glucose concentration (hyperglycemia) in culture medium causes cellular stress. For instance,
the K-562 human lymphoblasts cultured in hyperglycemic conditions in the short term, for 8 h, displayed
an increased rate of DNA damage ascertained by comet assay (Hruda et al. 2010). Moreover, long term
culturing in hyperglycemic conditions accelerated the onset of premature replicative cellular senescence
in primary human fibroblasts (Blazer et al. 2002). It is clear that hyperglycemia also causes metabolic
changes already in short term culturing, as increased activity of glycolytic enzymes was described
inrenal cells LLC-PK1 and OK after 24 h in hyperglycemic conditions (Gstraunthaler et al. 1999).
However, whether the changes caused by hyperglycemia are also relevant for the establishment
of IR-induced premature cellular senescence has not been clear. My results suggest that a glucose

concentration in the culture medium of 5.5 versus 25 mM (normo- versus hyperglycemic conditions)
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has no impact on the establishment of IR-induced premature cellular senescence during the short term
culturing of normal human BJfibroblasts. It is likely that the stress or DNA damage caused
by the irradiation of 10 Gy is high enough in comparison to the damage caused by the hyperglycemia
that the impact of the damage caused by hyperglycemia is not detectable. The observation that
the effect of hyperglycemia in a long term culture is reversible only until a certain PD points
to the conclusion that the damage caused by hyperglycemia is cumulative and, after exceeding
a threshold, determines the cell’s fate (Blazer et al. 2002). The underlying mechanism of the DNA
damage caused by hyperglycemia is probably the generation of ROS because of the higher glycolysis rate
which leads to a higher mitochondria activity and therefore to higher ROS generation in hyperglycemic
conditions (Hruda et al. 2010). Intriguingly, it was reported that hyperglycemia did not accelerate
the development of premature replicative senescence in normal BJ human fibroblasts immortalized
by the ectopic hTERT expression (Blazer et al. 2002). However, it was suggested recently that hTERT may
function by antagonizing ROS production in mitochondria and thus helping to decrease the amount
of ROS-generated DNA damage (Singhapol et al. 2013). This finding could have profound implications
for the higher stress resistance of cancerous cells. On the whole, the glucose concentration in culture
medium had not an impact on the establishment of IR-induced premature cellular senescence

in BJ fibroblasts.

To induce a DDR or to establish IR-induced premature cellular senescence, X-radiation is often
the method of choice. For the irradiation of cell cultures, the hard radiation is often used. However,
the hard radiation causes more undefined culture stress and thus possibly triggers different biological
response in comparison to the soft radiation (see chapter 5.1). | studied the effect of the two irradiation
regimes on the activation of DDR signalling and the development of IR-induced premature cellular
senescence. My results suggest that there is no significant difference between the irradiation regimes
in the impact on the activation of DDR signalling or on the development of IR-induced premature cellular
senescence in normal human BJ fibroblasts. This finding could be useful by supporting the use of soft
irradiation regime for cell cultures, as a soft irradiation regime means shorter irradiation time and thus
lower cellular stress caused by the pH changes or the cooling of the culture medium when irradiated
at room temperature. However, another aspect needs to be considered: Due to the lower penetration
depth of soft radiation, its partial absorption by the material of the culture wells, and therefore a lower
radiation dose ultimately reaching the cells, cannot be excluded. In line with this possibility, | have

observed slightly decreased SA-B-galactosidase staining after soft irradiation. Nevertheless, no other
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corresponding changes in DDR signalling or other features of IR-induced premature cellular senescence
were observed. This implies that the soft irradiation regime might have influenced SA-B-galactosidase
activity, but not the establishment of IR-induced premature cellular senescence or activation of DDR
signalling per se. Therefore, the application of soft radiation regime for the establishment of IR-induced

premature cellular senescence is acceptable.

Most of the cellular damage caused by X-radiation results from secondary damage caused by water
ionisation; only a minimum of the damage is caused by a direct striking of the DNA by X-ray photons.
Smaller radiation doses (ca 5 Gy and smaller) manifest mainly by DNA damage, whereas higher radiation
doses (ca 20 Gy and more) manifest by considerable damage not only to the DNA but also to lipids,
carbohydrates, or proteins. To establish IR-induced premature cellular senescence, various doses have
been used, such as 6 Gy in HCA2 normal human fibroblasts (Noda et al. 2012), 10 Gy in HCA2 normal
human fibroblasts (Rodier et al. 2009), or 20 Gy in human embryonic lung MRC5 fibroblasts (Hewitt et
al. 2012). Although the development of drug-induced premature cellular senescence in RPE-1 hTERT
cells has been described (Leontieva and Blagosklonny 2010; Lahtela et al. 2013), | have found no
literature describing the establishment of IR-induced premature cellular senescence in this cell line.
Therefore, various radiation doses were evaluated andthe dose of 20 Gy was chosen
for the development of IR-induced premature cellular senescence in RPE-1 hTERT cells as the most
practical. The dose of 5 Gy was insufficient to induce IR-induced premature cellular senescence
in the RPE-1 hTERT cells; this observation is in contrast to the observations of Noda et al. who reported
an effective establishment of IR-induced premature cellular senescence after 6 Gy in HCA2 normal
human fibroblasts (Noda et al. 2012). This discrepancy suggests that sensitivity to IR is cell type
dependent. Moreover, Noda et al. also referred to a linear correlation between radiation doses
and the amount of late DNA damage foci (Noda et al. 2012). However, | observed rather a nonlinear
dependence of the number of DNA damage foci per cell nucleus on the radiation dose, indicating
the results of the higher doses of 50 and 100 Gy approached saturation. However, Noda et al. (2012)
only measured the dose interval of 2 to 10 Gy. As the cellular response to IR is probably cell type
dependent, the most effective radiation dose for the development of IR-induced premature cellular

senescence in RPE-1 hTERT cells is the dose of 20 Gy.
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6.2 The effect of PML depletion on the establishment and maintenance of DDR
signalling in IR-induced premature cellular senescence and on cell cycle
progression

Several observations point to an interaction of PML with DDR signalling (Blander et al. 2002; Yang et
al. 2002; Xu et al. 2003; Dellaire, Eskiw et al. 2006; Miinch et al. 2014). For example, Miinch et al. (2014)
showed that a stable shRNA-mediated PML KD in primary human foreskin fibroblasts did not
significantly impair the DDR signalling 24 h after irradiation. This can be explained by an inefficient knock
down and thus remaining function of residual PML. To overcome this potential obstacle, complete knock
out of PML can be advantageous. However, in concert with the observation of Miinch et al. (2014),
| showed that the DDR signalling was not impaired at any time point during the establishment of
IR induced premature cellular senescence in human RPE-1 hTERT PML KO cells. The results of
experiments exploring the effect of a stable PML KD (Miinch et al. 2014) and my results from the RPE-1
hTERT PML KO cells point to the same conclusion — that the role of PML in the analyzed components of
DDR is probably nonessential. This is very intriguing, because PML was shown to act as a DNA damage
sensor in normal human diploid fibroblasts (Dellaire, Ching et al. 2006) and PML NBs also coassociate
with DNA damage foci in normal human fibroblasts (Carbone et al. 2002; Rodier et al. 2011), most
importantly also in senescent cells. However, the nature of this coassociation event remains still unclear.
The PML role in DDR signalling was deduced mostly from the spatial and temporal colocalization of PML
NBs with DDR factors at DNA damage sites. In contrast to the unaffected DDR signalling in RPE-1 hTERT
PML KO cells, | saw a decrease in the activity of DDR signalling (p53 pSer15 and Chk2 pThr68 levels) in
RPE-1 hTERT IR-induced senescent cells with a siRNA-mediated PML KD. However, considering my
negative results investigating the PML role in the DDR and IR-induced premature cellular senescence in
RPE-1 hTERT PML KO cells (see chapter 5.4), the most probable explanation for the decrease
in p53 pSerl5, Chk2 pThr68, p21°PYWAFL and pRb levels is that of an experimental artefact or of an
unknown agent. On the grounds of my observations in RPE-1 hTERT PML KO cells, | would propose that
PML plays only a negligible or replaceable role in DDR signalling and that cells easily adapt to the
absence of PML. Therefore, another explanation for the PML NBs’ colocalization with DDR factors should
be sought. Since PML NBs are often found at DNA DSBs sites, as are most of the known DDR factors,

perhaps the PML protein is not directly involved in DDR signalling but instead facilitates some steps of
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DNA repair. This notion is consistent with the published data, where the PML’s role in homologous

recombination (HR) repair was shown (Boichuk et al. 2011; Miinch et al. 2014).

The tumour suppressor p53 is known as the main “genome guardian”; it collects a broad range
of information relating to cellular fitness and regulates the final outcomes of cells encountering several
types of stress. The direct interaction of PML protein with p53 was described in the development of OIS,
where PML protein facilitates p53 acetylation and thus increases p53 stability (Pearson et al. 2000). PML
was also reported to help stabilize p53 after DNA damage caused by treatment with the topoisomerase
inhibitor doxorubicin in normal human fibroblast WI-38 where PML sequestrates the p53 negative
regulator E3 ubiquitin ligase Mdm2 into the nucleolus (Bernardi et al. 2004). However, the effect of PML
on p53 level with respect to IR has not yet been described. | demonstrated that the induced p53 level
was lower in the RPE-1 hTERT PML KO in comparison to the RPE-1 hTERT PML wt cells after irradiation
with 20 Gy at all time points (up to and including day 7). This result correlates with the observation that
PML helps stabilize p53 after stress (implying lower p53 stability without PML). In contrast, my analysis
shows that the DDR signalling was in no way impaired in the RPE-1 hTERT PML KO cells.
This is a remarkable observation, bearing in mind that p53 plays an important role in DDR signalling.
However, neither the p53 pSerl5 level (a DDR component) nor the p21°PYWARL Jeyel (as a p53
transcriptional target) were changed, implying that the slight decrease in the p53 level in RPE-1 hTERT
PML KO cells did not influence the p53/p21PYWAFL signalling pathway. As p53 protein is subject to many
posttranslational modifications, | cannot exclude that other functions of p53 were affected by the PML

KO.

As mentioned, PML has been shown to coassociate with DNA damage foci in both human and murine
fibroblasts (Carbone et al. 2002; Rodier et al. 2011; Minch et al. 2014). Noda et al. (2012) showed that
DNA damage foci play a central role in IR-induced premature cellular senescence. However, the fate
of the DNA damage foci in senescent cells after siRNA-mediated PML KD was not described.
My hypothesis was that the PML NBs would affect the structure of the DNA damage foci, in that
for instance the DNA damage foci may disappear or disintegrate when PML is depleted. However,
no such effect was observed. The formation of DNA damage foci in normal human fibroblasts
was shown to not be impaired in the stable shRNA-mediated PML KD (Minch et al. 2014). Next, | tested
the same in RPE-1 hTERT PML KO cells. | saw a decrease in the number of DNA damage foci
in RPE-1 hTERT PML KO cells after irradiation with 20 Gy in comparison to the PML wt cells, although
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the level of the activated DDR signalling (p53 pSerl5 and Chk2 pThr68 levels) did not differ.
Hypothetically, which possible explanations could clarify the observation of higher counts of DNA
damage foci in PML wt cells after irradiation? Firstly, if there is really more DNA damage foci in PML wt
cells, PML could stimulate their formation, possibly through facilitating the DDR signalling. Secondly,
if the DNA damage foci counts do not differ in RPE-1 hTERT PML wt and PML KO cells, but the detection
of DNA damage foci is impaired instead (not the formation) in PML KO cells, the possible reason could
be that PML helps in the early phase of DDR signalling by facilitating the spreading of DDR signalling
through the flanking chromatin, e.g. yH2AX phosphorylation. This is in notion with the finding that PML
can behave as a DNA damage sensor helping triggering the DDR (Dellaire, Ching et al. 2006).
Thirdly, the measured higher DNA damage foci counts in PML wt cells could be only an artefact.
After the impaired DNA damage foci formation, the level of DDR activation should correspondingly
be decreased also. Based on the fact that immunoblotting data did not show any differences
in the activity of DDR signalling, | am inclined to prefer the third explanation. However, the number
of DNA damage foci in PML KO cells after irradiation was measured using on only a single replicate.

To exclude the possibility of error, the experiment should be repeated.

Altogether, the PML protein does not play an important role in the formation of DNA damage foci
in RPE-1 hTERT cells after irradiation with 20 Gy and BrdU-treatment. Thus the reason why PML NBs
colocalize with DNA damage foci should be investigated further. Based on various observations of other
groups, Minch et al. (2014) suggested that the PML protein might be important for the DNA repair
(HR concretely), rather than for DDR signalling.

The permanent DNA damage foci belong to the features of senescent cells. The reason why DNA
damage foci persist in senescent cells remains elusive. Noda et al. (2012) concluded
that the heterochromatin structure formed at the DNA damage foci may inhibit the access of DNA repair
factors. There is also the possibility that the persistent DNA damage foci evolved at sites which already
contained a higher amount of heterochromatin proteins, which inhibited the access of repair factors
and thus the repair of any potential DNA double strand breaks — leading to the formation of persistent
DNA damage foci (Noda et al. 2012). However, it was reported that the DNA damage foci caused
by small doses of radiation (100 mGy to 1 Gy) were all repaired (Grudzenski et al. 2010).
Thisis in contrast to the hypothesis that DNA DSBs are irreparable if they are formed

in the heterochromatin sections of DNA. If this were the case then some DNA damage foci would have
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to be permanent also when caused by small doses of radiation, because irradiation inflicts DNA damage
in a stochastic manner in which DNA sections with heterochromatin proteins cannot be excluded.
Nevertheless, the coassociation of persistent DNA damage foci with a telomeric signal was reported,
suggesting that the irreparable DNA damage foci remain in the telomeric regions because of repressed
nonhomologous end joining (NHEJ) (Hewitt et al. 2012) or HR-directed repair (Zimmermann et al. 2013).
However, Noda et al. (2012) did not see colocalization of DNA damage foci with a telomeric signal
(Noda et al. 2012). They also showed that senescent cells are able to repair DNA damage, as was shown
by their repeated irradiation (Mayer et al. 1986; Noda et al. 2012). Noda et al. (2012) conclude that
the irreparable DNA DSBs might be protected by a special molecular structure which also prevents
access of repair enzymes. The prevention of repair access seems a plausible explanation
for the irreparable character of late DNA damage foci. Another explanation of the irreparable character
of some DNA damage foci could lie in the fact that Brcal (which recruits repair factors in HR-directed
repair) is dissociated from chromatin in senescent cells (Tu et al. 2011). Or thirdly, the irreparable DNA

damage foci could be constituted by a certain type of DNA damage (e.g. by cross-linked DNA or others).

The presence DNA damage foci was reported among others after one month (Noda et al. 2012).
However, the presence of these DNA damage foci need not to mean that the DNA damage foci do not
change. However probable the unchanging and persistent character of DNA damage foci after longer
timer periods could seem, there is no evidence for this hypothesis. The DNA damage foci could evolve
or be repaired during longer periods (e.g. weeks) but it would not be discovered until the sum
of the DNA damage foci remains on the same level. To overcome this uncertainty, single cell time-laps
microscopy imaging should be applied to track the dynamics of specific DNA damage foci in senescent
cell bylong-term imaging. However, such experiment would be nowadays very time- and
money-consuming, apart from the photothermal damage caused by image acquisition to the cells.
On the other hand, the time-lapse microscopy was used for the imaging of DDR in the time interval
of minutes and hours, suggesting that in the future perhaps there will be equipment to track DNA DSBs
after IR not only in the early phases of DNA damage foci formation but also in senescent cells (Lisby et
al. 2003; Mortusewicz et al. 2007). Interestingly, following fluorescently labelled DNA DSBs after IR in
yeast, DSBs were shown as highly mobile structures which migrate to the sites of NHEJ or HR repair in

the time interval of hours, where some of them fuse creating larger DNA damage foci (Lisby et al. 2003).
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It also remains unclear if the foci which are described as DNA damage foci genuinely contain unrepaired
DBSs. The presence of DNA DSBs is often indirectly ascertained through yH2AX detection, which
is thought to be a common marker of DNA DSBs (Rogakou et al. 1998). However, histone H2AX is also
phosphorylated in an ATR-dependent manner in the presence of DNA single strand breaks, mostly
at the sites of stalled replication forks (Ward and Chen 2001). Noda et al. (2012) presented various
pieces of indirect evidence to support the idea of the presence of DNA DSBs. However, the authors did
not performed more direct tests for the presence of DNA DSBs, such as the comet assay (Ostling and
Johanson 1984) or pulsed-field gel electrophoresis (Schwartz et al. 1983). Nevertheless, neither a comet
assay nor pulse-field gel electrophoresis are sensitive enough to detect isolated DNA DSBs; the detection
limit is 50 strand breaks per diploid mammalian cell for the comet assay (Olive and Banath 2006),
and PFGE is able to fractionate DNA molecules only down to 10 Mb in length (Herschleb et al. 2007).

Thus, the presence of DNA DSBs in DNA damage foci remains still elusive.

PML is involved in the OIS regulation (Pearson et al. 2000). However, Minch et al. (2014) followed
the development of IR-induced premature cellular senescence over 6 days in PML wt human fibroblasts
and in human fibroblasts with a stable PML KD. They concluded that PML protein is nonessential
for the induction of IR-induced premature cellular senescence in primary human fibroblasts.
Based on findings of my and other studies, | confirmed the nonessentiality of the PML protein
in the establishment of IR-induced premature cellular senescence even in cells bearing a PML KO.
It cannot be excluded that the signalling pathways which regulate IR- and oncogene-induced premature
cellular senescence are diverse and that perhaps PML is not necessary for IR-induced premature cellular
senescence. To explore this possibility, it would be interesting to investigate the development of OIS

in PML wt and PML KO cells.

PML interaction with Rb was shown in murine and human fibroblasts forced to premature cellular
senescence by overexpression of PML (Ferbeyre et al. 2000; Mallette et al. 2004). Furthermore, PML
protein cooperates with Rb in the silencing of E2F-responsive genes during the establishment of OIS
in MEFs (Vernier et al. 2011; Talluri and Dick 2014). My results show that total Rb level is higher
in proliferating RPE-1 hTERT PML KO in comparison with RPE-1 hTERT PML wt cells. A possible
explanation could be that PML negatively regulates Rb expression or stability, e.g. that PML protein
cooperates with other proteins to repress transcription of Rb. In this way, PML could influence

the Rb level and thus indirectly also cell cycle progression. However, the exact mechanism through

73



which PML influences Rb level has yet to be revealed. Bearing in mind that Rb is a repressor of cell cycle
progression into the S phase, a higher level of Rb could result in a higher threshold for the transition
from G1 to S phase. This would result in a prolonged G1 phase and consequently lower proliferation
rate. However, neither | nor Miinch et al. (2014) analyzed which cell cycle phases are delayed.
The hypothesis of a prolonged G1 phase indeed corresponds to my observations that PML KO cells
proliferate more slowly compared to PML wt cells. The estimated difference in cell cycle length
is approximately 40 min. This is in agreement with the study of Miinch et al. (2014), who show that
primary human foreskin fibroblasts with a stable siRNA-mediated PML KD proliferated with a lower
efficiency then PML wt cells (PML KD human foreskin fibroblasts reached 10 PD fewer than the PML wt
cells, which reached 38 PD). The final proliferation rate of the cell culture is the sum of the growth
and death rates. Having this in mind, the lower proliferation of cells with PML KO could be caused
notonly by a cell cycle delay but also by a higher apoptosis rate. However, this explanation
can be excluded as higher apoptosis was not observed in proliferating PML KO compared to proliferating

PML wt cells.

The inability to detect activated DDR signalling and the low number of DNA damage foci after BrdU
treatment in both PML wt and PML KO cells correlates with the low rate of positively stained cells
for SA-B-galactosidase activity, raising questions regarding the efficiency of the used BrdU dose, which
was likely insufficient to cause a major activation of DDR signalling. On the other hand, the administered
BrdU dose was sufficient to cause a permanent cell cycle arrest, manifested through the p21¢PY/WAR

increased level, the absence of ppRb and the presence of pRb

Nonetheless, a substantial shortcoming of my results is the fact that only one clone of the RPE-1 hTERT
cells (derived from a single cell) bearing a knock out of the PML gene was analyzed. To exclude
the possibility that all my results and the differences in Rb level are clone-specific, other PML KO cell

clones should be analysed in the future.

74



7. Conclusions

1.

| optimized the conditions for the induction of IR-induced premature cellular senescence
as follows: | showed that the glucose concentration in the culture medium had no effect
on the development of IR-induced premature cellular senescence in short-term culturing
of human BJ fibroblasts. | found that the two types of irradiation (hard and soft) have almost
the same impact on the establishment of IR-induced premature cellular senescence in human
BJ fibroblasts. Bearing that in mind, | used the soft irradiation regime for the development
of IR-induced premature cellular senescence in subsequent experiments. | chose the dose
of 20 Gy as the most effective for the induction of IR-induced premature cellular senescence

in the human epithelial RPE-1 hTERT cells.

| saw no changes in the DNA damage foci in RPE-1 hTERT IR-induced senescent cells after PML
knock down. | found a slight decrease of the Chk2 phosphorylation on Thr68,
hypophosphorylated Rb and of p21¢PYWAFL |evels after PML knock down in RPE-1 hTERT
IR-induced senescent cells. However, considering results from point 3 in these conclusions

(see below), the most plausible explanation for this decrease is an experimental artefact.

| observed no significant difference in the DDR and IR-induced premature cellular senescence
inthe RPE-1 hTERT cells bearing a knock out in the PML gene (PML KO) in comparison
to the RPE-1 PML wt cells after seven days. Concerning the indirect evidence of PML connection
with DDR and IR-induced premature cellular senescence, PML is probably replaceable

or circumstantial in these processes.

However, | found a higher level of Rb protein in RPE-1 hTERT PML KO cells comparing
to the RPE-1 hTERT PML wt cells. | also described that RPE-1 hTERT PML KO cells proliferated
with a lesser efficiency compared to the PML wt cells. Because Rb is a repressor of cell cycle
progression, the last finding reveals a possible influence of PML protein on the Rb level, cell

cycle progression and also, indirectly, on cellular proliferation.
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