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1. Abstract 
 

Organisms such as mammals need tissue renewal as an important process for 

maintenance of their viability. Because proliferation is essential also for tumourigenesis, cells 

need tumour-suppressor mechanisms to protect organism against cancer. Cellular senescence, the 

permanent state of cell-cycle arrest, features one of these intrinsic barriers against 

tumourigenesis after DNA damage and understanding of this process may lead to finding of 

novel therapeutic targets and to optimization of chemotherapy for patients with cancer.   

In the first part of the PhD thesis, we investigated activation of JAK/STAT signalling 

pathway in drug-induced senescence. We used genotoxic drugs like aphidicolin, camptothecine, 

5-bromo- 2´-doexyuridin, etoposide or thymidine to induce premature senescence in normal and 

cancer cells. All this chemicals were able to persistently activate JAK/STAT signalling in 

monitored cells. Activation of STATs was accompanied with up-regulation of expression of 

interferon-stimulated genes (ISGs), such as MX1, IRF1, IRF7 and PML. Since IRF1 and IRF7 

can be directly involved in stimulation of the IFN genes, we show activated expression as well as 

secretion of IFNbeta and IFNgamma, but not IFNalpha in drug-induced senescent cells. 

Furthermore, an inhibition of JAK1 as a major kinase of STAT activation led to suppression of 

STAT activation and expression of ISGs, supporting a dominant role of JAK1 in activation of 

interferon response in drug-induced senescent cells. Besides interferons, we found significantly 

elevated expression and secretion of several other cytokines, like pro-inflammatory IL1, IL6, IL8 

and IL10 or TNFalpha. Because JAK/STAT is activated through cytokines (mainly by 

interferons and IL6), our results suggest a positive feedback loop between JAK/STAT prolonged 

induction and cytokine secretion.  

Promyelocytic leukaemia protein (PML) is one of the well known tumour suppressor 

upregulated in almost all forms of cellular senescence. It is an essential component of nuclear 

structures known as PML NB nuclear bodies (NBs) whose accumulation occurs in response to 

stress. These bodies represent sites where activation of many regulators of cell cycle progression 

including p53 and Rb proceeds. As we showed, PML NB also colocalize with sites of double 

strand breaks detected by accumulation of gammaH2AX or 53BP1. In drug-induced senescence, 

we found that upregulation of PML, a building component of PML NBs belonging to interferon-



12 

 

stimulated genes, is mediated by JAK/STAT pathway and not by p53, as knockdown of JAK 

kinase family abolished activation of JAK/STAT pathways as well as PML gene expression and 

formation of PML NBs in senescent cells in contrast to knockdown of p53, which has no effect 

on level of PML mRNA and protein. Next we found that transcription of PML is controlled 

through the Interferon Stimulated Response Element (ISRE) located on its proximal promoter, 

which is known binding site for STATs, and deletion of this sequence suppressed the 

transcription efficiency of PML promoter.  

  The number of PML NBs differs in various cell types cultivated under unperturbed 

conditions. Therefore we analyzed, whether PML transcription is regulated by JAK/STAT 

signalling pathway also on its basal level. Interestingly, we found that the number of PML NBs 

and the levels of PML transcript and protein correlate with activity of STAT3, but not STAT1 or 

STAT5 in three model cell lines selected for low (U2OS), middle (HeLa) and high PML 

expression (BJ). Similar correlation was observed between secretion of IL6 - a major activator of 

STAT3 signalling pathway - and PML NBs levels. Knock-down of STAT3 by specific siRNA as 

well as a depletion of IL6 from medium by neutralizing antibodies down-regulate PML 

expression. We found that IL6 alone is able to activate PML transcription in exposed cells.  

Using chromatin immunoprecipitation, we proved direct binding of STAT3 but not STAT5 to 

ISRE of PML gene regulatory region. 

STAT3 is a main effector activated by IL6, but recent works described IL6-dependent 

activation of NFkB, a transcription regulator of set of genes involved in immune response, 

inflammation, proliferation and DNA damage response through IL6/PI3K/Akt signalling 

pathway. Interestingly, we found that downregulation of NEMO, a molecule important for NFkB 

activation, also led to downregulation of PML transcription after IL6 treatment.   

It is reported that  PML NBs play an important role as a docking site for many proteins 

involved in DNA damage signalling and senescence including those involved in formation of so 

called „senescence-associated heterochromatin foci“ (SAHF), such as HIRA, HP1 and Rb. While 

HP1 is well known family of proteins playing role in heterochromatinization, Rb was recently 

found as the protein involved in formation of SAHF after binding to PML NBs. Elevation of 

PML NBs was found in all types of senescence, therefore we investigated a presence of SAHF in 

different types of senescence. We found that all tested cell types formed SAHF under the 
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condition of oncogene-induces senescence but not after treatment with etoposide, doxorubicin, 

hydroxyurea or bacterial genotoxins where their formation was cell type specific and correlated 

with accumulation of p16 in cells. These results indicate that SAHFs are not a common feature 

of cellular senescence. Since SAHF formation was described to play the role in silencing of 

genes important for maintenance of cell proliferation, our results show that these structures are 

not necessary for induction of senescence but if they are present they support development of 

senescence through activation/stabilization of p16/Rb pathway.  
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Abstrakt 
 

Pro mnohobuněčné organismy včetně savců představuje regenerace tkání důležitý proces 

pro zachování jejich životaschopnosti. Vzhledem k tomu, že je proliferace buněk klíčová i pro 

vznik nádorů, musely si organismy  vyvinout mechanismy chránící je  proti zhoubnému bujení. 

Buněčná senescence jako permanentní zástava buněčného cyklu představuje jednu z bariér proti 

vzniku nádorů po poškození DNA. Pochopení tohoto procesu proto může vést k nalezení nových 

terapeutických cílů a optimalizaci chemoterapie u pacientů s rakovinou. 

V první části disertační práce jsme se zabývali aktivací signální dráhy JAK/STAT u 

buněčné senescence vyvolané chemoterapeutiky jak v normálních tak nádorových buňkách. Pro 

tento účel jsme použili genotoxické látky afidikolin, kamptotecin, 5-brom-2'-deoxyuridin, 

etoposid nebo tymidin. Zjistili jsme, že všechny tyto chemikálie jsou schopny dlouhodobě 

aktivovat signální dráhy JAK/STAT ve sledovaných buňkách. Aktivace těchto drah byla 

doprovázena zvýšením exprese genů stimulovaných interferony (ISGs), jako jsou MX1, IRF1, 

IRF7 a PML. IRF1 a IRF7 se můžou přímo podílet na indukci genů kódujících interferony a u 

chemicky indukovaných senescentních buněk jsme skutečně zjistili zvýšenou expresi a sekreci 

IFNbeta a IFNgama, avšak překvapivě ne genů ze skupiny IFNalfa. Inhibice JAK1 jakožto 

hlavní kinázy umožňující přenos signálu z membránových receptorů stimulovaných interferony 

vedla jak k potlačení aktivace proteinu STAT1 tak k zástavě exprese ISGs, což podporuje 

dominantní roli JAK1 v aktivaci interferonové odpovědi u chemicky indukovaných 

senescentních buněk. Kromě interferonů jsme našli výrazně zvýšenou expresi a sekreci 

některých dalších cytokinů, jako jsou  prozánětlivé cytokiny IL1, IL6, IL8 a IL10 nebo TNFalfa. 

Vzhledem k tomu, že je signalizace JAK/STAT v buňce aktivována nejen přes interferony, ale 

obecně přes složitou síť cytokinů, naše výsledky naznačují pozitivní zpětnou vazbu mezi sekrecí 

cytokinů a dlouhodobou signalizací JAK/STAT pozorovanou u chemicky indukovaných 

senescentních buněk. 

 

  PML je jedním z nádorových supresorů a jeho zvýšená hladina byla detekována u všech 

forem buněčné senescence. Tento protein je nezbytnou součástí jaderných struktur známých jako 
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jaderná tělíska PML, jejichž zvýšená akumulace se vyskytuje  během reakce na stres. Bylo 

popsáno, že tato tělíska představují důležité místo pro aktivaci či modifikaci mnoha proteinů 

spojených s regulací buněčného cyklu, včetně proteinů p53 a Rb. Jak ukazujeme v naší práci, 

tělíska PML jsou také lokalizována do míst vzniku zlomu DNA dvoušroubovice. Zjistili jsme, že 

zvýšení hladiny proteinu PML, základní stavební složky PML tělísek, se u chemicky 

indukovaných senescentních buněk děje nejen na základě stabilizace proteinu, ale také zvýšením 

exprese genu PML. PML patří do skupiny genů stimulovaných interferony a překvapivým 

nálezem bylo zjištění, že zvýšení jeho exprese u senescence indukované chemicky je 

zprostředkováno signální dráhou JAK/STAT a ne skrze aktivaci p53, jehož schopnost indukovat 

expresi PML byla popsána u onkogenně indukované senescence. Zablokováním všech kináz 

z rodiny JAK u chemicky indukovaných senescentních buněk jsme docílili jak inaktivace 

proteinů STAT1 a STAT3, tak i snížení hladiny exprese genu PML a tvorby PML tělísek na 

rozdíl od blokace p53 proteinu, která neměla na expresi genu PML žádný vliv. Dále jsme zjistili, 

že exprese PML je řízena prostřednictvím konkrétní sekvence na promotoru PML (ISRE - 

Interferon Stimulated Response Element), která představuje vazebné místo pro transkripční 

faktor STAT1. Odstraněním této sekvence byla u chemicky indukovaných senescentních buněk 

transkripce genu PML potlačena. 

 

  Počet jaderných tělísek PML se liší u různých typů buněk. Na základě výsledků 

zmiňovaných výše jsme analyzovali, zda-li je transkripce PML u buněk regulována pomocí drah 

JAK/STAT také na bazální úrovni. K tomuto experimentu jsme použili tři modelové buněčné 

linie s nízkou (U2OS), střední (HeLa) a vysokou (BJ) hladinou PML. Zjistili jsme, že počet 

tělísek PML stejně jako hladina mRNA a proteinu PML koreluje s aktivací STAT3, ale ne 

STAT1 nebo STAT5. Podobná korelace byla pozorována mezi hladinou sekretovaného IL6 - 

hlavního aktivátoru STAT3 signální dráhy - a počtem tělísek PML. Snížení hladiny STAT3 

pomocí specifické siRNA stejně jako neutralizace IL6 v médiu pomocí specifické protilátky 

snížily bazalní hladinu PML v buňkách. Zjistili jsme, že IL6 je sám o sobě schopen aktivovat 

transkripci PML u exponovaných buněk. Pomocí chromatinové imunoprecipitace jsme prokázali 

přímou vazbu STAT3, ale ne STAT5 na promotor genu PML. 
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  Aktivace STAT3 představuje hlavní cíl signalizace spouštěné IL6, nicméně několik prací 

naznačilo aktivaci NFkapaB závislou na IL6. NFkapaB je  transkripční faktor regulující geny 

podílející se na řízení imunitních reakcí, zánětu, proliferace nebo odpovědi na poškození DNA a 

to prostřednictvím signální dráhy IL6/PI3K/Akt. Zjistili jsme, že snížení exprese  proteinu 

NEMO, který je nezbytný pro aktivaci NFkapaB, vedlo ke snížení transkripce PML. Další 

experimenty prokázaly, že NFkapaB reguluje transkripci PML regulací exprese IL6 spíše než 

přímou indukcí PML. 

 

  Bylo popsáno, že tělíska PML hrají důležitou roli v regulaci řady proteinů zapojených do 

odpovědi na poškození DNA a rozvoje senescence, včetně proteinů zapojených do tvorby tzv. 

"se senescencí-asociovaných heterochromatinových fokusů" (SAHF) jako je Hira, HP1 a Rb. 

Zatímco role faktorů z rodiny HP1 v  tvorbě heterochromatinu je již dlouho známa, utváření 

SAHF po vyvázání Rb proteinu tělísky PML bylo popsáno teprve nedávno. Zvýšená tvorba 

tělísek PML byla zjištěna u všech typů senescence, proto jsme testovali, zda-li toto platí i pro 

SAHF, což by z nich činilo univerzální marker senescence, který doposud  není znám. Zjistili 

jsme, že všechny testované typy buněk tvořily SAHF v případě onkogenně indukované 

senescence, ale po vyvolání senescence chemikáliemi jako je etoposid, doxorubicin, hydroxyurea 

nebo bakteriálními genotoxiny, byl vznik SAHF závislý na buněčném typu. I když jsme 

nedetekovali SAHF ve všech případech senescence a nemůžeme je tudíž použít jako univerzální 

marker, objevili jsme korelaci mezi tvorbou SAHF a hromaděním inhibitoru cyklin-

dependentních kináz p16INK4A v buňkách. Vzhledem k tomu, že byla popsaná role SAHF v 

umlčování genů regulujících buněčnou proliferaci, naše výsledky naznačují, že tyto tento typ 

heterochromatinizace není nezbytně nutný pro indukci senescence. Nicméně pokud se tyto 

struktury v buňce vyskytnou, podporují vznik senescence přes aktivaci/stabilizaci p16/Rb dráhy. 
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2. Aims of the study 
The main aim of the study was to evaluate the role of signalling pathways in mechanism of 

cellular senescence. 

The specific aims of this study were: 

‐ To characterize cytokine expression during cellular senescence  

‐ To investigate the role of cytokine signalling pathways activated during cellular 

senescence in  regulation of expression of tumour suppressors associated with DNA 

damage and cellular senescence  

‐ To analyze the role of JAK/STAT pathway in regulation of expression of PML in 

cellular senescence 
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3. Introduction 

3.1. DNA damage response in cellular senescence 
Cell division is essential for survival and development of multicellular organisms. One of 

crucial tasks fulfilled during the cell division is a precise duplication of genome followed by 

equal dividing of chromosome copies into subsequent cell generations[1]. Cell cycle of all 

proliferating eukaryotic cells can be divided into four phases: G1, S, G2, and M. Each transition 

point, G1/S and G2/M, as well as S-phase progression, is tightly controlled by so called cell 

cycle checkpoints. For example, at the site of G1/S-checkpoint, cell controls its ability to start 

DNA replication, whereas at G2/M-checkpoint it is checked whether all genome was completely 

replicated and thus whether the cell is prepared for division. If there is some problem, the 

checkpoint is activated resulting in stop of cell cycle progression at the particular checkpoint 

until the problem is solved. This control is provided by concerted action of many factors 

including so called checkpoint kinases. Correct activity of these kinases have crucial role in 

protection of cells against cancer development after DNA damage via the control of cell cycle 

and cell proliferation. Thus, the cell cycle checkpoints are signalling  pathways operating both 

under normal growth conditions and are amplified upon an increase of DNA damage[2]. 

DNA damage includes especially covalent changes in structure of DNA, where DNA 

backbone is broken on one or both strands or chemically modified, and non-covalent anomalous 

structures, including base-pair mismatches, loops, and “bubbles” arising from a string of 

mismatches[3]. According to type of damage, different repair mechanisms are activated. These 

repair mechanisms may be simple and direct, for example removing of 8-oxoguanine (an 

oxidized form of guanine nucleotide) and its replacement by correct nucleotide[4]. In contrast, 

repair of double strand break is a complex process needing various proteins involved in 

recognition of damaged site, stabilization of damaged DNA, recruitment of mediator proteins 

and proteins, which execute the repair itself[5]. Independently of type of lesion, DNA damage 

activates cellular checkpoints which slow or arrest (reversibly or irreversibly) cell-cycle 

progression, thereby allowing time for appropriate repair mechanisms to correct genetic lesions 

before they are passed onto the next generation of daughter cells[6]. 

DNA double strand breaks (DSBs) are caused by oxidative stress, ionizing radiation, 

various types of chemotherapeutic drugs and represent one of the most harmful types of DNA 
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damage. Disruption of chromosomal structure stability leads to risk of malignant transformation 

and cancer development after chromosomal rearrangement[7]. Cellular response to DNA DSBs 

include sensor proteins recognizing sites of DNA damage like MRE11, RAD50 and NBS1, 

which relocalize to the sites of DSBs and form MRN complex observable with specific 

antibodies by optical microscopy as so called DNA damage foci[8]. Formation of MRN complex 

on DNA breaks then recruit and activate sensor transducing kinases ATM (ataxia telangiectasia 

mutated kinase)[9]. Rather than by MRN complex, ATR (ATM and Rad3 related kinase) is 

recruited to the sites of damage by its binding protein ATRIP, which recognizes RPA 

(replication protein A) bound on single stranded DNA[10]. Therefore in contrast to ATM, which 

is activated mostly by double strand breaks, ATR is preferentially activated by events leading to 

single stranded DNA like DNA replication or UV-irradiation. When activated, ATM and ATR 

phosphorylate signal transducer checkpoint kinases (also called serine/threonine signal 

transducing kinases or effector kinases) Chk1 and Chk2[11]. Previous studies showed activation 

of Chk1 by ATR and Chk2 by ATM, but recent papers indicate involvement of both sensor 

kinases in phosphorylation of checkpoint kinases, because in cells with downregulation of ATM 

phosphorylation of Chk2 was observed and vice versa[12]. Chk1/Chk2 phosphorylate several 

substrates including CDC25, its phosphotylation at multiple serine residues results in its 

ubiquitination and degradation in proteasome. CDC25 is a dual specific phosphatase removing 

inhibitory phosphate residue from target Cyclin-Dependent Kinases (Cdks). Thus, degradation of 

CDC25 prevents entry into S-phase[13]. Beside CDC25, Chk1 and Chk2,  ATM phosphorylates 

another cell cycle regulator p53 on Thr18, Ser15 or Ser20, which then activates expression of 

p21CIP1, a cyclin-dependent kinase inhibitor preventing binding of cyclin E on CDK2 or cyclin 

D on CDK4/6 and thus blocks the cell in G1-phase[14]. 

Next to checkpoint activation, ATM and ATR are able to amplify DNA damage signal by 

phosphorylation of histone H2AX, a H2A histone variant, on serine 139 (termed gammaH2AX), 

resulting to binding and ATM-dependent phosphorylation of another adaptor protein, MDC1 on 

this histone. Phosphorylated MDC1 recruits ubiquitin E3 ligase RNF8, which in co-operation 

with E2 conjugating enzyme UBC13 ubiquitinates H2AX[15]. This ubiquitination creates a 

binding site for another E3 ubiquitin ligase RNF168. RNF168, again with co-operation with 

UBC13, increases ubiquitination of histones[16]. These modifications are essential for binding of 

http://en.wikipedia.org/wiki/Cyclin-Dependent_Kinase
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other proteins of DNA damage cascade like BRCA1 and 53BP1. Defective S-phase checkpoint 

was observed in cells lacking 53BP1 or BRCA1, for example breast cancer is often accompanied 

with loss of BRCA1 expression[17]. 

p53 is a transcription factor involved in tumour suppression by modification of 

mitochondrial metabolism, induction of factors mediating DNA repair, senescence or 

apoptosis[18]. The activation of proteins important for cell cycle arrest (p21waf1, 14-3-3 or 

growth arrest or DNA damage-inducible gene, GADD45alpha) as well as for apoptosis (p53 

upregulated modulator of apoptosis PUMA; BH domain proteins Bcl-2-associated protein X, 

BAX; and Bcl-2 antagonist/killer, BAK) was observed[19]. Under unperturbed condition, p53 is 

present in cell at low level due to negative regulation by E3 ubiquitin ligase MDM2 (mouse 

double minute 2)[20] and by its dephosphorylation due to WIP1 (wild-type p53 induced 

phosphatase 1)[21]. This downregulation and deactivation of p53 represents negative feedback, 

because both proteins are activated by p53. After DNA damage, p53 is stabilized by 

phosphorylation and acetylation together with degradation of MDM2 and WIP1. p53-driven 

expression of p21waf1 (p21) then promotes cell cycle arrest[21, 22]. 

Since p53 plays a key role in inhibition of tumorigenesis, its inactivation was found in 

approximately 50% of human cancers[23]. p53 was also found to cooperate with immune 

system. Reactivation of p53 in p53-deficient mice with developed liver carcinoma results in 

senescence of tumour cells accompanied with upregulation of several pro-inflammatory 

cytokines including colony-stimulating factor 1 (CSF1), monocyte chemotactic protein 1 

(MCP1), chemokine CXC motif ligand 1 (CXCL), and interleukin 15 (IL-15), that attract 

macrophages, neutrophils and natural killer cells into site of tumour to help to decrease tumour 

progression[24]. 

Activated CDKs in G1-phase promotes cell cycle progression by phosphorylation of Rb. 

In reaction to phosphorylation, Rb loses interaction with transcription factor E2F, which plays 

crucial role in preparation of cell to enter S-phase. After DNA damage and p53 activation, CDKs 

are inhibited, which results in hypophosphorylation of Rb, formation of E2F-Rb repressive 

complex and cell cycle arrest. Since p21 is not the only protein involved in CDK inactivation 

(p15INK4B, p16INK4A, p27KIP1 and p57KIP2 are also involved), p53-independent hypo-
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phosphorylation of Rb was observed after p16INK4A activation in response to DNA 

damage[25]. 

Taking together, DNA damage triggers cascade of repairing mechanisms that include 

recognition of DNA damage site, recruitment of proteins involved in repair and arrest of cell 

cycle. At conditions the DNA lesion is irreparable, persistent DNA damage signalling followed 

with inhibition of CDKs via activated checkpoints results in permanent cell cycle arrest or cell 

death. Thus p53 and Rb present two crucial regulators of senescence and apoptosis[26].  

3.1.1. Cellular senescence 
More than half a century ago, L. Hayflick described a process that is limiting the 

proliferation of normal human cells in culture and termed it cellular senescence[27]. Later, 

cellular senescence was shown to be not only the consequence of “aging in vitro” but also a 

component of tumour suppressive mechanisms[28] (note, the term cellular aging is used as a 

general description of all features related to cell aging including terminally differentiated cells, 

whereas the term cellular senescence is used in strictly specific context linked to cell 

proliferation as described below).  

Genome is continually damaged by environmental insults or in dividing cells by errors 

during DNA replication and mitosis. Depending on the level and type of damage, cells can repair 

the damage or has to be eliminated to prevent propagation of cells with damaged genome. In 

rapidly dividing cells as are epithelial cells, there is a major risk of generating mistakes in repair 

mechanisms themselves resulting in so called “mutator phenotype”[29]. If mutations hit the 

growth or survival pathways leading to their hyperactivation, cancer can develop. If the cell is 

not able to repair the damage, there are two mechanisms the normal cell can undergo to suppress 

the uncontrolled proliferation: to commit suicide by apoptosis or by other type of programmed 

cells death or undergo irreversible cell cycle arrest – cellular senescence[30]. The border 

between apoptosis and senescence in sense of regulatory mechanisms involved is not strict 

because many activated proteins and pathways are shared by both tumour barriers. The processes 

how the cell decides between these two essentially distinct tumour suppressive mechanisms are 

still not well understood. Recent studies provide some insight into the mechanism of decision. 

Generally, duration of stress stimuli as well as the amount and type of DNA damage was 

described to be crucial for decision, if cell undergo senescence or apoptosis[31]. p53 is known 
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tumour suppressor that play the role in controlling decision between life and death and is one of 

the most important proteins activated by various types of stresses leading to or resulting from 

DNA damage[32]. Detailed mechanism described recently shows changes in two crucial amino 

acids in DNA binding core domain of p53 cause conformational changes leading to inability of 

p53 to activate the expression of proapoptotic genes. Rather, increased expression of cell cycle 

arrest genes was observed after p53 amino acid changes due to preferential binding of p53 on 

their promoter[33]. In Li-Fraumeni syndrome, an autosomal hereditary disorder with inability of 

the cells to undergo apoptosis, mutations in these amino acids were detected[34]. So it seems that 

DNA binding cooperativity of p53 may be one of the mechanisms which modulate cell decision 

between cell cycle arrest and apoptosis. 

In general, senescence appears to be beneficial, because it protects organisms from 

tumorigenesis by induction of proliferation arrest in damaged cells. However, senescent cells lost 

ability of normal regeneration[35]. Therefore from point of homeostasis maintenance, 

senescence can be deleterious because it contributes to reduction of tissue renewal and function 

by disruption of tissue structure and changed functional status of cells undergoing senescence. 

Senescent cells were found in tissues associated with many age-related diseases, as cardiac 

arrhythmias, vascular disease, impaired wound healing, osteoporosis, lordokyphosis, sarcopenia 

or cataract[36] and thus it was suggested that they contribute to organismal aging. Removal of 

senescent cells can therefore prevent or delay tissue dysfunction and extend health. Importantly, 

senescent cells are able to produce various immunomodulatory factors[37]. It was shown that 

senescent cells are able to recruit immune cells, especially macrophages after their activation by 

CD4+ T-lymphocytes, by secreted pro-inflammatory cytokines to execute the clearance of 

senescent cells. Nonetheless, clearance of big amount of senescent cells from tissue without their 

compensation results in damage and dysfunction of appropriate organ[38]. Furthermore, as will 

be discussed in more detail in chapter 3.4, senescent cells are also able to induce senescence in 

their neighbourhood by specific secretome, thus surrounding tumour cells may also undergo 

senescence – bystander senescence[39]. Therefore, senescent cells prevent rapid growth of the 

tumour and absence of these cells increases tumour progression, invasion and deteriorates 

prognosis because of inability to recruit cells of immune system into tumour to eliminate it[40]. 

The function of immune system is suppressed with advancing age, which may be the reason why 



23 

 

senescent cells accumulate being not effectively eliminated in aging organism and the incidence 

of cancer increases[41]. Many works descibe that cellular senescence suppress tumorigenesis in 

vivo[42] However, some data indicate that senescent human fibroblasts stimulate premalignant, 

but not normal epithelial cells to proliferate and form tumours in old tissue, which indicates that 

cellular senescence is a pleiotropic process protecting from carcinogenesis early in live, but helps 

to promote it in aged organism[43]. It was shown that MMP3 produced by senescent fibroblast 

reorganize tissue structure in mammary glands and thus creates conditions for progression of 

premalignant mammary epithelial cells[44]. On the other hand, in a case of fibrosis repression, 

cleavage of extracellular matrix by proteinases looks to be beneficial as will be discussed 

later[45].   

3.1.1.1 Characteristics of senescent cells 
Although cellular senescence and apoptosis represent the barrier against tumorigenesis 

they differ in manner how they do this. While apoptosis kills and eliminates cancer cells from 

organism, senescence essentially irreversibly blocks the progress of cell with damaged genome 

throughout the cell cycle[46, 47]. Phase of the cell cycle, where the growth is arrested, depend on 

species, cell origin and type of damage. Note however, there is no specific marker common to all 

types of senescence or type of cells or cell line. Senescent phenotype is therefore characterized as 

a combination of permanent cell cycle arrest with further changes represented by altered cellular 

morphology, increased activity of senescence-associated beta-galactosidase (SA B-gal)[48], 

increased formation of senescence-associated heterochromatin foci and promyelocytic leukaemia 

protein nuclear bodies (PML NBs), permanent DNA damage foci, and a specific secretome[49]. 

Some of these markers have been also identified in vivo in cells from age-related pathologies. 

3.1.1.1.1 Morphology 
Senescent cells display completely different phenotype in comparison to cells they arise 

from. They increase in size, nucleus becomes enlarged, which is mostly accompanied with 

increased ploidity of cells, and cytoplasm spreading (Fig. 1)[27, 50]. The cytoskeleton of 

senescent fibroblast cells shows increased proportion of vimentin in contrast to downregulation 

of tubulin and actin, where actin builds up a network of long and thin fibers in comparison with 
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short and thick stress fibers in young fibroblasts. Also the increase of amount and size of focal 

adhesions was detected in senescent cells[51, 52].  

3.1.1.1.2 Senescence-associated beta-galactosidase 
In 1995 Dimri et al. found increased level of beta-galactosidase activity under the pH 6.0 

of assay condition in lysates of replicative senescent cells and called it senescence-associated 

beta-galactosidase (SA-Β-gal)[53]. Later it was described that this increase of activity is 

connected with enlargement of lysosomal compartment in senescent cells, where this enzyme is 

localized. Beta-galactosidase represents an essential enzyme in the human body, which takes part 

in gain of energy not only from saccharides but also for example from glycoproteins. Its 

enzymatic activity is usually detected by staining of cells with the chromogenic substrate 5-

bromo-4-chloro-3-indolyl-B-galactopyranoside (known as X-gal), which cleaves beta-

galactosidase and generates indigo colour (Fig. 1)[54]. Even though it was proved that not all 

senescent cells contain increased level of Β-galactosidase, it still remains the most widely used 

biomarker of senescent phenotype. 

3.1.1.1.3 Senescence-associated heterochromatin foci 
Another mechanistically important aspect of cellular senescence is formation of 

chromatin structures called senescence-associated heterochromatin foci (SAHF). These domains 

of heterochromatin can be detected cytologically as compacted foci of heterochromatin stained 

by DAPI. It was found that these DAPI foci contain numerous proteins characteristic of 

transcriptionally inactive heterochromatin, including hypoacetylated histones, methylated histone 

H3 on Lys 9 (H3K9me)[55] (Fig. 2), and heterochromatin protein 1-alpha, -beta and -gamma 

(HP1alpha, beta and gamma).  It is interesting that SAHF formation was observed mainly in 

oncogene-induced senescence (OIS), rarely in stress-induced or replicative senescence, therefore 

their formation is not prerequisite for development of senescence (for detailed description of 

types of senescence - see below)[55].  

Other specific features of cellular senescence such as multiplication of PML nuclear 

bodies and specific secretome will be discussed later. 

 



 
Figure 1. Morphological changes in aphidicolin-induced senescent A549 cell in comparison with 

non-treated A549 in mixed culture. Blue stain indicates activation of SA-B-galactosidase, which 

was detected using X-gal substrate (Hubáčková S., unpublished data).  

 

 
Figure 2. Detection of SAHF by DAPI staining and by using antibody against trimethylated 

histone H3 on Lys 9 in RAS transformed BJ cells (Kosar M. et al., 2011). 

3.1.1.2 Causes of cellular senescence 

3.1.1.2.1 Replicative senescence 
As already mentioned, in the middle of 20th century Hayflick documented the fact that 

cells have only a limited capacity for proliferation in culture. This observation generated the idea 

that replicative senescence, how it is termed, might act to suppress tumorigenesis in vivo. 
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Hayflick also pronounced a hypothesis that replicative senescence causes premature organismal 

aging, nowadays known as progeria, a disease, where symptoms resembling aspects of aging are 

manifested at early age[56]. 

For a long time stayed unclear what limits the cell proliferation. Studies of telomere 

length regulation provided the first molecular mechanism capable of counting cell divisions and 

implementing cell cycle arrest. Telomeres consist of repetitive DNA elements at the end of linear 

chromosomes that protect the DNA ends from degradation and recombination. Elongation of 

chromosomal ends is ensured by telomerase, a ribonucleoprotein with DNA polymerase activity, 

which decreased its activity with ageing[57]. Due to inability of the replication machinery to 

copy the exact ends of linear molecules (Olovnikov’s end replication problem hypothesis), it was 

proposed that telomeres become shorter with every round of cell division. When telomeres reach 

a critically short length, they can behave as double-strand DNA breaks, activate the p53 tumour 

suppressor resulting in cell cycle arrest and telomere-initiated senescence. Loss of telomeres also 

propagates via losing of ability to protect the ends of chromosome from end-to-end fusions, 

which generate unstable dicentric chromosomes. Because telomere shortening limits not only the 

proliferation of normal cells, but also the transformed tumour cells, these cells develop 

mechanisms how to bypass this[58, 59].  

Telomerase is normally expressed at high level in very few primary cells such as 

embryonic stem cells or adult male germline cells, but it is almost undetectable in most normal 

somatic cells with the exception of proliferative cells of renewal tissues(ref.). In tumour cells, the 

activation of this enzyme represents one of the mechanisms how to stabilize telomeres and avoid 

replicative senescence. It was proved in vitro that ectopic expression of telomerase was able to 

prevent telomere shortening, which resulted in immortalization of cells indicating that telomere 

shortening is linked to replicative senescence[60, 61]. However, this year was published an 

observation, that telomere shortening is not the only one mechanism for senescence induction. A 

significant fraction of persistent DNA damaged signals caused by exogenous DNA damaging 

treatments was shown to be at telomeres. It was found that localization of telomeric factor TRF2 

next to the site of double strand break resist DNA repair and prolonged DDR signalling which 

may signal to trigger senescence establishment. These results were supported by investigation on 

tissue from old primates, where DNA damage markers were accumulated at telomeres, which 

http://slovnik.seznam.cz/?q=raise%20a%20presumption&lang=en_cz
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were not critically short and trigger persistent DNA damage response and cellular 

senescence[62].  

3.1.1.2.2 Oncogene-induced senescence 
Cellular senescence is a process that is triggered not only by telomeric dysfunction, but 

also by other forms of stress including oncogene activation. Oncogenes are mutant version of 

normal genes that have the potential to transform cells in conjunction with additional mutations. 

This phenomenon was first observed when constitutively activated RAS, member of MAPK 

pathway and transducer of mitogenic signals, was upregulated in primary fibroblasts[63]. Upon 

its overexpression or constitutive activation, cells underwent cell cycle arrest, which was 

associated with many of the hallmarks of cells that undergo replicative senescence. Later was 

described that also other members of the RAS signalling pathway as BRAF, MEK and ERK as 

well as pro-proliferative nuclear proteins from E2F family are able to cause senescence when 

overexpressed or constitutively active[64, 65].  

In normal cells, the activation of RAS induces an aberrant proliferation response that later 

results in cell cycle arrest and senescence. Increase of mitochondrial mass, production of reactive 

oxygen species (ROS) and decrease of ATP level in dependence on mitochondrial dysfunction 

after RAS activation was described. Increased pool of ROS in cell results in purine oxidation 

(mainly 8-oxoguanine) and development of DNA damage. Elimination of these oxidized 

deoxyribonucleotides prevents RAS-induced senescence. Activated RAS strongly induces both 

p53 and Rb, but their role in process of mitochondria destabilization remains unclear. Data 

referred by Moiseeva et al. indicate necessity of these proteins for induction of mitochondrial 

injury and ROS production after RAS activation[66]. As the possible mechanisms, p53 may be 

localized into mitochondria where it inhibits the respiratory chain or several of its target genes 

may activate mitochondrial ROS production[67]. Secondly, Rb protein was described to regulate 

mitochondrial biogenesis in erythropoesis[68]. However, further studies are required to find the 

mechanism of this regulation. 

3.1.1.2.3 Stress-induced senescence 
In contrast to replicative or oncogene-induced senescence, DNA damage in stress-

induced senescence is caused directly by physico-chemical agents[69]. Among most common 
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inducers of physical nature belongs ionizing and ultraviolet radiation. While ionizing radiation 

produces variety of lesions that include DNA single-strand breaks, DNA double-strand breaks, 

DNA base alterations, and DNA-DNA or DNA-protein cross-links[70], UV-irradiation causes 

mainly single strand breaks as the result of repair of cross-links formed between adjacent 

cytosine and thymine bases creating pyrimidine dimmers[71]. In both cases DNA damage leads 

to activation of DNA damage response including cell cycle checkpoint activation, cell cycle 

arrest and repair of damaged DNA as mentioned above in detail. Besides short-wavelength 

radiation, changes in extracellular environment like reduction of pH, increase of oxygen or 

temperature changes leads to DNA damage[72, 73]. But rather then direct damage, they increase 

levels of ROS in the cell, which results mainly in formation of 8-oxoguanine, an oxidized form 

of guanine nucleotide, which is able to pair with adenine and to cause point mutations[74]. 

3.1.1.2.4 Drug-induced senescence 
Drug-induced senescence represents subgroup of stress-induced senescence. As well as in 

previous case, premature senescence is likely caused by replicative stress after DNA damage. 

Here, DNA damage represented mainly by single or double strand breaks, is caused by variety of 

chemicals often used also in chemotherapy. Most used drugs are DNA-binding agents or 

inhibitors of topoisomerase I and II (such as camptothecine and etoposide), where the inability to 

release the pressure in DNA replication fork cause DNA breaks, activation of repair mechanisms 

and cell cycle arrest[75, 76]. Except this mechanism, inhibition of DNA replication by 

inactivation of DNA polymerases or ribonucleotide reductase (e.g. by aphidicolin and 

hydroxyurea) was observed[77]. Another group of senescence-inducing chemicals belongs for 

example to inhibitors of respiratory chain in mitochondria leading to increase of ROS production 

and DNA point mutation. Distamycin A then belongs to the group of chemicals, which are able 

to bind into DNA grooves and cause DNA damage during replication due to block of replication 

fork and making a tension on DNA chain[78]. Nucleotide analogs like 5-bromo-2-deoxyuridine 

(BrdU) incorporate into DNA and cause DNA damage during replication[79].  
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3.2 JAK/STAT signalling pathway 
Cytokines are small molecules playing a key role in development, hematopoesis, immune 

response, cell growth, differentiation, apoptosis and many other biological processes. JAK/STAT 

pathway is one of the important signalling activated by cytokines that execute their biological 

functions.  

Cytokine-receptor binding induces receptor dimerization and tyrosine phosphorylation 

which is necessary for activation of Janus family tyrosine kinases associated with the receptors. 

In mammals, four JAKs (JAK1, JAK2, JAK3 and TYK2) were identified. A combination of type 

of JAK kinases is specific for each receptor, where JAK1 was found to be present on all 

receptors except signalling to STAT4. Activation of JAK kinases leads to generation of docking 

site on receptors for STAT proteins through its SH2 domain. After following JAK-kinase-

mediated phosphorylation on tyrosine residue, STATs forms homo- or heterodimers and 

translocate into nucleus due to exposure of nuclear localization signal (NLS) (Fig. 3). In several 

STAT proteins, second phosphorylation on serine residue was observed which was found to 

increase STAT transcriptional activity[80].  

STAT family includes seven members. All of them contain conserved N-terminal 

oligomerization domain, central DNA binding domain and C-terminal SH2 domain important for 

receptor binding. Each STAT was found to be activated by different group of cytokines through 

different receptors – interferons are the most important activators of STAT1 and 2, IL6 and other 

members of IL6 family was described to activate STAT3.  IL12 activates STAT4, prolactin or 

IL2 regulates STAT5 and IL4 was observed to phosphorylate STAT6 through its receptor[81]. 

Constitutive activation of some JAK/STAT pathways may lead to tumourigenesis, 

therefore there must be a regulation mechanism how to control these pathways. Most 

components of JAK/STAT pathways are activated by phosphorylation, therefore tyrosine 

dephosphorylation by phospho-tyrosine phosphatase (PTP) is a major tool of negative regulation. 

Suppressors of cytokine signalling family (SOCS) bind to cytokine receptor and prevent either 

STAT phosphorylation by JAK kinase or binding and phosphorylation of JAK kinase on 

receptor. Activated STAT may be blocked by proteins belonging to afamily of protein inhibitors 

of activated STAT (PIAS), which inhibit JAK/STAT mediated gene expression by blocking 



STATs DNA binding activity. Many of these regulators are activated immediately after STAT 

activation as a result of induced transcription by STAT itself[82, 83]. 

 

Figure 3. Schematic model of JAK/STAT signalling pathway 

3.2.1 The role of JAK/STAT pathway in viral infection 
The most important role of JAK/STAT signalling was found during viral infections, 

where IFNs are involved in numerous immune interactions as inducers, regulators, and effectors 

of both innate and adaptive antiviral mechanisms. As demonstrated by loss of responsiveness to 

both types of IFNs and enhanced susceptibility to bacterial and viral pathogens in STAT1 or 

IFNAR (interferon-alpha receptor) knock-out mice, IFNs play a key role in the outcome of a 

viral infection[84, 85]. 

After viral infection, activation of transcription factors essential for expression of IFN 

genes is induced. In this process, mainly four members of interferon regulated factor (IRF-1, 

IRF-3, IRF-5 and IRF-7) family have been implicated. IRFs contain potential virus-mediated 

phosphorylation sites in the C-terminal region. After phosphorylation, they translocate into 

nucleus and bind to interferon alpha or beta promoter region containing so called positive 

regulatory domains (PRD I – IV) representing binding sites for IRFs and NFkB. After interferon 
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autocrine signalling, IRFs are already activated independently on virus through STAT mediated 

expression and activation[86]. 

Double-stranded RNA activated protein kinase (PKR) is a dual-specificity kinase, which 

is known to be activated by autophosphorylation upon binding to viral dsDNA and then 

phosphorylates the alpha subunit of the eukaryotic initiation factor eIF-2, a modification that 

results in the inhibition of protein synthesis and protection of cell against viral infection. PKR 

was also found to be strongly activated after IFN type I signalling through activation of JAK1 

kinase where PKR acts as substrate of activated JAK[87]. Besides eIF-2alpha phosphorylation, 

PKR was found to be important activator of STAT1 on serine 727, which increases its 

transcription activity and expression of IFN-stimulated genes and IFN secretion[88].  

Mx1 protein, a member of dynamin-like large guanosine triphosphatases (GTPases) 

involved in intracellular vesicle trafficking, represents next important component of antiviral 

defence induced by interferons. Mx1 protein is known to inhibit virus translocation into nucleus 

and its replication. Since Mx1 gene contains ISRE binding element, inhibition of JAK kinase 

signalling leads to downregulation of expression and induction of Mx1 and enhanced risk of viral 

infection[89]. 

Altogether, the activation of IFN-JAK/STAT pathway after viral infection results not 

only in induction and activation of numerous intrinsic antiviral factors, such as RNA-activated 

protein kinase (PKR), the 2-5A system or Mx1 but also in amplification of IFN positive 

regulatory loop and in enhanced signalling to immune system. 

3.2.2 Involvement of JAK/STAT signalling pathways in development of 
cellular senescence 

Besides viral infections, IFN-JAK/STAT signalling pathway was observed to be 

activated also in senescent cells[90]. Few years ago, Moiseeva et al. described that prolonged 

exposure of cells to interferon beta induces cell cycle arrest due to activation of p53. They 

observed the accumulation of gammaH2AX foci as well as phosphorylated forms of ATM and 

Chk2 in dependence on increased levels of ROS. Authors also speculate the role of STAT1 in 

acetylation and thus stabilization of p53 protein. Similarly, induction of senescence after 

constitutive exposure to interferon gamma was observed[91].  
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To show a direct role of STATs in senescence development, Malette et al. published that 

constitutively-activated form of STAT5A (ca-STAT5A) induces the Rb pathway by down-

regulating Myc protein. As a consequence, cells expressing ca-STAT5 decrease expression of 

Myc targets such as CDK4 and increase CDK inhibitor p15INK4b (no effect on activation of 

p21waf1 or p16INK4a was observed)[92]. The same group also proved the induction of 

senescence after overexpression of promyelocytic leukemia protein (PML), a known target of 

STAT signalling, which will be discussed in next chapter[93]. Next to this work, Kuilman et al. 

described the role of IL6-JAK/STAT3 in promotion and maintenance of oncogene-induced 

cellular senescence (see Chapter 3.4.3.1). 

3.2.3 STAT3 in oncogenesis 
Signal transducer and activator of transcription 3 (STAT3) is a member of STAT family 

that was found to control a key signalling pathway in the development of many malignant 

diseases. Its role was observed in the regulation of apoptosis, cell differentiation, proliferation, 

angiogenesis, metastasis and immune responses that candidate this protein for cancer 

therapy[94]. 

Most of the major human malignancies like leukaemia, melanoma or breast and prostate 

carcinomas show elevated levels of constitutively activated STAT3 as well as elevation of 

STAT3-regulated gene expression. For many cancers, poor prognosis is associated with elevated 

levels of activated STAT3. STAT3-activated genes block apoptosis, favour cell proliferation and 

survival, promote angiogenesis and metastasis, and inhibit antitumor immune responses, thus 

inhibition of STAT3 signalling leads to decrease of tumorigenicity. The mechanism of 

constitutive activation of STAT3 depends on increased production of cytokines (especially IL6) 

and cytokine receptors, which affect the cell by autocrine/paracrine manner[95]. Also decreased 

expression of SOCS and PIAS proteins as well as the loss of PTP was observed in cancer cells. 

Mutation in JAK2 kinase resulting in its hyperactivation and constitutive STAT3 signalling was 

observed in some myeloproliferative disorders[96]. 

3.2.4 Non-canonical JAK/STAT signalling 
As mentioned above, STATs are normally localized in cytoplasm in their latent form and 

they are translocated to the nucleus after phosphorylation and dimerization. However, it was 
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found previously that STAT1 and STAT3 also play important roles in mediating gene expression 

without tyrosine phosphorylation. Unphosphorylated STAT1 was found to activate expression of 

LMP2 as heterodimer with IRF1[97]. Also STAT1-dependent expression of many immune 

regulatory genes (e.g., IFI27, IFI44, OAS, and BST2) without STAT1 tyrosine phosphorylation 

and prolonged immune response to IFN treatment long after STAT1 dephosphorylation was 

observed[98]. In contrast, unphosphorylated STAT3 is able to bind to NFkB in competition with 

IkB, which results in NFkB activation and relocalization of this complex to nucleus, where it 

promotes expression of, for example, RANTES gene[99]. 

Phosphorylation of STAT1 is essential for its homo- or heterodimerization through 

conformational changes and for its binding on promoter of interferon-regulated genes containing 

palindromic element for two STATs subunits. It was observed that unphosphorylated STAT1 

monomer is able to bind on the half of this palindrome sequence with weaker affinity, which 

may be increased by interaction of STAT1 with protein, whose binding site is nearby[97]. In a 

case of unphosphorylated STAT3, except its role as NFkB co-activator, there was found the 

ability of STAT3 to bind to GAS (gamma-activated sequence) element as well as to AT-rich 

DNA sequence sites and to recognize specific DNA structures, such as 4-way junctions and 

DNA nodes, within negatively supercoiled plasmid DNA. C-terminal truncated STAT3 isoform 

was found to recognize single-stranded spacers within cruciform structures. All these data 

suggest a role of unphosphorylated STAT3 as a chromatin organizer[100]. 

Since phosphorylation is necessary also for exposure of nuclear localization signal, there 

is a question, how are unphosphorylated STATs translocated into nucleus. After discovery of 

importin-mediated transport into nucleus, importin alpha5 was found to be necessary for 

translocation of tyrosine-phosphorylated STAT1, but there was no role of this importin as well as 

import receptor p97 for translocation of latent, unphosphorylated STAT1[101]. Recently, 

Fielhaber et al. published mechanism where latent STAT1 was translocated into nucleus in 

complex with mTOR through interaction with nuclear import adaptor karyopherin-α (KPNA1) 

after rapamycin treatment[102]. In contrast to STAT1, it was found that STAT3 binds to 

importin alpha3 or alpha6 through its coiled-coil domain independently on its 

phosphorylation[103].  
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3.2.5 The role of STAT3 in mitochondrial regulation 
STAT3 is a cytoplasmic protein, which after translocation into nucleus acts as a key 

transcription factor of many genes. Discovery of unphosphorylated STAT3 involved in gene 

expression started the search for additional roles of STAT3 in controlling the cellular processes. 

In 2008, Pravin Sehgal for a first time pronounced the idea of STAT3 localization also into 

cytoplasmic compartments like mitochondria[104]. One year later David Levy and his colleagues 

brought evidence of STAT3 localized into mitochondria and its role in regulation of 

mitochondrial metabolic function after RAS transformation. They found that this localization 

does not require tyrosine phosphorylation. After RAS activation, the presence of mitochondrial 

STAT3 decreases cellular requirement of glucose. This metabolic shift represents an important 

attribute of tumour cells to growth in nutrition poor environment and provide an attractive target 

for therapeutic approaches to cancer[105]. 

During search for its localization in mitochondria, STAT3 was found to bind to complex 

I of respiratory chain. Since mitochondrial respiration produces reactive oxygen species, recent 

studies indicate that the inhibition of STAT3 increases mitochondrial membrane potential, 

production of ROS and causes DNA damage (Fig. 4). Upregulation of mitochondrial electron 

transport connected with downregulation of STAT3 mitochondrial pool was observed in several 

pathologic settings such as myocardial ischemia. The regulation of mitochondrial respiration 

here represents a cardioprotective mechanism to decrease cellular injury during ischemia, since 

experiments with reconstruction of mitochondrial STAT3 level showed decreased incidence of 

this disease in mice[106]. 

Mechanism of STAT3 translocation into mitochondria remains unclear. One possible 

alternative includes phosphorylation of STAT3 on serine 727, which induces its interaction with 

GRIM-19, a subunit of mitochondrial complex I, and their co-translocation to the 

mitochondria[107]. Phosphorylation of STAT3 on serine 727 was shown to be dependent on 

activation by ERK kinase, a member of mitogen-activated protein (MAP) kinases. There is a 

speculation that ERK-meidated  serine 727 phosphorylation negatively modulates STAT3 

tyrosine phosphorylation, its dimer formation, nuclear translocation, and the DNA binding 

activity, but more evidence to support  this mechanism is required[108]. 

 



 

 
 

Figure 4. Mechanism of role of STAT3 as A)  ROS inducer in low level or B) ROS inhibitor in 

high concentration in heart mitochondria during ischemia (Szczepanek K. et al., 2011). 
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3.3 Promyelocytic leukaemia protein  
PML protein was originally discovered in patients with acute promyelocytic leukaemia 

(APL), which represents a highly malignant subtype of acute myeloid leukaemia (AML) 

comprising about 10% of all AML cases. Translocation of PML and retinoic acid receptor alpha 

(RARalpha) gene was found in almost 95% of APL patients, which results in inability of PML to 

assemble into microspeckles known as PML NBs and inhibits its function. PML-RARalpha 

fusion was then described to induce maturation block at the promyelocytic level[109]. 

3.3.1 Structure of PML 
PML belongs to a tripartite motif family (TRIM), which contains zinc-finger RING 

domain, one or two cysteine/histidine-rich domains (B-box) and alpha-helical coiled-coil domain 

that allows PML to interact with other proteins and to form PML NBs[110]. As a result of 

alternative splicing of PML gene, we can recognize seven PML isoforms (I – VII) utilizing nine 

exons. All isoforms share N-terminus but differ in C-terminus (Fig. 5). Six isoforms (isoform I-

VI) are localized in nucleus whereas isoform VII is in cytoplasm due to lack of exon 6 

containing nuclear localization signal[111]. Molecular weight of unmodified PML isoforms 

ranges from 70 to 95 kDa. The function of individual isoforms differs – for example only PML 

IV was observed to promote senescence[112], whereas PML III interacts with centrosomes. PML 

II is able to make structures called PML fibers (Fig. 5). Also the level of individual isoforms 

varies in different type of cells – PML I was found to be a major isoform in nontransformed 

cells, but its level dramatically decreases in tumour cells in comparison with other isoforms 

suggesting its role in tumorigenesis[113]. 

 



                   

Figure 5. PML isoforms (left panel); PML fiber structure in HeLa cell after treatment with 0.5 

μM camptothecin for 4 days (right panel); (left panel: Everett R.D. et al., 2007; right panel: 

Hubáčková S., unpublished data). 

3.3.2 Transcriptional regulation of PML gene 
PML was shown to be strongly induced during viral infection[114]. Since infections are 

accompanied with interferon signalling and JAK/STAT pathway activation, initiation of PML 

expression by this pathway was studied. In vitro experiments showed increased expression of 

PML as well as elevation of PML NBs number after IFN alpha, beta or gamma treatment[115]. 

Two important STAT binding sites were identified in PML gene regulatory region: IFN-

stimulated response element (ISRE, at position of 595-628 bp from transcription start) and 

IFNgamma-activated site (GAS, at position 342-390 from transcription start). Binding of 

heterotrimer of STAT1, STAT2 and IRF9 (also known as p48 protein) forming ISGF3 complex 

on ISRE element after IFN type I  (IFNalpha and beta) signalling or binding of STAT1 

homodimer after IFNgamma on GAS was showed[116].  

PML promoter also contains p53 responsive element. p53 was found to be required for 

induction of PML expression in response to oncogenic RAS that indicates PML participation in 

p53-mediated processes including cell cycle arrest or apoptosis[117]. 

Surprisingly, the activation of PML expression by beta-catenin was observed. Beta-

catenin is a key component of Wnt signalling pathway playing a role in development and also 

cell cycle regulation. There is not known binding site for beta-catenin on PML promoter, but 
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experiments with PML promoter deletion mutants showed that beta-catenin acts through  -

78/+121 part of promoter[118]. 

IRF3 and IRF8 were found to regulate PML expression in astrocytes and macrophages, 

respectively, however their binding sites on PML promoter region have been not identified 

yet[119, 120]. 

Putative binding sites for NFkB, C/EBPbeta or nuclear factor 1 (NF1) was found on PML 

promoter in silico, but their involvement in PML regulation was not proved yet (data from Gene 

Cards). 

3.3.3 Posttranslational modifications of PML  
PML is subject of several posttranslational modifications, such as phosphorylation, 

ubiquitylation and sumoylation. 

3.3.3.1 Sumoylation 
SUMOylation (conjugation of small ubiquitin-homologous protein) represents the most 

important modification of PML prerequisite for PML NBs formation. Three SUMO modification 

sites of PML at lysine 65 (in the zinc finger domain), 160 (in the cysteine/histidine-rich domain) 

and 490 was found[121]. SUMOylation on lysine 65 plays a key role, because PML modified at 

this site is able to bind to SUMO binding motif situated on the exon 7 on the next PML molecule 

and to form PML NB[122]. 

3.3.3.2 Phosphorylation 
Phosphorylation represents an important regulation of PML function. Similarly to other 

proteins, phosphorylation of some PML serine and tyrosine residues was found[123]. At normal 

cultivation conditions in vitro, phosphorylation of PML is observed mainly in mitotic cells and is 

connected with SUMO de-conjugation and PML NBs‘ destabilization. After the cell passes 

mitosis, PML becomes dephosphorylated and re-sumoylated and is able to restore nuclear 

bodies[124]. Following DNA damage, phosphorylation of PML by Chk2 in interphase cells was 

observed[125]. Casein kinase 2 (CK2), oncogenic kinase frequently up-regulated in tumour cells, 

was described to phosphorylate PML on serine 517, which provides a signal for PML ubiquitin-

mediated degradation. Inhibition of this kinase correlates with decrease of tumorigenicity due to 

PML stabilization[126]. 
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3.3.3.3 Ubiquitination  
Polyubiquitination plays a key role in protein targeting for degradation in proteasome. 

Except CK2 described previously, several other proteins target PML for proteasomal degradation 

results in its ubiquitination by ubiquitin ligase RNF4[127]. The E2 ubiquitin conjugase UBC8 

cooperates with the E3 ubiquitin ligase SIAH (seven in absentia homolog) to degrade PML in 

leukemic cells[128]. Under hypoxia, PML was found to be degraded by KLHL20 (Kelch-like 

protein 20), a Cullin 3-based ubiquitin ligase resulting in promote tumour growth 

promotion[129]. 

3.3.4 PML nuclear bodies  

3.3.4.1 Structure of PML nuclear bodies 
PML nuclear bodies also called nuclear domain 10 (ND10) or PML oncogenic domains 

(PODs) are dynamic, spherical and macromolecular structures resulting from assembly of 

multiple cellular proteins into distinct bodies. Their size varies between 0.1 to 1 μm. Number of 

PML NBs depends on cell type, cells with two or more than thirty bodies were observed[130]. 

More than hundred proteins, which belong to various groups like transcription factors (SP100, 

DAXX), DNA damage repair proteins (MRN11, Rad50, BLM), proteins involved in cell cycle 

regulation (Rb, p53) or chromatin remodelling proteins (HP1, HIRA) were identified in 

association with PML NBs. These proteins we may be divided into two groups: proteins present 

in bodies persistently or transiently[131-133].  

There are probably several subtypes of PML NBs depending on their composition (and 

function). As the example of persistently present proteins are speckled protein of 100 kDa 

(SP100), DAXX, SUMO and Bloom syndrome helicase (BLM) and of course PML, which was 

found essential for PML NB formation[134]. 

Except ‚classical‘ bodies, PML association with specific nucleolar structures or 

containing nucleolar proteins were observed. This localization is prominent after disturbance of 

nucleolar functions – e.g. inhibition of rRNA processing, or activity of Pol I and II leading to 

nucleolar segregation. In these so called donut-like structures, presence of SP100 or SUMO 

proteins remains preserved. Nucleophosmin (B23), the protein known to accumulate in granular 

component of nucleolus, as well as nuclear DNA helicase II (NDHII) or transcription factor UBF 

http://www.jbc.org/content/270/9/4209.full


were found to be enriched in these PML nucleolar structures[135] (Fig. 6). Although the role of 

PML in nucleolar function is not clear, the absence of these nucleolar PML structures in rapid 

growing cells indicates their participation in cell cycle regulation[132]. 

 

 

Figure 6. Accumulation of B23 in nucleolar PML “donut” in hMSC cells (left);  colocalization of 

nucleolar PML with UBF in hMSC cells, RNA stained by TOTO3 was used as a marker of 

nucleoli (right). Comparison with classic PML NBs is shown (Janderova-Rossmeislova et al., 

2007). 

3.3.4.2 Presence of PML NBs during cell cycle 
Similar to many other nuclear proteins, PML changes its intracellular distribution during 

progression of cell cycle. Increased number of PML NBs in S-phase was found to depend on 

chromatin doubling during replication, where at the end of S-phase two-fold elevation of PML 

NBs was observed as well as their binding on chromatin was proved by electron microscopy. 

Rather than de novo synthesis of PML protein during S-phase, fission of existing PML NBs was 

observed. Mechanism of this fission is still unknown[136]. 

During mitosis, PML NBs lose their components such as SUMO-1, DAXX and Sp100 in 

dependence on PML protein phosphorylation[137]. Part of the PML NBs remains associated 

with mitotic chromosomes, providing a possible nucleation site for PML nuclear body formation 

in subsequent G1. After nuclear envelope degradation in prometaphase, PML was identified in a 

cytoplasmic compartments that contain high concentrations of nucleoporins, especially NUP98, 

NUP153, NUP214 and Mab414. After finishing mitosis, these structures were able to move on 

microtubule filament and dock at nuclear membrane. Although PML NBs are dissolved, PML 
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itself is not degraded during mitosis, but provides a building material for restoration of PML NBs 

in daughter cells[138]. 

3.3.5 Function of PML 
PML protein is involved in many cellular processes like gene transcription, proteasomal 

degradation, viral pathogenicity, DNA damage repair, cellular senescence, tumour suppression or 

apoptosis, although depletion of this protein is not lethal and PML knockout mice are viable but 

with increase incidence of tumours and sensitivity to infections. PML NBs were found to provide 

a storage site allowing the cell to maintain proper levels of various nuclear factors. Secondly, 

post-translational modifications of several proteins take place here[139].  

3.3.5.1 Role of PML in DDR 
Since colocalization of PML NBs with 53BP1 and γH2AX in the later phase, but not 

early after DNA damage, was observed, a proposition  about the necessity of PML for formation 

of persistent DNA lesions was expressed (Fig. 7). However, knockdown of PML as well as using 

inactive PML-RARalpha fusion protein or inhibition of PML NB assembly using viral E1 

protein do not indicate direct involvement of PML in DNA damage repair[140].  

However, PML was found in tight contact with checkpoint kinase Chk2, ATM or BLM (a 

member of the RecQ DNA helicase family). It was speculated that PML may play a role as a 

marker of double strand breaks due to increased number of so called microbodies resulting from 

fission of classic PML nuclear bodies after DNA damage. There is a hypothesis that ATM is able 

to phosphorylate PML and than to cause its de-SUMOylation and the release from nuclear body. 

An inactivation or loss of factors like Nbs1, ATM, ATR or Chk2 inhibits PML microbody 

formation[132, 133].   

NBS1 (Nijmegen breakage syndrome protein) was found to interact with PML NBs 

through binding with SP100 rather than PML itself. As already mentioned, NBS1 interacts with 

RAD50 and MRE11 to form MRN complex involved in DNA repair. Following DNA damage, 

MRN complex appears to leave PML NBs and goes to the sites of DNA breaks to activate DNA 

damage response. After damage repair, MRN complex was shown to re-localize back into PML 

NBs[141]. In contrast, TopBP1 (DNA topoisomerase 2-binding protein 1) forms nuclear foci that 

do not interact with PML NBs at normal condition, but there is a strong colocalization after DNA 



damage, which blocks TopBP1 function and thus represents another mechanism, how cell 

inhibits cell cycle[142]. 

WRN, RecQ DNA helicase responsible for the autosomal disorder Werner syndrome 

(WS), is also linked to PML NBs. WRN is able to interact with p53 to enhance activation of p53-

dependent genes. In normally proliferating cells, WRN is localized in nucleolus, but after DNA 

damage it relocalizes to nucleplasmic foci (containing also RAD51 and RPA), which co-

associate with PML NBs. This relocalization leads to increase of p53 activation and growth 

arrest[143].    

 

 
Figure 7. Colocalization of 53BP1 with PML NBs 4 hour and 48 hours after 0.5 μM 

camptothecin treatment in BJ cells (Hubackova et al., 2010). 

 

3.3.5.2 Role of PML in cellular senescence 
As mentioned, PML is increased in all types of senescence. In search whether PML alone 

is able to induce senescence, only PML isoform IV was found to arrest cell cycle. PML IV was 

found to bind CBP acetyltransferase and p53 to form a trimeric complex, where CBP acetylates 

p53 on lysine 382 and thus stabilize it[112]. This p53 stabilization was lost in PML-/- mouse 

fibroblasts[144].  

Since PML promoter contains p53 binding site, activation of PML expression by RAS-

induced p53 was shown. PML in turn helps to increase p53 phosphorylation and 
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stabilization[117]. Moreover, PML increases levels of p16ink4a and pool of hypophosphorylated 

Rb, which is sufficient to promote premature senescence.  

Ferbeyre et al. later showed another mechanism, how PML IV over-expression induces 

cell cycle arrest and senescence. Phosphorylation of Rb protein is necessary for E2F release and 

activation of its transcription targets necessary for S-phase progression. These authors showed 

that PML IV is able to bind Rb and protect its phosphorylation and subsequent E2F activation. 

Return of E2F back into PML expressing cells rescued proliferation arrest and senescence[145]. 

HP1 and HIRA proteins, involved in formation of senescence-associated heterochromatin 

foci, a place where gene transcription is silenced, were found to cooperate with PML NBs after 

RAS transformation, thus facilitating promotion of oncogene-induced senescence[146, 147]. 

3.3.5.3 Role of PML in tumour development 
PML is a strong tumour suppressor, thus it is not surprising that its levels in many types 

of human tumours are downregulated. Rather than inhibition of its expression, degradation in 

proteasome was observed. PML overexpression in cancer cells induces cell cycle arrest and 

decreases tumorigenicity of these cells[148]. Mice injected with prostate cancer cells with 

restored PML had decreased incidence of tumours than control mice injected with empty vector. 

Downregulation of PML in tumour cells also helps them to proliferate faster, because PML was 

describe to decrease the level of cyclin D1. As, mentioned, the well known example of PML 

inhibition during development of malignancy is fusion of PML gene with receptor of retinoic 

acid gene (RARalpha), which results in acute myeloid leukaemia. The overexpression of normal 

PML bypasses  tumorigenicity of these cells[149]. 

3.3.5.4 Role of PML in viral defence 
Any stage in virus replication may be a target for inhibition by IFNs, including entry, 

transcription, RNA stability, initiation of translation, maturation assembly and release. Since 

PML was shown to be induced by IFNs, its role in cell protection against virus has been 

studied[130]. PML is involved in some steps of antiviral defence. A decrease of Human Foamy 

Virus (HFV) gene expression was observed after PML induction or after IFN treatment. N-

terminal region of PML interacts with viral transactivator protein Tas and inhibits its ability to 

activate expression of viral genes necessary for its replication[150]. DNA viruses have the ability 
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to incorporate their DNA into the host genome. Interestingly, PML was found to accumulate de 

novo in PML NBs close to places of incorporated viral genomes. This results in block of viral 

replication by inhibition of DNA polymerase complex binding to viral DNA. PML was also 

observed to target viral proteins for degradation by nuclear structure called clastosome with 

proteosomal activity[151]. 

Some viruses developed strategies how to overcome this defence. For example, after 

herpes simplex virus type-1 (HSV-1) infection, infected cell protein 0 (ICP0) is one of the first 

viral proteins expressed. ICP0 is an E3 ubiquitin ligase of the RING finger class proteins which 

localizes into PML NBs and induces the proteasome-dependent degradation of PML, SUMO and 

SP100[152]. Varicella-zoster virus (VZV) uses similar mechanism, but rather then PML 

degradation, it disrupts PML NBs by binding of its open reading frame 61 (ORF61) protein 

containing SUMO interacting motif on SUMOylated PML, which results in inability of PML to 

assembly into bodies[153]. Rabdhoviridae replicate in cytoplasm and Rabies virus 

phosphoprotein P is able to cluster cytoplasmic PML isoform thus inhibiting its anti-viral 

function[154]. 
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3.4 Cytokine signalling 

3.4.1 The role of cytokines in inflammation and cancer 
Recent data have expanded the concept that inflammation is a critical component of 

tumour progression. Many cancers arise from site of infection, inflammation and chronic 

cytokine signalling. Organism produces a wide range of signals in response to tissue injury 

aiming to heal it. Chemotactic cytokines produced by infected cells recruit cells of immune 

system (mainly neutrophils and monocytes) into site of damage. Persisting signalling of these 

cytokines, especially pro-inflammatory TNFalpha, IL6, IL8 and IL1beta was found to be 

responsible for chronic diseases and cancer development[155]. 

During phagocytosis, leukocytes produce high level of relative oxygen and nitrogen 

species, which results in DNA damage in surrounding proliferating cells. A bypass of p53 

function was also observed in cells surrounding infiltrated tissue. This together with production 

of DNA damage agents by either immune cells or infected cells and with ability of some 

cytokines to induce oncogenes (e.g. IL6 activates STAT3 signalling, which is connected with 

several malignancies), creates an environment for accumulation of potential oncogenic mutation 

and cancer development[156].  

3.4.2 Cytokine signalling in DNA damage and senescence 
The cessation of cell proliferation and senescence-associated changes in gene expression 

are accompanied with a robust increase in the mRNA levels and secretion of numerous 

cytokines, chemokines, growth factors and proteases. This phenomenon was termed senescence-

associated secretory phenotype (SASP) or senescence messaging secretome (SMS). The SASP, 

or at least selected components of the SASP, play important roles in autocrine and paracrine 

signalling[157]. 

As the SASP results primarily from genomic damage response, one of its beneficial 

functions may be to communicate with cells of the immune system through secretion of pro-

inflammatory cytokines to signal that there is a damaged cell and potential risk of tumour 

development. Senescent cells express ligands for cytotoxic immune cells and are eliminated 

mainly by natural killer cells[158]. SASP is not an acute inflammatory response, but develops 

progressively after DNA damage and persists for a long time. One of the possible mechanisms 
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involves the activation of p38 stress MAPK kinase in response to DNA damage, but 

independently on p53 activation or Rb dephosphorylation. In turn, the p38 pathway induces the 

expression of IL1beta, a cytokine which triggers autocrine/paracrine signalling and activates 

NFkB, a well known transcription activator of many cytokines including IL6 or IL8 involved in 

SASP. Inhibition of p38 activation after DNA damage results in downregulation of cytokine 

expression and secretion[159]. 

SASP may also function in regeneration of a tissue after damage, as induction of 

senescence has been observed in sites of skin wounding or liver damage. Senescence in skin 

fibroblasts appeared to be important for limiting fibrosis during damage repair by elimination of 

collagen and fibronectin, two proteins participating in fibrosis expansion, due to secretion of 

matrix metalloproteinases, which cleave these molecules[160]. 

Finally, the SASP includes factors that help maintain the tumour suppressive growth 

arrest, as will be discussed below. 

Cellular senescence arrests tumour growth and eliminates damaged cells from 

proliferating pool (and likely from organism, see below), so it looks counterintuitive that this 

mechanism may have also adverse effects. Accumulating evidence shows that senescent cells 

can have deleterious effects on the tissue microenvironment. As noted earlier, senescent cells 

represent targets for immune cells. It was observed that in an old organism the activity of the 

immune system declines and may become insufficient to clear senescent cells, which can result 

in overproduction of these cells and accumulation of tissue damage, for example because of the 

increase in oxidative stress due to aberrant mitochondria[161].  

In addition, increased numbers of senescent cells lead to decline or inhibition of body 

organ functions in an age-dependent manner. A relation has been found between the 

accumulation of senescent cells and age-related diseases. For example, cytokine secretion from 

senescent endothelial cells has been implicated in vascular calcification or formation of 

atherosclerotic lesions, two major risk factors for cardiovascular disease development in old 

people. Furthermore, senescent osteoblasts have been shown to participate in age-related 

osteoporosis and cell senescence also promotes many neurodegenerative diseases[162].  
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It has been found than not only the local microenvironment pathology, but also a variety 

of chronic degenerative diseases as well as cancer can be induced by circulating pro-

inflammatory cytokines like IL6[163]. 

Thus, at present, senescent cells and their secretory phenotype seem to be both beneficial 

(tumour suppression) and deleterious (age-related diseases) depending on the circumstances and 

their ability to communicate with surrounding cells including cells of the immune system.  

3.4.3 Maintenance of senescence by SASP 
Cytokine signalling is involved in the activation of distinct pathways and regulates many 

cellular processes. It has also been implicated in the decision mechanisms controlling cellular 

senescence. Cytokines were found to activate the tumour suppressor pathways that establish the 

senescence related growth arrest. Following section describes several most common cytokines 

that has been found to be produced by senescent cells and their role in the maintenance of this 

phenotype. 

3.4.3.1 Role of IL6 in senescence  
IL6 was determined to have pleiotropic functions in a wide range of cells expressing 

gp130 and membrane bound IL6 receptor. This cytokine was found to have important role in 

human malignancies as an activator of STAT3 oncogene. Pre-clinically tested IL6 or IL6-R 

antibody showed tumour growth inhibition either alone or in combination with 

chemotherapy[164]. 

Oncogene-induced senescence, as all other types of senescence, is also accompanied with 

activation of pro-inflammatory cytokines. Unexpectedly, IL6 has been found to be necessary for 

execution of OIS since its depletion abolished both senescence entry and maintenance. IL6 has 

also been found to cooperate with C/EBPbeta transcription factor to amplify the inflammatory 

network, including IL8. In addition to the cytokine profile changes, downregulation of SAHF 

formation and p15 expression were observed after IL6 depletion in a model of OIS[165]. 

This observation is in contrast with the cytostatic role of IL6. Comparison of conditions 

where IL6 plays a role as an oncogene or as a senescence inducer revealed functionally different 

pools of this cytokine. Also the genetic background of the IL6 target cells, whether normal or 

transformed, contributes to specifying the biological response to IL6[166]. 
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3.4.3.2 IL8 signalling 
IL8 is together with IL6 one of the most abundant cytokines expressed in senescent cells. 

Overexpression of the chemokine binding receptor CXCR2 (also known as IL8RB), which is 

regulated by the NFkB and C/EBPbeta transcription factors, was found in OIS. Knockdown of 

this receptor moderates both replicative and oncogene-induced senescence in p53-dependent 

manner, as p53-/- MEF are resistant to CXCR2 overexpression or IL8 treatment and continue 

with proliferation. These results together with IL6 experiments suggest that senescent cells 

activate a self-amplifying secretory program, in which cytokines reinforce growth arrest[167]. 

3.4.3.3 TGFbeta1 in senescence 
 TGFbeta1 is another cytokine described to induce senescence[168]. TGFbeta signalling 

leads to SMAD2 and SMAD3 phosphorylation and heterotrimerization with SMAD4 

coactivator. Relocalization of SMAD2/3/4 complex into nucleus triggers expression of genes 

linked also to cell cycle arrest. TGFbeta1 dependent growth arrest in G1 was accompanied by 

increased level of p15, p16 and activation of p53 [169]. Depletion of TGFbeta from cultivation 

medium results in constitutive Rb phosphorylation and induction of CDK2 and 4 kinase activity 

in mouse keratinocytes[170]. 

3.4.3.4 Plasminogen activator inhibitor (PAI) 
Plasminogen activator inhibitor (PAI) is a serine protease inhibitor that functions as the 

principal inhibitor of tissue specific tissue (tPA) and urokinase (uPA) plasminogen activators, 

which catalyze the conversion of plasminogen to plasmin. Activated plasmin was found 

necessary for cellular movement and formation of metastasis[171]. Plasmin activates Rho kinase, 

which is important for actin polymerization and reorganization in leading edge during cell 

movement. Thus the activation of PAI and its inhibition of both plasminogen activators observed 

in senescent cells help to induce senescent phenotype also in absence of p53. Depletion of PAI 

from medium or induction of PA delays the onset of senescence. PAI was also suggested to 

inhibit PI3K-AKT pathway, thereby activating GSK3beta, which in turn decreases expression of 

cyclin D1[172].  

http://en.wikipedia.org/wiki/Tissue_plasminogen_activator
http://en.wikipedia.org/wiki/Plasminogen
http://en.wikipedia.org/wiki/Plasmin


49 

 

3.4.4. Propagation of DNA damage and senescence by cytokine signalling in so 
called bystander effect 

Cellular senescence is accompanied with increase of levels of more than fifty secreted 

cytokines involved in intercellular signalling. As was described previously, SASP serves as 

signalling for immune system but may also amplify senescent phenotype by autocrine manner. 

Since many pro-inflammatory cytokines were found to induce growth arrest themselves without 

prior damage, there was a question, if SASP is also able to influence normal surrounding cells. 

It was shown using a model of irradiated cells that their medium enriched with cytokines 

is able to cause DNA damage in non-treated cells in mechanism so called „bystander 

effect“[173]. In vivo experiments on mouse model showed presence of DNA damage in tissue, 

which was not directly irradiated and was localized 0.7 centimeter apart of irradiated field. Using 

several methods, it was proved that the energy resulting from nuclear DNA radiation is not 

required to trigger this effect[174].  

Cells are able to communicate not only by cytokine signalling, but also through mutual 

contacts by various connections, like GAP junction, where small signalling molecules may go 

through the cells. In experiment with mixed culture of irradiated and non-irradiated (bystander) 

cells there were no differences in γH2AX induction in bystander cells directly touching irradiated 

cell and that one which was not in direct contact. This indicates a role of cytokine/receptor 

signalling in development of bystander effect[175]. 

Rather than DNA double strand breaks observed in direct irradiated cells, point mutations 

were found to induce DNA damage signalling in bystander cells. By using 2,7-

difluorofluorescein, free radicals were detected in cells treated with conditioned medium from 

irradiated cells. Free radical scavengers like N-acetylcysteine, filipin or 2-(4-carboxyphenyl)-

4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (c-PTIO) decrease formation of γH2AX foci in 

bystander cells. Superoxide dismutase (SOD) and NADPH oxidase are able to reduce ROS 

normally produced in cells as a product of mitochondria respiration. The overexpression of these 

enzymes decreases activation of γH2AX in bystander cells so there is a question, why they are 

not activated after treatment with medium from irradiated cells[176, 177]. Since induction of 

DNA damage in bystander cells is a long-term process, one possible mechanism may include 

inhibition of gene expression. In a genome-wide microarray comparing the changes in transcript 
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profiles in Me45 (human melanoma) cells grown in culture medium from normal or irradiated 

cells, the decrease in transcripts coding proteins involved in oxidative phosphorylation pathway 

like mitochondrial ATP synthase subunits, lysosomal proton-transporting ATPase subunits, 

subunits and proteins complexing cytochrome c oxidase and NADH dehydrogenase, succinate 

dehydrogenase, and ubiquinol-cytochrome c reductase was found, which again indicates changes 

in mitochondrial potential and ROS production in bystander cells[178]. 

γH2AX is activated by effector kinases as ATM, DNA-protein kinase (DNA-PK) or ATR 

after their activation and recruitment to the site of damage. Inhibition of ATM and DNA-PK 

could not suppress the induction of bystander γH2AX foci in glioma cells whereas the mutation 

of ATR abrogated bystander foci induction. Moreover, Seckel cells lacking ATR were not able 

to induce gammaH2AX in bystander cells. ATM was found to act downstream from ATR and its 

phosphorylation is dependent on ATR activation in bystander cells, which was also proved for 

UV-treatment, where base mutations and single strand DNA damage are induced. ATM then 

phosphorylates Chk2 or p53 and activates p21 which results in cell cycle arrest[179, 180]. 

It is interesting that some cell lines do not show bystander effect at conditions the other 

cell lines do. Human dermal fibroblasts (HDF) treated with medium from cells irradiated with 2 

Gy rapidly induce DNA damage in bystander cells in comparison with HeLa cells which 

underwent the same process. Different level of cytokines after irradiation was found between 

these two cell lines. It was observed that some cytokines like MCP1 may prevent DNA damage 

induction, so bystander effect depends on their ratio with pro-inflammatory damaging cytokines 

produced by different type of cells[181]. 

Not only DNA damage but also induction of senescence in bystander cells was observed. 

Growth arrest, enhanced activity of beta-galactosidase, enlarged cell size and induction of p21 

was found in MCF7 breast cancer cells after treatment with conditioned medium from senescent 

cells treated with doxorubicin, which was not caused by residual chemical in conditioned 

medium[182].  

All this observations indicate that not only direct damage but also long-term exposition to 

stress-induced cytokines trigger activation of DNA damage response and may induce growth 

arrest and senescence on basis of ROS-dependent induction of DNA breaks formation, which 

means potential risk for normal cells to become a part of carcinogenic spreading and clarify 
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mechanism, how senescent cells are able to amplify their number resulting in organ dysfunction 

and development of age-related diseases. 
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4. List of used methods 
 

Cell culture 

Immunoblotting 

Immunofluorescence 

shRNA and siRNA transfection 

β-galactosidase assay 

Quantitative real time RT-PCR 

Nuclear extraction 

Plasmid cloning and transfection 

Determination of cytokine secretion by FACS beads 

Chromatin Immunoprecipitation (ChIP) 

B9 proliferation assay  

Luciferase assay 
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6. Participation of Sona Hubackova on presented 
publications 
 

Research paper #1 – Sona Hubackova as co-author participated on measurement of IL6 and IL8 
cytokine expression and secretion, elaborated experiments with JAK/JAK1 and IL6 inhibition  

Research paper #2 – Sona Hubackova as a first author elaborated major part of experimental 
results, participated on manuscript preparation and submission 

Research paper #3 - Sona Hubackova as a first author elaborated all experimental results except 
some qRT PCR measurements, participated on manuscript preparation and submission 

Research paper #4 - Sona Hubackova as co-author participated on pilot experiments concerning 
induction of SAHF in drug-induced senescence 
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7. Linking of publications 
 

Publication #1 characterizes cytokine expression and provides the insight into role of 

JAK/STAT signalling pathways in expression of tumour suppressors in chemically-induced 

senescence. We show the activation of IFN-JAK/STAT signalling pathway is involved in 

expression of many ISGs including potent tumour suppressors such as IRF1 and PML. More 

than two dozens of cytokine genes including interferon beta and gamma, IL6 and IL8 were 

induced by this form of senescence. 

Since tumour suppressor PML belongs to family of genes induced by IFN-JAK/STAT 

pathway, in publication #2 we focused on activation of PML transcription by JAK/STAT 

signalling in chemically-induced senescence. We show the importance of ISRE (STAT binding 

element) on PML promoter for PML transcription after DNA damage and senescence induction. 

The role of p53, another described transcription factor inducing PML transcription was also 

studied. 

Publication #3 documents that PML transcription is activated by JAK/STAT3 pathway 

under unperturbed cell culture conditions. Furthermore, the role of transcription factor NFkB and 

IL6 cytokine as its target was examined. 

PML and PML NBs are functionally linked to formation of senescence-associated 

heterochromatin foci (SAHF). To investigate the prerequisite of heterochromatinization for 

senescence induction and maintenance, in publication #4 we monitored the formation of SAHF 

in three main forms of cellular senescence (i.e. replicative, oncogene-induced and drug-induced) 

in different cell types. Furthermore, correlation of SAHF formation with p16 was studied. 
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8. Discussion  
 

1. Cytokine expression and signalling in drug-induced cellular senescence. 

 

Cellular senescence, a barrier against tumorigenesis, is accompanied with many processes 

like irreversible cell cycle arrest and activation of tumour suppressor genes. In this study we 

provide an insight into the activation of JAK/STAT signalling pathway in premature senescence 

induced in tumour cells by various types of drugs used in chemotherapy, which may help to 

understand this phenotype and its clinical relevance. 

IFN-JAK/STAT signalling pathway is known to be an important part of defence 

mechanisms against viral infection, where the activation of this pathway protects against viral 

replication in the cell and activates cells of the immune system. In contrast to viral infection, 

where JAK/STAT1 pathway is activated only transiently, we found a prolonged activation of 

JAK/STAT1 signalling (for several days) in cells induced to premature senescence by different 

drugs. The key phosphorylation of STAT1 on tyrosine 701 and serine 727, which are necessary 

for STAT1 translocation to nucleus and its transcription activity, were detected. After STAT1 

activation, the induction of its downstream targets including tumour suppressors like IRF1, IRF7 

(interferon regulated factor 1 and 7), STAT1 and MX1 (myxovirus 1 protein) was observed. 

IRFs were described to induce expression of interferons and consistent with this we showed for 

the first time the activation of expression and secretion of IFNβ and IFNγ in senescent cells. 

Surprisingly, there were no changes in eight IFNα isoforms measured, which indicates different 

regulation of IFNα and IFNβ genes in drug-induced senescence. Recent studies implicate the 

interferon regulatory factors IRF-3 and IRF-7 as key common activators of the IFNα and IFNβ 

genes. The discrepancies in expression of INFα and IFNβ observed in drug-induced senescent 

cells may be explained by different binding preference of IRF-3 and IRF-7 to promoters of 

individual interferon genes [183]. Long term persistence of IFN-JAK/STAT signalling indicates 

an engagement of a positive autocrine/paracrine regulatory loop involving IRFs, which is 

reminiscent of that operating in virus-infected cells[86]. In addition to interferons, elevated levels 

of more than two dozens of cytokines including IL6, IL8, IL24, TNF family, IL1β and IL20 were 
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found in drug-induced senescent cells. Note, the spectrum of cytokines detected is significantly 

broader than those reported for other types of senescence. 

JAK family kinases play a crucial role in signal transmission from activated receptors. 

Downregulation of JAK1, a kinase capable to activate all STAT family members, as well as 

chemical inhibition of all JAK kinases with a specific inhibitor, blocked STAT1 phosphorylation 

and abolished subsequent downstream events such as induction of IRF1, MX1 and STAT1 itself 

both on mRNA and protein levels, but had no effect on activation of p53/p21 and p16/Rb 

pathways, two critical mechanisms in establishment of senescence, SA-beta-gal induction and 

development of senescent phenotype in general after drug treatment. These results were 

underscored by experiments where cellular senescence was induced in cell lines without 

JAK/STAT activation and thus indicate that JAK/STAT pathways are not prerequisite for drug-

induced senescence in tumour cells.  

At the time we have had been finishing this study, two studies reported quite unexpected 

findings that IL6 and IL8 are directly implicated in the induction and maintenance of oncogene-

induced senescence[165, 167]. Although we confirmed the production of these cytokines also in 

drug-induced senescent cells, in contrast to study of Kuilman et al., knockdown of IL6 (> 90% 

efficient) was not able to prevent chemically-induced senescence, as well as activation of p53 

and hypophosphorylation of Rb. Despite of IL6 knockdown, activation of STAT3 remained 

unchanged in drug-induced senescent cells, which indicates more complex mechanism of 

JAK/STAT3 activation in drug-induced senescence - likely due to a redundant role of multiple 

ligands capable of activation of this signalling pathway (such as interferons [184]). 

In this work we show that activation of DNA damage signalling and induction of 

senescence in response to various drugs activates but is not dependent on JAK/STAT signalling. 

This indicates that this form of senescence differs from oncogene-induced senescence which 

induction and maintenance appears to be dependent solely on IL6 production. Nevertheless, the 

activation of JAK/STAT1 and STAT3 pathways in senescent cells plays an important role in 

induction of senescence-associated secretory phenotype (SASP), especially in induction of 

expression and secretion of interferons, which play an important role in immune cell activation 

and recruitment to the place of inflammation, and expression of important tumour suppressors 

IRF1, IRF7 and PML. We speculate that the production of cytokines and chemokines by 
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senescent cells contributes to their clearance by innate immunity, as is indicated in recent studies. 

Notably, the capability of SaOS cells, which lack functional p53 and Rb, to undergo drug-

induced senescence, suggests involvement of other (i.e. p53/pRb-independent) senescence-

inducing mechanism. One such candidate may be based on IRF1/p21Waf1/cip1 axis, which is 

activated by interferons in drug-induced senescence. If confirmed experimentally, this will 

support the importance of cytokine signalling in development of this form of senescence.  

 

2. Regulation of the PML tumour suppressor in drug-induced senescence of human normal and 

cancer cells by JAK/STAT-mediated signalling. 

 

The induction of PML and its accumulation in nuclear compartment known as PML 

nuclear bodies are among the well known markers found in all type of senescence and decreased 

levels of this tumour suppressor were found in more than two thirds of human cancer types 

[185]. In the previous work discussed we described the activation of JAK/STAT1 and 

JAK/STAT3 signalling pathways in drug-induced senescent cells. Since PML belongs to the 

group of interferon stimulated genes[116], we tested whether PML is directly induced by 

activated JAK/STAT pathway in senescent cells. We found the elevated levels of PML protein, 

PML NBs and also PML mRNA in tumour cell lines and human primary fibroblasts after 

treatment with various types of drugs. Experiments with cycloheximide, which blocks de novo 

protein synthesis, showed that elevation of PML NB and PML protein in senescent cells is 

accompanied by the increase of PML transcript rather than PML stabilization at protein level. 

During these experiments, significantly longer PML half-life was observed in comparison with 

data published by Scaglioni et al. (>24 vs. 3 hrs.). Since they measured PML stability only in 

virally transformed HEK293 and mouse 3T3 cells and analyzed only one PML isoform, we 

suggest that PML protein turnover may vary among cell types,  the nature of  stress and PML 

isoforms[126].    

PML NBs were described to be a docking site for many proteins involved in regulation of 

the cell cycle and DNA damage response signalling. Colocalization of PML NBs with DNA 

damage foci not immediately, but in later phases after DNA damage induction [133] suggests 

their role in formation of persistent DNA damage foci, which may block cell cycle recovery 
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possibly due to irreparability of specific type of DNA lesions. In agreement with these studies, 

we also found colocalization of PML NBs with sites of long-term persisting DNA damage foci 

(positive for modified histone H2AX and other markers of DNA double strand breaks such as 

53BP1), but not with acute DNA damage foci formed within first 12 hours after treatment by 

different DNA damaging drugs. Therefore, formation of PML NBs close to the sites of DNA 

damage might remark problematic lesions without chance to be repaired, which results in 

persistent activation of DNA damage response taking place partially in PML NBs. Although 

Campisi et al. shows that inhibition of PML NBs formation has no effect on persistent DNA 

damage foci induction[140], different role of PML NBs in DNA damage response is still not 

excluded.   

Stadler et al. described binding of STAT1 and STAT2 on PML promoter after interferon 

stimulation[116]. In our work, we observed that downregulation of JAK1 kinase abrogates 

STAT1 activation and induction of its downstream targets. Here we used a specific inhibitor to 

block all four JAK kinases and demonstrated decreased PML expression in drug-induced 

senescent cells. Moreover, a decrease in the level of JAK1 kinase induced with a specific siRNA 

results again in downregulation of PML expression indicating an important role of this specific 

kinase in regulation of PML transcription. Since inhibition of JAK signalling abrogates PML 

expression only partially (50%), additional mechanisms such as the regulation by NFkB 

pathway, which is known to be induced in senescent cells and the putative NFkB or Sp1 binding 

motifs were found on PML promoter, may be involved in PML gene regulation. Beside 

interferons, JAK1 kinase may be activated by many other cytokines which we found expressed 

after genotoxic stress, for example IL6, IL8 and IL10. Therefore, there might be some 

redundancy in activation of JAK/STAT signalling, which can explain the differences between 

various forms of senescence, as mentioned above. Which cytokine(s) produced by senescent 

cells is involved in activation of JAK/STAT signalling and expression of PML is a task for future 

studies. 

PML promoter contains several STAT binding sites. Stadler et al. identified two specific 

DNA binding elements, ISRE at position 628-595 and GAS at position 390-342 relative to 

transcription start site, which mediate induction of PML expression after interferon 

treatment[116]. Our results using gel retardation assay demonstrated the involvement of ISRE, 
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but not GAS element, in regulation of PML transcription in drug-induced senescent cells. 

Reporter assay with wild type proximal PML promoter (1.44 kb) and PML promoter lacking the 

ISRE element verified these results, which strongly indicate the necessity of ISRE element in 

chemically induced PML transcription. It was described recently that STAT-IRF1 heterodimer 

binds on ISRE element of LMP2 promoter[97]. Since the overexpression of IRF1 leads to 

elevation of PML transcript[119] and since we detected elevated level of IRF1 dependent on 

JAK/STAT activation after genotoxic stress (discussed above), there is a possibility that PML is 

regulated also by this transcription factor. However, this hypothesis needs further experimental 

clarification. 

The activation of DNA damage response in cellular senescence includes stabilization of 

p53. Since p53 was described to regulate PML expression in mouse embryonal fibroblasts after 

RAS activation[117], we tested whether p53 may regulate PML also in our model of drug-

induced senescence. For this experiment, we used p53 wild type and p53 knock-out HCT116 cell 

lines. Both cell lines were able to respond with induction of both PML mRNA and protein and 

development of senescent phenotype after drug treatment indicating that p53 is not necessary for 

increased PML expression (and senescence per se) under these conditions. When we inhibited 

the activity of kinases JAK with the specific inhibitor after drug treatment, we clearly showed a 

decrease of PML protein level as well as transcript in both cell lines providing the evidence the 

JAK/STAT pathway is involved in PML regulation in senescent cells. These results were 

verified using U2OS cells with tetracycline-regulated expression of dominant negative form p53 

(U2OS DN-p53 tet-off system[186]) where we also observed no differences in PML expression 

after DNA damaging drug treatment between wild type and dominant negative p53-expressing 

cells. There is a question, whether and how the activation of DDR after genotoxic stress may 

contributes to JAK/STAT activation and PML transcription. Beside the activation of cytokine 

expression through activation of p38MAPK/NFkB/IL1, IL6, IL8 pathway[159], an activation of 

c-ABL kinase via ATM[187] and subsequent STAT1 phosphorylation can be also involved. 

Our results provide novel mechanistic insight into the regulation of PML mRNA 

expression during drug-induced genotoxic stress and point to the significance of 

autocrine/paracrine stimulation in development of senescent phenotype, as was described in our 

previous study.  
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3. Interleukin 6 signalling regulates PML gene expression in human normal and cancer cells. 

In our previous studies we found the activation of JAK/STAT signalling pathways in 

drug-induced prematurely senescent cells and its role in induction of PML gene expression in 

these cells. As already mentioned, PML protein is the well described tumour suppressor, but 

regulation of its expression is poorly understood. Two signalling pathways, JAK/STAT and p53 

were reported to participate in regulation of PML gene transcription after interferon stimulation 

and oncogenic RAS activation[116, 117]. Both of these studies described transient elevation of 

PML mRNA and protein under the stress conditions, but none has addressed the mechanism of 

constitutive expression of this antiviral and tumour suppressor under unperturbed conditions.  

As described previously, various cell lines and primary cells express different levels of 

PML protein under unperturbed conditions in vitro[188]. We selected three human cell types that 

feature low (U2OS), medium (HeLa) and high (BJ, at population doublings <35) numbers of 

PML nuclear bodies. By qRT-PCR, we confirmed a correlation between PML protein level and 

PML mRNA in these three types of cells. Intriguingly, similar to drug-induced senescent cells, 

we found the direct involvement of cytokine autocrine/paracrine signalling in regulation of basal 

levels of PML. We observed increased PML transcription and protein induction in U2OS cells 

treated with conditioned medium from BJ cells (i. e. cells with high level of basal PML). As we 

observed no changes in the level of DNA damage response (measured by activation of p53 and 

phosphorylation of histone H2AX as a marker of double strand breaks) and activity of stress 

signalling (determined as the activation of p38MAPK), we ruled out any effect of activated p53 

on PML transcription. When we analyzed the activity of the STAT pathways (STAT1/2, STAT3, 

STAT5) in our three selected cell types, we found direct correlation of activated STAT3, but not 

STAT1 and STAT5 with PML NBs, PML mRNA and protein levels. Using specific cytokine 

FACS beads assay, we determined conformity in the amount of STAT3 activating ligand IL6 

secreted into culture media. IL6 added into culture medium of U2OS or HeLa cells induced PML 

transcription and the increase of number of PML NBs. Depletion of IL6 from medium using a 

specific neutralizing antibody or knock-down of STAT3 by siRNA decreased STAT3 active 

form, PML NBs, PML mRNA and protein level in BJ cells. Kinetic study of STAT3 activation 

and PML expression after IL6 treatment showed delayed responsiveness of U2OS cells, where 

phosphorylation of STAT3 on tyrosine 705 was observed not before 48 hours after treatment and 
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correlated with delayed increase of total STAT3, which indicates the correlation between 

constitutive level of STAT3 and the dynamics of response to IL6. In comparison with U2OS 

cells, the response of HeLa cells, which possess higher basal level of STAT3 protein, was fast 

approaching the rate characteristic for JAK/STAT signalling. Since STAT3 protein is regulated 

by itself in positive feedback, we suggest that U2OS cells with low level of STAT3 need more 

time to express it, which likely generates a delay observed in response of PML gene expression 

to IL6 treatment.  

Deletion of PML ISRE element at position (-595/-628) led to a decrease of luciferase 

reporter gene activity in cells exposed to interferon alpha or beta as well as in cells exposed to 

various DNA damaging drugs inducing premature senescence. We confirmed the importance of 

this element also for the regulation of basal PML transcription. We proved the direct binding of 

STAT3 on PML promoter using chromatin immunoprecipitation. This is not so unexpected, as 

all members of the STAT family recognize similar consensus binding site. In fact, the PML 

ISRE element resembles STAT3 consensus better than that of STAT1[189]. Taking together, our 

data indicate that IL6 controls PML gene expression under unperturbed conditions via 

JAK/STAT3 signalling and activated STAT3 binds directly to PML gene promoter. 

In addition to JAK/STAT3 activation, binding of IL6 on its receptor triggers also the 

PI3K/Akt pathway[190] which controls NFkB activation. Indeed, the active form of Akt kinase 

correlated with secreted IL6 in all three cell lines tested. Knock-down of NEMO, the gamma 

subunit of IKK kinase and a key component of NFkB activation, resulted in suppression of PML 

gene transcription and protein induction, but simultaneously led to decrease in IL6 expression 

and secretion and STAT3 activation. Consistent with the  known ability of NFkB to control the 

expression of IL6 gene, the effect of NEMO knock-down on PML expression and down-

regulation of NFkB activity was abolished by recombinant IL6, which suggests indirect role of 

NFkB in PML regulation via modulation of IL6 production. Combined knock-down of NEMO 

and STAT3 did not result in additive or synergistic effect on PML expression which support our 

conclusion that NFkB acts in series with STAT3 signalling rather than in parallel (Fig. 5I). 

Despite these results we still cannot exclude the possibility that PML may be partially regulated 

by NFkB, as several putative NFkB binding site are present on PML promoter. As was discussed 

in previous work[97], the involvement of IRF1 in regulation of PML basal level is another 
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alternative . Since IRF1 gene is known target of NFkB, the decreased level of PML transcription 

after IL6 or NEMO depletion may be partially influenced by  inhibition of IRF1 expression, as is 

shown on figure 5H.    

In summary, the novel finding of this study is that in addition to IFN-JAK/STAT1 

pathway, IL6-JAK/STAT3 signalling controls also PML gene expression. Since IL6 is a well 

known signalling molecule that mobilizes organism-protective systems including innate and 

acquired immunity, our results indicate, that IL6 also can help to protect the organism by 

activation of PML tumour suppressor gene.  

 

4. Senescence-associated heterochromatin foci are dispensable for cellular senescence, occur in a 

cell type- and insult-dependent manner and follow expression of p16 ink4a. 

 

As shown in Chapter 3.1.1.1, senescent cells have many specific characteristics, but there 

is no universal marker characterizing all forms of senescence, which complicates detection of 

senescent cells especially in vivo, where senescence characteristic morphological changes or 

expression of Β-galactosidase are hardly applicable. As discussed above, the increase in PML 

protein level was found in all type of senescent cells, but induction of PML transcription may 

also reflect not only senescence but other cellular responses to stress such as viral infection. 

Formation of senescence-associated heterochromatin foci (SAHF) is accompanied with reduction 

of transcription in the cell including transcription of the genes necessary for cell cycle 

progression[191]. SAHF were observed in several forms of cellular senescence, which makes 

them the candidate for the universal senescence marker. However, previous studies focused 

mostly on the mechanism of SAHF formation, such as involvement of pRb pathway in SAHF 

formation or mechanisms of chromatin modifications, the role of SAHF in transcriptional control 

of the cell cycle promoting genes, all mainly in the context of oncogene-induced senescence. 

Since SAHF have been studied mostly using fibroblasts, which are in fact not the best model for 

studying cancer pathologies that most frequently affect epithelial cells, we wanted to examine the 

relevance of SAHF in a broader spectrum of cell types, including neonatal human epidermal 

keratinocytes (HEKn), furthermore the occurrence of SAHF in various types of senescence and 

whether these structures are applicable for detection of cellular senescence in vivo. 
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First, our experiments showed that SAHF formation differs not only between the types of 

cellular senescence, but also varies among cell types exposed to the same senescence-inducing 

stimulus. We showed that some cells (MRC5) are more sensitive to formation of these structures 

during oncogene-induced as well as replicative or drug-induced senescence in comparison with 

others (BJ and HEKn). Importantly, we showed the formation of SAHF after treatment with 

several chemotherapeutic drugs or bacterial toxin produced by facultative pathogenic strains of 

Gram-negative bacteria Haemophilus ducreyi (i.e. cytolethal distending toxin, CDT;[192]) in 

MRC5 fibroblasts, but not in BJ fibroblasts or normal keratinocytes.  

Secondly, Bartkova et al. observed the presence of heterochromatinization markers 

H3K9Me3 and HP1gamma in clinical specimens of premalignant human lesions[193]. Therefore 

we investigated whether typical DNA-DAPI defined SAHF could be detected in human tissues 

and tumours. Experiments with paraffin sections prepared from fibroblasts undergoing 

oncogene-induced senescence and stained by DAPI showed that routine tissue processing might 

reduce, but not completely prevent the ability to detect SAHF. Using exactly the same procedure 

of immunofluorescent staining on series of sections from tissues of human urinary bladder 

tumours (n=19), normal human bladder (n=5), colon (n=16), colorectal adenomas (grade III, 

n=38) and colon carcinomas (n=44), no clear evidence of DNA-DAPI-defined formation of 

SAHF was observed despite the positive expression pattern of H3K9Me3, HP1gamma and 

senescence-associated beta-galactosidase activity. Thus our results suggest that identification of 

senescent cells through detection of DAPI-defined SAHF may not be feasible. 

 Finally, correlation between the ability to form SAHF and the increased level of 

p16INK4a in various types of senescence was studied. p16 is an important CDK inhibitor whose 

involvement in cellular senescence was described and explained by its ability to induce 

hypophosphorylation of the Rb protein. High expression of p16 was identified as a marker of 

senescent cells in the skin of old people[194]. However, the induction of senescence was also 

observed in cells with low level of p16 due to activation of p53/p21 axis and possibly other 

mechanisms activating cell cycle checkpoints. We found the activation of p16 strongly correlated 

with the ability of cells to form SAHF at particular conditions, especially after RAS induction, in 

contrast for example to BJ cells, where virtually undetectable levels of p16 after treatment with 

various drugs or CDT correspond with their inability to form SAHF. These findings support 
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previous observation that p16 is not essential for every mode of cellular senescence, but is 

critical for heterochromatinization, engagement of Rb and irreversible cell cycle arrest. 
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9. Conclusions 
In this work we wanted to contribute to understanding molecular mechanisms of cellular 

senescence, important tumorigenesis barrier, with the aim to identify the role of cytokines and 

cytokine controlled signalling pathways in functional status of senescent cells. 

 

This work brings new findings, which can be summarized as follows:  

‐ commonly used chemotherapeutic drugs are able to induce premature cellular 

senescence in normal and cancer cells accompanied with the activation of complex 

cytokine network including many pro-inflammatory cytokines  

‐ autocrine/paracrine signalling mediated by these cytokines helps to induce and 

maintain senescence phenotype including the expression of tumour suppressor genes 

in senescent cells  

‐ activation of JAK/STAT signalling pathways in senescent cells contributes to 

maintenance of cytokine environment by regulation of expression of various 

cytokines, nonetheless does not play the crucial role in induction of drug-induced 

senescence  

‐ secretion of cytokines by senescent cells and their autocrine/paracrine effects through 

JAK/STAT pathways play the essential role in activation of PML gene transcription 

rather than by induction via DNA damage response-activated p53  

‐ IL6 is not essential for maintenance of drug-induced senescence, in contrary to  

oncogene-induced senescence   

‐ apart from genotoxic stress-induced senescence phenotype, cytokine driven 

JAK/STAT3 activation plays the important role in induction of PML gene expression 

also under the unperturbed condition  

‐ formation of senescence-associated heterochromatinization is not universal for all 

types of senescence and is not necessary for induction of senescence, namely  for 

drug-induced and replicative senescence 

‐ formation of SAHF correlates with induction of p16, which underscores their causal 

role in maintenance of senescence mediated through p16/Rb pathway  
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10. Significance of results and future prospects 
 

Since various drugs used in this study are routinely applied for diagnostic and therapeutic 

purposes in clinical settings, all findings summarized in this work are relevant for clinical aspects 

of cancer biology. Knowledge of consequence of autocrine/paracrine activation of 

JAK/STAT/PML pathways may show their clinical relevance with regard to the development of 

so-called “bystander effects” observed after radiotherapy and chemotherapy. In our future plans, 

we will study the effects of genotoxic stress-induced cytokine signalling on cancer 

microenvironment in more detail with the aim to better understand its benefits/disadvantages for 

organism during therapy of cancer. 
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Cytokine expression and signaling in drug-induced cellular senescence
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Cellular senescence guards against cancer and modulates
aging; however, the underlying mechanisms remain poorly
understood. Here, we show that genotoxic drugs capable
of inducing premature senescence in normal and cancer
cells, such as 5-bromo-20-deoxyuridine (BrdU), distamycin
A (DMA), aphidicolin and hydroxyurea, persistently
activate Janus kinase–signal transducer and activator
of transcription (JAK/STAT) signaling and expression
of interferon-stimulated genes (ISGs), such as MX1,
OAS, ISG15, STAT1, PML, IRF1 and IRF7, in
several human cancer cell lines. JAK1/STAT-activating
ligands, interleukin 10 (IL10), IL20, IL24, interferon c
(IFNc), IFNb and IL6, were also expressed by senes-
cent cells, supporting autocrine/paracrine activation of
JAK1/STAT. Furthermore, cytokine genes, including
proinflammatory IL1, tumor necrosis factor and trans-
forming growth factor families, were highly expressed.
The strongest inducer of JAK/STAT signaling, cytokine
production and senescence was BrdU combined with
DMA. RNA interference-mediated knockdown of JAK1
abolished expression of ISGs, but not DNA damage
signaling or senescence. Thus, although DNA damage
signaling, p53 and RB activation, and the cytokine/
chemokine secretory phenotype are apparently shared
by all types of senescence, our data reveal so far
unprecedented activation of the IFNb–STAT1–ISGs
axis, and indicate a less prominent causative role of
IL6-JAK/STAT signaling in genotoxic drug-induced

senescence compared with reports on oncogene-induced
or replicative senescence. These results highlight shared
and unique features of drug-induced cellular senescence,
and implicate induction of cancer secretory phenotype
in chemotherapy.
Oncogene (2010) 29, 273–284; doi:10.1038/onc.2009.318;
published online 5 October 2009

Keywords: cytokines; JAK/STAT signaling; interleukins;
cellular senescence; 5-bromo-20-deoxyuridine; distamycin A

Introduction

Human cells proliferating in vitro randomly withdraw
from the cell cycle and enter a state termed replicative
cellular senescence (Hayflick and Moorhead, 1961). This
complex phenotype is characterized by persistent cell
cycle arrest, morphological and functional features
(Campisi, 2005), including profound changes in cell
secretory phenotype (Kuilman and Peeper, 2009).
Replicative senescence is primarily caused by telomeric
DNA attrition, which can be accelerated, for example,
by oxidative stress (von Zglinicki, 2002). The progres-
sion towards replicative senescence is accompanied by
gradual increase of the tumor suppressor p53, cyclin-
dependent kinase inhibitors, p21WAF1/CIP1 (p21) and
p16INK4a (p16), and decline of growth-promoting factors
such as c-Fos (Bringold and Serrano, 2000). The absence
or abrogation of senescence is frequently observed under
conditions compromising the function of p53 and RB
tumor suppressor pathways, consistent with their key
roles in cell cycle arrest and development of the
senescent phenotype (Campisi, 2005; Mallette and
Ferbeyre, 2007).

Of late, several forms of premature senescence
independent of the proliferative history and telomere
shortening have been described (Schmitt, 2007). Onco-
gene-induced senescence can be elicited by exposure of
cells to aberrant mitogenic or oncogenic signals, such as
mutational activation or overexpression of Ras, mos,
cdc6 (cell division cycle 6), cyclin E, STAT5 (signal
transducer and activator of transcription 5), etc.
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(Serrano et al., 1997; Bartkova et al., 2006; Di Micco
et al., 2006; Collado et al., 2007; Mallette et al., 2007).
Chronic subtoxic doses of stress-inducing compounds
such as ethanol or H2O2 can cause stress-induced
senescence (Toussaint et al., 2002). Drug-induced
senescence can be promoted by a variety of chemically
and functionally unrelated DNA-damaging anticancer
agents, such as doxorubicin (Chang et al., 1999),
camptothecin (Han et al., 2002), 5-aza-20-deoxycytidine
(Timmermann et al., 1998; Kulaeva et al., 2003),
aphidicolin (APH) and hydroxyurea (HU) (Yogev
et al., 2006), or halogenated nucleotide analogs such as
5-bromo-20-deoxyuridine (BrdU) (Michishita et al.,
1999; Minagawa et al., 2005). Despite the fact that
oncogenic or stress stimuli do not promote telomere
shortening, prematurely senescent cells share similar
characteristics with cells undergoing replicative senes-
cence. Overall, cellular senescence represents a universal
growth arrest program, which can be triggered by
diverse stimuli.

Importantly, markers characteristic of cells under-
going senescence in vitro were also found in preinvasive
lesions of multiple types of human tumors (Michaloglou
et al., 2005; Bartkova et al., 2006; Di Micco et al., 2006;
Collado et al., 2007; Acosta et al., 2008; Kuilman et al.,
2008), supporting a view that cellular senescence acts as
a tumorigenesis barrier (Sager, 1991; Halazonetis et al.,
2008). On the other hand, senescent cells in tissues have
also been suggested to facilitate tumor growth (Krtolica
et al., 2001; Campisi, 2005; Parrinello et al., 2005)
through secreted factors that can promote tumorigen-
esis. For example, the ability of some cytokines to
induce DNA damage during their chronic administra-
tion in vitro (Moiseeva et al., 2006) indicates their
potential contribution to genome destabilization due to
local effects of secreted compounds. Such vicious circle
would also explain the coincidence of chronic inflam-
mation (to which the secretion of proinflammatory
cytokines by senescent cells can contribute) with
predisposition to malignancy (Coussens and Werb,
2002; Lin and Karin, 2007). To elucidate these issues,
new insights into cytokine secretion under various
senescence-promoting conditions and its influence
on pathophysiology of senescent cells are needed.
To contribute to such efforts, we have examined the
effects of several genotoxic, senescence-inducing com-
pounds, such as halogenated deoxyuridines, thymidine,
camptothecin, distamycin A (DMA), HU and APH, on
cytokine/chemokine signaling and its potential role in
premature cellular senescence.

Results

BrdU and DMA synergistically activate and induce
STAT1
Long-term administration of BrdU causes premature
cellular senescence in various cell lines (Michishita et al.,
1999; Minagawa et al., 2005), synergistically with DMA,
an AT-binding ligand (Suzuki et al., 2002). Similar to
other types of senescence, BrdUþDMA-induced senes-

cence (BDIS) is also accompanied by elevation of PML
nuclear bodies (Janderova-Rossmeislova et al., 2007).
While searching for a stimulus capable of activating the
interferon-regulated PML gene during premature senes-
cence (Chelbi-Alix et al., 1995), we found elevated levels
of activated forms of STAT1 in cells undergoing BDIS.
STAT1 phosphorylated on tyrosine 701 and serine 727
gradually increased during long-term treatment of HeLa
cells with the senescence-inducing mixture of BrdU/
DMA (each 10 mM; Figure 1a). The presence of both
STAT1 forms was clearly observable at day 4, peaking
between days 6 and 8 and then slowly decaying,
accompanied by elevation of total STAT1 (Figure 1a).
In contrast, the increase of total and Tyr701/Ser727-
phosphorylated STAT1 was almost undetectable when
either drug was used separately (Figure 1b; only day 6 of
the treatment is shown). Even 10-fold higher concentra-
tion of BrdU (100 mM) did not outreach the effect of
combined BrdUþDMA (Figure 1b), indicating syner-
gistic action of both drugs on STAT1 expression and
phosphorylation. Similar to HeLa cells, synergistic
induction and activation of STAT1 with BrdU and
DMA was found in A549 (Figure 1c) and U2OS cells
(Figure 1d). However, in H1299 cells, DMA alone, but
not BrdU even at high concentrations, induced total
STAT1 and Tyr701/Ser727 phosphorylation (Supple-
mentary Figure 1a), whereas MDA-MB-468 and
HS913T cells were less sensitive to both drugs at
concentrations effective in other cell lines (Supplemen-
tary Figures 1b and c).

5-Bromo-20-deoxyuridineþDMA-treated HeLa cells
displayed the activation of STAT1 concomitantly
with proliferation arrest (Supplementary Figure 2g),
enhanced senescence-associated b-galactosidase posi-
tivity (Supplementary Figures 1d and e), and induction
and activation of tumor suppressors and cell cycle
inhibitors (increased levels of p53, p21, phosphorylation
of serine 15 of p53 and hypophosphorylation of RB;
Supplementary Figure 2a). However, U2OS cells treated
with 100 mM BrdU developed senescence-like phenotype
with all markers present (Supplementary Figures 1f, g,
2c and i), yet without simultaneous activation of STAT1,
indicating that STAT1 activation is not a universal
feature of cellular senescence (Figure 1d).

Next, we examined how general is STAT1 activation
in response to diverse genotoxic compounds. When
halogenated nucleoside derivative 5-chloro-20-deoxyur-
idine was used instead of BrdU, it synergized with DMA
and activated STAT1 similar to BrdU (Supplementary
Figure 1h). Other genotoxic compounds known to
induce DNA replication stress and senescence in
cancer cells, such as APH, HU ((Yogev et al., 2006),
Supplementary Figures 1i–l), thymidine and camptothe-
cin ((Han et al., 2002; Engstrom and Kmiec, 2007), data
not shown) also activated and induced STAT1. APH or
HU used individually at concentrations inducing an
obvious senescent phenotype in HeLa cells induced
phosphorylation of STAT1 at both sites and induction
of total STAT1 to levels (Figure 1e) higher than that
induced by BrdU or DMA alone, but not to the level
induced by combined BrdUþDMA. Unexpectedly,
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other AT-binding agents, such as the distamycin-related
netropsin or the DNA intercalator Hoechst33258,
showed no or weak effects on STAT1 (Supplementary

Figure 1h). APH (0.3 mM) and HU (200 mM) combined
with 10 mM BrdU or 10 mM DMA had additive, rather
than synergistic effects on STAT1 phosphorylation
(Figure 1e). Thus, STAT1 is activated by diverse
chemical inducers of senescence in a cell line-dependent
manner. To gain further insights into the biology of this
phenomenon, we selected the synergistic combination of
BrdUþDMA.

Cytokine expression in HeLa cells exposed to
BrdUþDMA
As activation of STAT1 can be achieved by paracrine/
autocrine signaling of diverse cytokines through mem-
brane receptors, we next considered such scenario. The
presence of secreted cytokines was supported by the
ability of the medium conditioned by senescent HeLa
cells to induce interferon-stimulated proteins, PML and
STAT1, in untreated HeLa cells (Figure 2a). Moreover,
using the RT2 Profiler PCR Array System (SuperArray
Bioscience Corp., Frederic, MD, USA) (‘Interferons
and receptors’ and ‘Common cytokines’; see Supple-
mentary Materials and methods), we found increased
transcript levels of several cytokine species, including a
transforming growth factor family member inhibinb A
(B1400-fold), interleukin 8 (IL8) (B400-fold), IL24
(B300-fold), IL6 (B150-fold), a TNF (tumor necrosis
factor) family member CD70 (TNFSF7;B130-fold), trans-
forming growth factor-a (B100-fold), IL1b (B40-fold),
interferon b (IFNb) (B15-fold) and IFNg (more than
threefold) (Tables 1 and 2; Supplementary Tables 1 and 2).
We conclude that mRNA levels of several cytokines,
including ligands capable of receptor-mediated activation
of STAT1 (IFNb, IFNg, IL6, IL20, IL24 (Commins et al.,
2008)), were indeed elevated in BDIS.

STAT1-activating ligands IFNb and IL6 are secreted by
senescent HeLa cells
The expression of IFNb, the major STAT1-activating
ligand, was confirmed in separate time-course experi-
ments. Whereas IFNb mRNA was induced 2.6-fold and
47-fold in BrdU- and DMA-treated HeLa cells, respec-
tively, the BrdUþDMA combination caused a gradual
increase of IFNb mRNA to 268-fold elevation by day 6,
as assessed by quantitative reverse transcription PCR
(Figure 2b), consistent with synergistic effects of the
combined treatment. The IFNb mRNA in cells treated
with high BrdU (100 mM) alone increased less, yet
significantly (16-fold by day 6; Figure 2b). The
BrdUþDMA-induced elevation of IFNb mRNA was
also reproduced in A549 cells (Figure 2c). Finally,
enhanced IFNb protein in culture medium of BrdUþ
DMA-treated HeLa cells was detected by ELISA
(enzyme-linked immunosorbent assay) (Figure 2d) upon
a 6-day culture, compared with parallel controls without
BrdU/DMA.

Interleukin 6, though not the dominant inducer of
STAT1, can contribute to STAT1 activation (Qing and
Stark, 2004). We assessed secretion of the IL6 protein
after treatment of HeLa cells with DMA or BrdUþ
DMA by immunoblotting (Figure 3a) and cytometric

Figure 1 Genotoxic drugs induce expression and phosphorylation
of signal transducer and activator of transcription 1 (STAT1) in
various cell lines. (a) Immunoblotting analysis of a time-course of
STAT1 expression and its phosphorylation on serine 727 (pS,
specific band is marked by arrow) and tyrosine 701 (pY; a, b:
STAT1 a and b isoforms detected) in HeLa cells treated by 10 mM
5-bromo-20-deoxyuridine (BrdU) and 10mM distamycin A (DMA).
Note that increased expression and phosphorylation of STAT1
remained stable for next 2 days of cultivating in the absence of
BrdUþDMA in culture medium (last lane). Immunoblot detection
of total and phosphorylated forms of STAT1 in HeLa (b), A549
(c) and U2OS (d) cells after 6 days of treatment. (e) Immunoblot
comparison of the effect of BrdU, DMA, hydroxyurea, aphidicolin
and their combinations on STAT1 expression and phosphoryla-
tion. GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was
used as a loading control.
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‘bead array’ system, in comparison to IL8, another
interleukin produced during oncogene-induced senes-
cence ((Acosta et al., 2008; Kuilman et al., 2008);
Figures 3b and c). Increased concentrations of IL6 and
IL8 were detected in the culture medium of HeLa cells
treated with BrdUþDMA (10 mM) for 6 days compared
with controls. Elevated STAT3 and its Tyr705 phos-
phorylation indicated the autocrine/paracrine IL6-like
activity in BDIS cultures (Figure 3a).

To discriminate the specific contribution of BrdU
versus DMA to IL6 gene expression (Figure 3d), we
followed the dynamics of IL6 mRNA after exposure of
HeLa cells to either BrdU or DMA. Compared with
rapid elevation of IL6 mRNA after 4 h of DMA
treatment (data not shown), which reached the highest
levels (B60-fold) on day 6 (Figure 3e), BrdU induced
the expression of IL6 only modestly (Bthreefold) and

with delayed kinetics (after 48 h, Figure 3e). Thus,
analogous to IFNb, DMA has a dominant role in the
IL6 induction, and the synergy of DMA and BrdU in
the induction of IL6 expression correlates with their
synergy to induce senescence.

We conclude that the BrdUþDMA-inducible activa-
tion of STAT1 is associated with expression and
secretion of IFNb and IL6, ligands capable of activating
the Janus kinase (JAK)/STAT signaling pathway.

Expression of interferon-stimulated genes is elevated
in cancer cells exposed to BrdU and DMA
The enhanced expression and activation of STAT1,
and production of IFNb by drug-induced senescent
HeLa cells indicated the activity of the interferon-
mediated JAK/STAT signaling. To examine whether the

Figure 2 5-Bromo-20-deoxyuridine plus distamycin A (BrdUþDMA) treatment induces expression of interferon-b (IFNb).
(a) Immunoblot detection of PML and signal transducer and activator of transcription 1 (STAT1) in control HeLa cells grown for
4 days in normal medium (control) and medium conditioned by BrdUþDMA-treated, senescent HeLa cells (senescent; for details
see Supplementary Materials and methods). GAPDH (glyceraldehyde 3-phosphate dehydrogenase) serves as loading control. IFNb
mRNA levels quantified by quantitative reverse transcription PCR in HeLa cells (b) treated by BrdU and DMA and in A549 cells
(c) treated by the combination of 10 mM BrdU and 10mM DMA for specified time periods. The values representing average from two
(b) and three (c) independent experiments are shown as a fold induction relative to control; error bars represent standard error.
(d) Enzyme-linked immunosorbent assay (ELISA) of IFNb secreted into medium by control and BrdUþDMA-senescent HeLa cells.
Three independent experiments are shown separately, as the last experiment was processed with a different lot of ELISA kit. The values
represent the concentration of IFNb relative to the volume of cultivation medium per 100 000 cells; the numbers shown above the
columns represent fold induction relative to control.
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transcription targets of the pathway are induced, we
compared mRNA levels of 84 interferon-stimulated
genes (ISGs) using RT2 Profiler PCR Array System
(‘Interferon and Receptors’), which covers several
known targets of IFN type I and II signaling. A total
of 22 genes that showed more than fivefold elevation of
mRNA in BrdUþDMA-treated HeLa cells (at day 6)
compared with controls are listed in Table 1. The most
upregulated gene was MX1 (B1700-fold), which is
consistent with its strong and exclusive IFN type I
inducibility (Ronni et al., 1998). The expression of MX1

was confirmed in time-course experiments at mRNA
and protein levels (Supplementary Figures 3a–c).
Elevated mRNAs of additional well-known interferon-
inducible genes, including chemokine ligand 10 (B500-
fold), the ubiquitin-like modifier ISG15 (B90-fold) and
20,50-oligoadenylate synthetase 1 (B25-fold), were also
found (Table 1).

In addition, prolonged expression of IFNb in
senescent cells suggested involvement of transcription
factors participating in late interferon response (inter-
feron regulatory factors, IRFs), which can maintain

Table 1 List of ISGs with transcripts upregulated by 10mM BrdUþDMA

UniGene Description Fold ind. P-value

Hs.517307 Myxovirus (influenza virus) resistance 1 1740.15 0.0003
Hs.632586 Chemokine (C–X–C motif) ligand 10 503.20 0.0005
Hs.20315 Interferon-induced protein with tetratricopeptide repeats 1 170.66 0.0004
Hs.512234 Interleukin 6 151.69 0.0025
Hs.47338 Interferon-induced protein with tetratricopeptide repeats 3 96.67 0.0007
Hs.458485 ISG15 ubiquitin-like modifier 91.77 0.0000
Hs.523847 Interferon, a-inducible protein 6 58.28 0.0004
Hs.163173 Interferon induced with helicase C domain 1 46.37 0.0012
Hs.532634 Interferon, a-inducible protein 27 42.52 0.0007
Hs.458414 Interferon-induced transmembrane protein 1 (9–27) 41.64 0.0006
Hs.401013 Interferon regulatory factor 4 28.25 0.0022
Hs.524760 20,50-oligoadenylate synthetase 1 25.55 0.0004
Hs.437609 Interferon-induced protein with tetratricopeptide repeats 2 21.41 0.0000
Hs.166120 Interferon regulatory factor 7 12.91 0.0094
Hs.62192 Coagulation factor III (thromboplastin, tissue factor) 11.71 0.0006
Hs.145150 SP110 nuclear body protein 11.31 0.0015
Hs.632790 Interleukin 3 receptor-a 8.66 0.0090
Hs.436061 Interferon regulatory factor 1 7.92 0.0003
Hs.380250 Interferon-g-inducible protein 16 7.70 0.0041
Hs.82316 Interferon-induced protein 44 5.94 0.0089
Hs.591742 Interleukin 7 receptor 5.92 0.0006
Hs.224645 Pyrin and HIN domain family, member 1 5.45 0.0057

Abbreviations: BrdU, 5-bromo-20-deoxyuridine; DMA, distamycin A; Fold ind., fold induction of the transcript, relative to control; ISG,
interferon-stimulated gene.

Table 2 List of cytokines with transcripts upregulated by 10mM BrdUþDMA

UniGene Description Fold ind. P-value

Hs.583348 Inhibin-bA (activin A) 1408.55 0.0008
Hs.624 Interleukin 8 421.68 0.0004
Hs.411311 Interleukin 24 314.08 0.0039
Hs.512234 Interleukin 6 (interferon-b2) 140.56 0.0023
Hs.501497 CD70 molecule 129.34 0.0003
Hs.170009 Transforming growth factor-a 115.36 0.0000
Hs.272373 Interleukin 20 49.18 0.0028
Hs.473163 Bone morphogenetic protein 7 (osteogenic protein 1) 43.71 0.0003
Hs.126256 Interleukin 1-b 42.22 0.0090
Hs.478275 Tumour necrosis factor (ligand) superfamily, member 10 40.64 0.0000
Hs.591873 Interleukin 7 40.09 0.0010
Hs.1573 Growth differentiation factor 5 (cartilage-derived morphogenetic protein-1) 39.81 0.0008
Hs.241570 Tumour necrosis factor (TNF superfamily, member 2) 38.45 0.0003
Hs.181097 Tumour necrosis factor (ligand) superfamily, member 4 32.33 0.0031
Hs.856 Interferon-g 27.76 0.0005
Hs.1722 Interleukin 1-a 19.29 0.0028
Hs.370414 Nodal homolog (mouse) 10.85 0.0012
Hs.211238 Interleukin 1 family, member 9 10.02 0.0011
Hs.960 Interleukin 9 8.06 0.0012
Hs.591402 Colony-stimulating factor 1 (macrophage) 5.98 0.0005
Hs.121507 Bone morphogenetic protein 3 (osteogenic) 5.84 0.0088

Abbreviations: BrdU, 5-bromo-20-deoxyuridine; DMA, distamycin A; Fold ind.,fold induction of the transcript, relative to control.
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sustained expression of type I IFNs in a positive
regulatory loop under conditions such as viral infection
(Honda et al., 2005). Indeed, as indicated by ‘Interferon
RT PCR profiler array’ data set, three members of the

IRF family (IRF1, 4 and 7) were upregulated at the
mRNA level (Table 1). Among them, IRF1 and IRF7,
can be directly involved in stimulation of the IFNb gene
(Kim and Maniatis, 1997). We confirmed their expres-
sion at the mRNA and protein levels in time-course
experiments when BrdU and DMA were used either
simultaneously or separately. Gradual increase of IRF1
mRNA to 42-fold and 10-fold elevation (Figure 4a)
accompanied by increased IRF1 protein levels (Figures
4c and d) was detected in HeLa cells exposed to
10 mM BrdUþDMA and 100 mM BrdU for 6 days,
respectively. DMA and BrdU, when used separately,
increased the level of IRF1 mRNA by eightfold and
twofold after 6 days, respectively. A 120-fold increase of
IRF7 mRNA was observed by day 6 using the combined
BrdUþDMA, and 22-fold using 100 mM BrdU alone
(Figure 4b). DMA and BrdU (each 10 mM) used separa-
tely increased the level of IRF7 mRNA by 24-fold and
1.6-fold after 6 days, respectively. The increase of IRF7
mRNA levels was also accompanied by the elevation of
IRF7 protein (Figures 4c and d). Initial increases (over
twofold) of both gene transcripts were detected already
by 24-h BrdUþDMA treatment. The onset of IRF1
protein induction by 24-h BrdUþDMA treatment
correlated with the induction of IFNb expression
(Figure 2b), indicating that IRF1 occurs in early phases
of interferon gene induction and, together with IRF7,
can participate in the persistent activity of the IFN-
JAK/STAT pathway in cells undergoing BDIS. In
addition, we found elevated IRF1 in HeLa cells brought
to senescence using camptothecin, etoposide (see also
Pamment et al., 2002), doxorubicin, APH and HU (data
not shown).

Overall, the upregulation of transcripts of several
ISGs indicated that BrdUþDMA-induced activity of
interferon-JAK/STAT signaling results in correspond-
ing gene expression.

BrdUþDMA-induced expression of ISGs requires JAK1
To prove that activated JAK1/STAT1 signaling induced
by BrdUþDMA is indeed instrumental for the induc-
tion of ISGs, we knocked down JAK1, the receptor-
associated kinase responsible for STAT1 activation,
using lentiviral transduction of HeLa cells with vectors
carrying short hairpin RNAs (shRNA; Supplemen-
tary Materials and methods). Four JAK1-specific

Figure 3 Induction of interleukin-6 (IL6) and IL8 expression
during 5-bromo-20-deoxyuridine plus distamycin A (BrdUþDMA)-
evoked senescence. (a) Immunoblot detection of IL6 levels, the
level of signal transducers and activators of transcription 3
(STAT3) and its Tyr705 phosphorylation status in HeLa cells
treated with BrdU and DMA. GAPDH (glyceraldehyde 3-
phosphate dehydrogenase) was used as the loading control.
Estimation of IL6 (b) and IL8 (c) in medium conditioned by
HeLa cells treated with BrdU and DMA, using the FACS bead
array. Quantitative real time reverse transcription PCR quanti-
fication of IL6 mRNA levels in HeLa cells exposed to 10 mM
BrdUþ 10 mM DMA (d) and the two drugs used separately (e).
The values representing average of three independent experi-
ments are shown as fold induction relative to control; error bars
represent standard error.
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shRNAs showed different efficiency of JAK1 knock-
down (Figures 5a and b), which correlated well with the
extent of suppression of total and activated STAT1 and
several ISGs (that is, IRF1 and MX1, Figure 5c and
Supplementary Figure 3c). Thus, the induction of ISGs
during development of BDIS depends on active JAK1/
STAT1 signaling.

Figure 5 Inhibition of Janus kinase 1 (JAK1) expression aborts
signal transducers and activators of transcription 1 (STAT1) activation
and expression of interferon-stimulated genes (ISGs), but not DNA
damage signaling. (a) Immunoblot analysis of JAK1 expression
levels affected by short hairpin RNAs (shRNAs) directed against
JAK1 (JAK#1, #2, #3, #4) in HeLa cells. (b) Real-time quantitative
reverse transcription PCR estimation of knockdown efficiency
of shRNAs directed against JAK1 (shJAK1 #1, #2, #3, #4). The
average values representing three independent experiments are
given as arbitrary units relative to control. Error bars represent
standard error. (c) Immunoblot detection of STAT1 expression
and activity, p21, Rb (hypophosphorylated Rb–asterisk), total and
serine 15-phosphorylated p53 (pS-p53) and expression of ISGs
(IRF1 and MX1) after a 6-day treatment with 5-bromo-20-
deoxyuridine plus distamycin A (BrdUþDMA) in HeLa cells
transduced by shRNAs specific for JAK1 (shJAK1 #1, #2, #3, #4)
and empty vector (ctrl). GAPDH (glyceraldehyde 3-phosphate
dehydrogenase) was used as a loading control.

Figure 4 HeLa cells treated with 5-bromo-20-deoxyuridine plus
distamycin A (BrdUþDMA) exhibit increased expression of
interferon regulatory factor 1 (IRF1) and IRF7. IRF1 (a) and
IRF7 (b) mRNA levels quantified by quantitative reverse
transcription PCR in BrdUþDMA-treated HeLa cells. The
average values representing three independent experiments are
given as fold induction relative to control. Error bars represent
standard error. Immunoblot analysis of IRF1 and IRF7 protein
levels in HeLa cells treated with 10mM BrdU plus 10 mM DMA
(c) or 100mM BrdU (d) for various time intervals. Note that
elevated levels of IRF1 and IRF7 observed at day 6 remained
unchanged for the next 2 days after removal of both drugs from the
culture medium (see the last lane in c). GAPDH (glyceraldehyde
3-phosphate dehydrogenase) was used as a loading control.
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IL6 and JAK1 are not essential for drug-induced DNA
damage signaling and BDIS
DNA damage signaling is a feature shared by all types
of senescence (Campisi and d’Adda di Fagagna, 2007;

Mallette and Ferbeyre, 2007; Halazonetis et al., 2008),
and given the recent reports on oncogene-induced and
replicative senescence (Kuilman and Peeper, 2009),
complemented by our present data on drug-induced
senescence, cytokine/chemokine secretion may represent
another universal aspect of cellular senescence. Given
that downregulation of IL6 by RNA interference
rescued cells from oncogene-induced senescence (Kuilman
et al., 2008), we examined whether this causal relation-
ship is also involved in BDIS. Surprisingly, even a
substantial shRNA-mediated depletion of IL6 (shIL#1:
>90% for protein; Figure 6a and 85% for mRNA;
Figure 6b), validated by the loss of potential of the
corresponding HeLa-conditioned medium to support
IL6-dependent growth of mouse hybridoma B9 cells
(>90%; Supplementary Figure 4a), had no effect on
receptor-dependent phosphorylation of STAT1 and
STAT3, activation of ‘senescence markers’ (p21, Rb,
p53, pS15p53; Figure 6a) and the development of BDIS
(Supplementary Figures 4b–i). Furthermore, we found
only marginal elevation of CCAAT-enhancer-binding
protein b (C/EBPb) mRNA in BDIS (Supplementary
Figure 4j), contrary to the robust C/EBPb increase
reportedly underlying the IL6-C/EBPb-positive feed-
back loop that drives BRAFE600 oncogene-induced
senescence (Kuilman et al., 2008). These results indicate
that the IL6-C/EBPb regulatory circuit is not essential
for BDIS.

Furthermore, inhibition of JAK1-dependent signaling
through JAK1-specific shRNA had no effect on devel-
opment of BDIS (Supplementary Figures 5a–i). Even
inhibition of four kinases of the JAK family (JAK1,
JAK2, JAK3, Tyk2) with the specific JAK inhibitor I (2-
(1,1-dimethylethyl)-9-fluoro-3,6-dihydro-7H-benz[h]-
imidaz[4,5-f]isoquinolin-7-one), had no effect on activa-
tion of p21 and development of senescence itself
(Figure 6c; Supplementary Figures 5j–m). Consistently,
with preserved senescence, the extent of drug-induced
DNA damage signaling, monitored by Ser15-phos-
phorylated p53 (Figures 5c and 6c), or focus formation
of DNA damage markers gH2AX or 53BP1 in cells

Figure 6 Inhibition of IL6 expression does not affect induction
of expression and activation of signal transducers and activators
of transcription 3 (STAT3), STAT1 and tumor suppressors after
5-bromo-20-deoxyuridine plus distamycin A (BrdUþDMA)
treatment. (a) Immunoblot detection of STAT3 and STAT1
expression and phosphorylation (pY-STAT3 and pY-STAT1),
p53 and serine 15-phosphorylated p53 (pS-p53), p21 and Rb
(hypophosphorylated Rb–asterisk) after 6 days of treatment with
BrdUþDMA (10mM) in HeLa cells transduced by short hairpin
RNAs (shRNAs) specific for IL6 (shIL6 #1, #2, #3) and non-
sense shRNA (sh-ctrl). GAPDH (glyceraldehyde 3-phosphate
dehydrogenase) was used as a loading control. (b) Real-time
quantitative reverse transcription PCR estimation of knockdown
efficiency of shRNA directed against IL6 (shIL6 #1). The average
values representing three independent experiments are given as
arbitrary units relative to control. Error bars represent standard
error. (c) Immunoblot detection of STAT3 and STAT1 phos-
phorylation (pY-STAT3 and pY-STAT1), MX1, p53 and serine
15-phosphorylated p53 (pS-p53), and p21 after 6 days of treatment
with BrdUþDMA (10mM) in HeLa cells treated with the chemical
Janus kinase inhibitor I (iJAK).
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treated by genotoxic drugs (data not shown), remained
unaffected after JAK1 knockdown or JAK1 activity
inhibition. Importantly, the JAK/STAT signaling
was effectively abolished under such conditions, as
documented by gross reduction of the most sensitive
downstream readout, the MX1 expression (Figures 5c
and 6c).

Altogether, these results indicate that IL6-C/EBPb-
and JAK1-mediated signaling is not required for the
drug-induced DNA damage response and senescence.

Discussion

Cellular senescence is a biological phenomenon invol-
ved in major pathophysiological processes such as
tumorigenesis and aging (Campisi, 2005; Collado
et al., 2007). Our present study contributes several
findings that help better understand premature senes-
cence induced in tumor cells by diverse genotoxic
compounds used in various clinical applications includ-
ing cancer chemotherapy.

First, we report induction of a secretory phenotype
that accompanied such senescence, characterized by
prolonged activation of the JAK1/STAT1 signaling
pathway and long-term upregulation of several ISGs
including tumor suppressors, IRF1, PML, STAT1,
mda-7/IL24, and additional cytokines, such as pro-
inflammatory IL1a/b, IL6, IL8, TNFSF7 and TNFa.
Our results extend recent broadly analogous findings
on replicative senescence and oncogene-induced pre-
mature senescence (Acosta et al., 2008; Kuilman et al.,
2008), and indicate that such secretory phenotype is
shared by all major types of senescence. In addition,
the spectrum of induced cytokines/chemokines we
observed is significantly broader than those reported
for other senescence scenarios, and the involvement
of the IFNb–STAT1–ISGs axis seems to be so far
unprecedented.

Regulation of IFN-dependent signaling is complex
(Shuai and Liu, 2005), yet the gradual onset and long-
term persistence of IFNb–JAK/STAT signaling seen in
our drug-treated cells indicates engagement of positive
regulatory loops reminiscent of those operating in virus-
infected cells (Honda et al., 2005). According to such
model, virally activated IRFs (IRF7 and IRF3) drive the
expression of IFNs, the secretion of which enables the
establishment of a positive regulatory loop through
autocrine/paracrine mechanisms. The activation of the
IFN type I JAK/STAT signaling results in transcrip-
tional induction of IRFs and IFN genes whose products
then close and amplify the loop. A similar mechanism
might explain the persistent induction of ISGs (including
IRF1 and IRF7) also in later phases of BrdUþDMA-
induced secretory phenotype reported here. Surpris-
ingly, IFNb, but none of several IFNa species tested
here, were induced in drug-exposed cells (Supplemen-
tary Table 1), suggesting that expression of IFN type I
genes, IFNb and IFNa, is differentially regulated in
drug-induced senescence.

Another observation we made is the variability in
terms of senescence and cytokine signaling responses,
depending on the cancer cell line and genotoxic drug
used. The former variability likely reflects the diverse
genetic backgrounds in our models, particularly the
status of the p53 and RB tumor suppressors whose
defects (in MDA-MB-468 and HS913T cells) correlated
with rather poor responses compared with p53/RB-
proficient U2OS and A549 cells. RB and p53 are critical
for proper execution of senescence (Collado et al., 2007;
Mallette and Ferbeyre, 2007) and their defects are often
accompanied by enhanced constitutive DNA damage
(DiTullio et al., 2002), also because such tumors breac-
hed the anticancer barrier of DNA damage checkpoints
and senescence (Mallette and Ferbeyre, 2007; Halazo-
netis et al., 2008). The fact that HeLa cells responded
relatively well to genotoxic drugs may reflect BrdU/
DMA-induced degradation of the papilloma virus
oncoproteins E6 and E7 (Suzuki et al., 2001), thereby
liberating the endogenous p53 and RB functions, and
hence promoting the senescence response.

The latter variability, seen in response to the eight
genotoxic compounds and their combinations used here,
might be attributable to the distinct modes of drug–
DNA interactions, or the types and extent of DNA
lesions they cause. In any case, our results on differential
abilities of genotoxic drugs to induce complex secretory
phenotypes should be kept in mind when applying such
compounds in neurological examinations (such as
BrdU) and especially chemotherapy (several of the
drugs used here).

From the mechanistic point of view, the key
phosphorylations of STAT1 detected in our experi-
ments, on Tyr701 and Ser727, are critical for STAT1
translocation into the cell nucleus and maximal tran-
scriptional activation, respectively (van Boxel-Dezaire
et al., 2006). STAT1 phosphorylation by JAK/Tyk
kinases can be triggered by several cytokines and growth
factors, for example, IL6, IL10 and growth hormones,
but it is dominantly activated by interferons (Imada and
Leonard, 2000), the production of which in response to
drugs was revealed by our present study. Recently, IL6
and IL8 have been causally implicated in the induction
and maintenance of oncogene-induced senescence
(Acosta et al., 2008; Kuilman et al., 2008). Our data
confirm and extend these studies, by showing that both
IL6 and IL8 are produced in drug-induced senescence
also. In contrast to the abolishment of BRAF-oncogene-
induced senescence by RNA interference-mediated IL6
depletion (Kuilman et al., 2008), however, neither IL6
nor the JAK1/STAT1 signaling proved to be strictly
required for the senescence phenotype induced by
genotoxic drugs examined here. The lack of impact is
unlikely to be attributable to insufficient knockdown, as
IL6 was depleted to undetectable levels (over 90%) and
the JAK1 knockdown abolished the downstream events
of the JAK/STAT pathway such as MX1 induction. We
propose that the secretory phenotype may have a less
critical role in the chemically induced premature
senescence compared with some other types of cellular
senescence. This conclusion is further supported by the
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fact that in some drug/cell line combinations reported
here, the senescence phenotype occurred in the absence
of pronounced JAK/STAT signaling.

We believe that the major driving force behind the
genotoxic drug-induced senescence is the activated
DNA damage response machinery, evoked by the
DNA lesions caused by the drugs we use. Furthermore,
DNA damage signaling was not affected by blocking
either IL6 or JAK/STAT signaling here (Figures 5, 6
and data not shown), again supporting the notion
that DNA damage checkpoints activate p53 and RB,
and likely other pathways that impose the prolifera-
tion arrest characteristic of senescence. DNA damage
signaling also contributes to other types of senescence,
including replicative and oncogene-induced cellular
senescence (Campisi and d’Adda di Fagagna, 2007;
Mallette and Ferbeyre, 2007; Halazonetis et al., 2008),
and the severity of cell phenotype depends on the thres-
hold of DNA damage and/or ‘oncogenic stress’ involved
(Bartek et al., 2007). We speculate that the more
stringent requirement for cytokine/chemokine signaling
in some other types of senescence may reflect the coo-
perative effects of the relatively modest degree of DNA
damage evoked by BRAF oncogene, for example, that
requires IL6 signaling to boost the intrinsic anti-
proliferative pathways to fully evoke and maintain
senescence (Kuilman et al., 2008). In contrast, the extent
of DNA damage generated by genotoxic drugs or some
other senescence-inducing stimuli, including more po-
tent oncogenes or telomere attrition, might be sufficient
to reach the threshold required to trigger senescence.

Redundancy among ligands or signaling modules -
in diverse senescence scenarios may also affect the
biological outcome of the knockdown experiments.
Thus, whereas the dramatic impact of depleting a single
cytokine/chemokine ligand or receptor on oncogene-
induced senescence (Acosta et al., 2008; Kuilman et al.,
2008) implies very little or no redundancy in such
secretory network signaling, the lack of impact on IL6
depletion in our experiments can be explained by
multiple ligands capable of activating the signaling
pathway (Figure 6c), consistent with a broad spectrum
of cytokines/chemokines elevated in response to geno-
toxic drugs. Regardless of their requirement for estab-
lishment of senescence, the autocrine/paracrine effects
of cytokines in our present experiments contributed
to the senescence-associated gene expression pattern,
as was shown by induction of many ISGs in senescent
cells, and to their gross reduction upon JAK1 knock-
down. We hope that our results will inspire further
research into drug-induced secretory phenotypes, par-
ticularly in vivo, in clinical settings in which such drugs
are applied for various diagnostic and therapeutic
purposes. As the secreted signaling molecules also exert
diverse cell non-autonomous effects, such as immuno-
modulation (Campisi, 2005), and genes such as IFNb or
mda-7/IL24 or MX1 that were found elevated in our
present study harbor potent tumor suppressor functions
(Kaynor et al., 2002; Fisher, 2005; Mushinski et al.,
2009), their drug-induced expression may affect the
outcome of cancer chemotherapy.

Materials and methods

Chemicals and antibodies
BrdU, DMA, netropsin, Hoechst33258, HU, APH and
TriReagent were from Sigma (St Louis, MO, USA) and
5-chloro-20-deoxyuridine from MPBiomedicals (Eschwege,
Germany). The antibodies used are listed in Supplementary
Materials and methods.

Cell culture
A549 and U2OS cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum,
and HeLa were cultured in the same medium supplemented
with 5% fetal bovine serum. Cells were kept at 37 1C under 5%
CO2 atmosphere. For additional cell culture information see
Supplementary Materials and methods.

Induction of cellular senescence
On the basis of pilot experiments, 100 mM BrdU or a
combination of 10 mM BrdU with 10mM DMA (dissolved in
dimethyl sulfoxide) were chosen for routine administration to
reach senescence within 6 days of the treatment. Culture
medium with fresh additives was changed every second day.
STAT1 phosphorylation and IRF1 and IRF7 expression were
estimated on HeLa cells treated with 10 mM BrdU or 10 mM
DMA for 6 days, followed by thorough medium change and
2-day culture without drugs.

Quantitative real-time reverse transcription PCR
Total RNA was isolated using TriReagent according to the
manufacturer’s protocol. For IFNb transcripts, purified RNA
was treated with 80U/ml DNase (TURBO DNA-free Kit,
Applied Biosystems, Foster City, CA, USA) for 40min at
37 1C. First strand cDNA was synthesized from 200 ng of
RNA with random hexamer primers using TaqMan Reverse
Transcription Reagents (Applied Biosystems). Quantitative
reverse transcription PCR was performed in ABI Prism 7300
(Applied Biosystems) using SYBR Green I or Power SYBR
Green I Master Mix (Applied Biosystems) with the primers
shown in Supplementary Materials and methods. The relative
cDNA amount was estimated by standard curve, data normal-
ized to GAPDH (glyceraldehyde 3-phosphate dehydrogenase).

Determination of cytokine secretion
HeLa cells were treated with 10mM BrdU or 10mM DMA for
6 days with medium change every second day. The conditioned
medium was collected at day 6 and the number of cells per each
dish counted. The concentration of IFNb in culture medium
was estimated using Human IFNb ELISA kit (PBL Biomedical
Laboratories, Piscataway, USA). Absorbance (450nm) was mea-
sured by reader Tecan Sunrise (Grödig, Austria). The concentra-
tion of IFNb was derived from standard curve and expressed as
picograms per milliliter medium per 100000 cells. IL6 and IL8
were estimated by ‘FACS bead array’ using FlowCytomix Human
Simplex Kit (BMS8213FF and BMS8204FF, respectively, Bender
MedSystems, Wien, Austria) on flow cytometer LSRII (BD
Biosciences, San Jose, USA) according to manufacturer’s protocol.

Transduction of shRNA
Specific shRNAs were introduced into HeLa cells using
lentiviruses. In brief, HEK293T cells were transfected by one
shRNA-coding lentiviral expression vector and two lentiviral
packaging vectors (pMD2.G, psPAX2, Addgene, www.addgene.
org) using calcium phosphate transfection. After 2 days, super-
natant was removed and viral particles precipitated for 24h by
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PEG-it virus precipitation solution (System Biosciences, Mountain
View, CA, USA). HeLa cells were infected with viral particles by
application of supernatant for 48h. Transduced HeLa cells were
selected using puromycin during 6 days. The list of shRNAs used
is shown in Supplementary Materials and methods.
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Supplementary materials and methods 

Chemicals and antibodies 

X-Gal was purchased from Fluka (Buchs, Switzerland). Human recombinant IL6 was 

purchased from Peprotech (New Jersey, USA) and JAK Inhibitor I (2-(1,1-dimethylethyl)-9-

fluoro-3,6-dihydro-7H-benz[h]-imidaz[4,5-f]isoquinolin-7-one) from Calbiochem (Beeston, 

UK). Following antibodies were used: anti-PML rabbit serum, polyclonal sera against IRF1 

(sc-13041), IRF7 (H-246) and p16 (H-156), rabbit serum C-20 against STAT3 (all from Santa 

Cruz Biotechnology, Santa Cruz, CA, USA), mouse monoclonal antibodies against STAT1 and 

phosphoserine 727 of STAT1 (EXBIO, Prague, Czech Republic), rabbit polyclonal serum 

against phosphotyrosine 701 of STAT1, anti-phosphoTyr705-STAT3 mouse monoclonal 

antibody and anti-phosphoSer15-p53 rabbit serum (Cell Signalling Technology, Danvers, MA, 

USA), anti-IL6 goat serum (R&D Systems, Minneapolis, MN, USA), mouse monoclonal 

antibody 6G5 against GAPDH (Acris Antibodies GmbH, Hiddenhausen, Germany), mouse 

monoclonal antibody against JAK1 (#05-1154; Millipore, Billerica, MA, USA), anti-MX1 

mouse monoclonal antibody gifted by dr. Otto Haller (Institute for medical microbiology and 

hygiene, Freiburg, Germany), human autoimmune serum reactive with PCNA provided by dr. 

Kafkova (Institute of Rheumatology, Prague, Czech Republic), mouse monoclonal antibody 

against Rb (BD Pharmingen, San Diego, CA, USA), anti-p21 monoclonal antibody (DSC60; 

(Thullberg et al., 2000); and Transduction Laboratories, Lexington; KY, USA),  polyclonal 

serum against p53 obtained from dr. Vojtesek (Masaryk memorial cancer institute, Brno, 

Czech Republic). Secondary antibody conjugated with ALEXA 568 was purchased from 

Molecular Probes (Eugene, OR, USA).  

 

Cell cultures 

MDA-MB-468 and HS913T cells were cultured in Dulbecco’s modified Eagle’s medium 

supplemented with 10% fetal bovine serum (FBS), and H1299 were grown in RPMI-

1640/10% FBS. Mouse hybridoma B9 cells (Deutsche Sammlung von Mikroorganismen und 

Zellkulturen GmbH, Braunschweig, Germany) were cultured in RPMI-1640 supplemented 

with 10% FBS, 50 μM mercaptoethanol and IL6 (100 pg/ml).  Cells were kept at 37°C under 

5% CO2 atmosphere and 95% humidity. 

 



 

Estimation of cellular senescence in vitro  

Senescence associated-β-galactosidase assay was performed according to (Dimri et al., 1995) 

with modifications described in (Serrano et al., 1997). Images were captured by fluorescence 

microscope (Leica DMRXA or Leica DM6000B, Leica Microsystems, Wetzlar, Germany) 

equipped with digital camera, contrast of images was adjusted in Adobe Photoshop software. 

 

Estimation of cytokine production 

To assess a biological activity of cytokines secreted by senescent cells into cultivation medium, 

HeLa cells were driven into senescence by cultivation in 10 μM BrdU/10 μM DMA for 6 days. 

The cultivation medium was then removed, the cells thoroughly washed with fresh medium 

and cultivated in fresh drug-free medium for next 4 days with exchange at second day. The 

medium conditioned by senescent cells was removed at day 2 and 4 and transferred to normal 

proliferating HeLa cells. Control cells were treated in the same way by the medium 

conditioned by normal HeLa cell culture. After 4 days of cultivation in conditioned medium, 

cultures were harvested for further analysis of PML and STAT1 expression by 

immunoblotting. 

 

Estimation of IL6 biological activity  

To test the biological activity of IL6 secreted by senescent HeLa cells and the decrease of IL6 

upon the knock-down mediated via IL6-specific short hairpin RNA, growth dependency of 

mouse hybridoma B9 cells on the presence of IL6 was exploited (Helle et al., 1988). HeLa 

cells, either wild-type (untreated), or transduced with short hairpin non-sense (control) or IL6-

specific shRNA (IL6 #1), were treated for 6 days with BrdU+DMA (10 μM). Cultivation 

medium (10% FBS/DMEM) was changed every second day with fresh drugs replenished. At 

day 6, medium was removed, the cells were thoroughly washed with fresh medium and 

cultivated in fresh drug-free 10% FBS/RPMI-1640 medium for the next 24 hours. The 

conditioned media were then transferred in increasing dilutions to mouse hybridoma B9 cells 

seeded in triplicate at the density of 25 000 cells/ml in 24 well plate. The dilution of medium 

conditioned by untreated HeLa cells, the addition of which no longer supported growth of B9 

cells, was estimated as approximately 1:4000. This dilution was selected as the standard for 

subsequent comparative estimation of IL6 biological activity of conditioned media from 



senescent HeLa cells treated with either control or IL6-specific shRNA, in the B9 cell growth 

assay. As positive or negative controls, B9 cells were cultivated with or without addition of 

recombinant IL6 (100 pg). 50-μl aliquots of B9 cell suspension cultures were taken every 24 

hours for several days, and cell growth (cell count) and viability were measured after staining 

with Hoechst 33258 (Invitrogene, Carlsbad, CA, USA) by flow cytometer (BD LSRII, BD, 

Franklin Lakes, NJ, USA). Each experiment was performed in triplicate.   

 

Primers used in qRT-PCR 

GAPDH, 5'-GTCGGAGTCAACGGATTTGG-3’, 5'-AAAAGCAGCCCTGGTGACC-3'; 

IRF-1, 5'-CTGGCACATCCCAGTGGAA-3', 5'-CATCCTCATCTGTTGTAGCTTCAGA-3'; 

IFNβ, 5'-AACTTTGACATCCCTGAGGAGATT-3', 5'-GCGGCGTCCTCCTTCTG-3'; 

IRF-7, 5'-CCCCCATCTTCGACTTCAGA-3', 5'-CAGGACCAGGCTCTTCTCCTT-3'; 

IL6, 5’-AGCCCTGAGAAAGGAGACATGTA-3’, 5’-TCTGCCAGTGCCTCTTTGC-3’; 

MX1, 5’-CTCCCACTCCCTGAAATCTG-3’, 5’-GAGCTGTTCTCCTGCACCTC-3’. 

JAK1, 5´-GGATAACATCAGCTTCATGCTAAA-3´, 5´-CACCAGCAGGTTGGAGA 

TTT-3´; 

C/EBPbeta, 5´-ACCCACGTGTAACTGTCAGCC-3´, 5´-TCAACAGCAACAAGCCCGT-3´ 

 

Determination of expression of interferon stimulated genes and cytokines by RT2 

Profiler PCR Array System 

Total RNA was isolated using TriReagent and applied on RNeasy minicolumns (Qiagen, 

GmbH, Hilden, Germany). Briefly, cells were harvested into 1 vol TriReagent, 1/5 vol 

chloroform was then added. Following the addition of chloroform, the aqueous phase 

containing RNA was mixed with 2 volumes of 70% ethanol and applied onto RNeasy 

minicolumns according to the manufacturer’s protocol. To eliminate contamination by 

genomic DNA, RNA was treated with 80 U/ml DNase for 40 minutes at 37°C. Quality of RNA 

was estimated by capillary electrophoresis using Agilent 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, CA, USA). RT-PCR was performed as described in previous 

paragraph. The mRNA levels of 84 ISGs and 84 cytokine genes were measured by the RT2 

Profiler PCR Array System (“Interferons and Receptors” cat. no. APHS-064 and “Common 

Cytokines” cat. no. APHS-021, SuperArray Bioscience Corp., Frederic, MD, USA) in ABI 

Prism 7300 using Power SYBR Green I Master Mix. The relative quantity of cDNA was 



calculated by the ΔΔCt method using five normalization genes: β-2-microglobulin, 

hypoxanthine phosphoribosyltransferase 1, ribosomal protein L13a, glyceraldehydes-3-

phosphate dehydrogenase and actin. The results shown in Table 1, Table 2, Suppl. Table 1 and 

Suppl. Table 2 were acquired from one experiment, in which every gene was measured twice 

for every condition; p value was calculated by t-test from the values of duplicate 

measurements. Only genes which are induced more than 5-fold and their p value is less than 

0.01 are listed in the Table 1 and 2.  

 

SDS-PAGE and Western blotting  

Cells were harvested into ice-cold PBS supplemented with inhibitors of proteases (1 mM 

AEBSF, 1 μg/ml leupeptin, 1 μg/ml pepstatin; Serva) and cocktail of phosphatase inhibitors 

(Sigma), centrifuged at 400×g for 5 minutes at 4°C and lysed in 62.5 mM Tris pH 6.8, 10% 

glycerol, 2% SDS. Then concentration of proteins was estimated by BCA method (Pierce 

Biotechnology Inc, Rockford, USA). 100 mM DTT and 0.01% bromphenol was added to 

lysates before separation in polyacrylamide gels by SDS-PAGE. The same protein amount was 

loaded into each well. Proteins were then electrotransferred onto nitrocellulose membrane 

using semi-dry blotting and detected by specific antibodies combined with horseradish 

peroxidase-conjugated secondary antibodies (goat anti-rabbit, goat anti-mouse, Bio-Rad, 

Hercules, CA, USA, rabbit anti-goat, Santa Cruz Biotechnology). Proteins were detected by 

ECL (Pierce Biotechnology). GAPDH was used as a marker of equal loading. Adobe 

Photoshop software was used for contrast adjustment of images.  

 

Indirect immunofluorescence  

Cells grown on glass cover slips were fixed by 4% paraformaldehyde and then permeabilized 

by 0.2% Triton X-100 for 15 minutes at RT. Cells were incubated with diluted primary 

antibody overnight at 4°C. The incubation with secondary antibodies was performed for 1 hour 

at RT. To counterstain nuclei cover slips were stained with DAPI (Sigma, St. Louis, MO, 

USA) for 20 minutes then mounted in Vectashield (Vector Laboratories, Burlingame, CA, 

USA) and viewed by fluorescence microscope (Leica DM6000B). Images were processed in 

Adobe Photoshop software. 

 



The list of shRNAs used 

Knockdown vectors containing shRNAs were purchased from OpenBiosystems (Huntsville, 

AL, USA) and Sigma (St. Louis, MO, USA). Non sense shRNA sequences (sh-ctrl; sequences 

were not provided by producer) or empty vectors (ctrl) were used as a negative control shRNA. 

 

JAK1: 

Control: shRNA (sh-ctrl) tagged with GFP – pGIPZ lentiviral shRNAmir 

Jak1-specific shRNA (sh-Jak1) tagged by GFP – pGIPZ vector 

sh-Jak1 #1 

CCCATGGAAATGTGTGTACTAATAGTGAAGCCACAGATGTA 

TTAGTACACACATTTCCATGGA 

 

Control: empty pLKO.1 vector, Addgene, plasmid 10879 

Jak1-specific shRNA (sh-Jak1) in LKO vector (Sigma)  

shJAK1 #2 

TRCN0000121275 (Sigma) 

CCGGCGTTCTCTACTACGAAGTGATCTCGAGATCACTTCGTAGTAGAGAACGTTTT

TG 

shJAK1 #3 

TRCN0000003102 (Sigma) 

CCGGGAGACTTCCATGTTACTGATTCTCGAGAATCAGTAACATGGAAGTCTCTTTT

T 

shJAK1 #4  

TRCN0000003104 (Sigma) 

CCGGCTGAGCTACTTGGAGGATAAACTCGAGTTTATCCTCCAAGTAGCTCAGTTTT

T 

 

IL6: 

Control: shRNA (sh-ctrl) tagged with GFP – pGIPZ lentiviral shRNAmir 

IL6-specific shRNA (sh-IL6) tagged by GFP – pGIPZ vector 

sh-IL6 #1 

AGCAAAGAATCTAGATGCAATATAGTGAAGCCACAGATGTA 

TATTGCATCTAGATTCTTTGCC 



sh-IL6 #2 

CGGACATGACAACTCATCTCATTAGTGAAGCCACAGATGTA 

ATGAGATGAGTTGTCATGTCCT 

sh-IL6 #3 

CCCTCAGATTGTTGTTGTTAATTAGTGAAGCCACAGATGTA 

ATTAACAACAACAATCTGAGGT 

 

Supplementary references 

Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C et al (1995). A biomarker that 

identifies senescent human cells in culture and in aging skin in vivo. Proc Natl Acad Sci U S 

A 92: 9363-7. 

 

Helle M, Boeije L, Aarden LA (1988). Functional discrimination between interleukin 6 and 

interleukin 1. Eur J Immunol 18: 1535-40. 

 

Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW (1997). Oncogenic ras provokes 

premature cell senescence associated with accumulation of p53 and p16INK4a. Cell 88: 593-

602. 

 

Thullberg M, Welcker M, Bartkova J, Kjerulff AA, Lukas J, Hogberg J et al (2000). 

Monoclonal antibody probes for p21WAF1/CIP1 and the INK4 family of cyclin-dependent 

kinase inhibitors. Hybridoma 19: 63-72. 

 

 

 













Supplementary tables 

Supplementary Table 1. Induction of mRNA levels of 84 genes measured by RT2 Profiler 

PCR Array “Interferons and Receptors” in HeLa cells treated by 10 μM BrdU+DMA  

UniGene Description Fold ind. p value
Hs.12341   Adenosine deaminase, RNA-specific   1.57 0.0072
Hs.129966  Ciliary neurotrophic factor receptor  0.53 0.4613
Hs.287729  Cytokine receptor-like factor 2  1.44 0.5400
Hs.520937  Colony stimulating factor 2 receptor, alpha, low-affinity  3.77 0.0033
Hs.524517  Colony stimulating factor 3 receptor 0.74 0.6650
Hs.632586  Chemokine (C-X-C motif) ligand 10  503.20 0.0005
Hs.501452  Epstein-Barr virus induced gene 3  78.25 0.0119
Hs.62192  Coagulation factor III (thromboplastin, tissue factor)  11.71 0.0006
Hs.61232  Interleukin 20 receptor beta  2.11 0.0040
Hs.458485  ISG15 ubiquitin-like modifier  91.77 0.0000
Hs.523847  Interferon, alpha-inducible protein 6  58.28 0.0004
Hs.380250  Interferon, gamma-inducible protein 16  7.70 0.0041
Hs.532634  Interferon, alpha-inducible protein 27  42.52 0.0007
Hs.14623  Interferon, gamma-inducible protein 30  2.55 0.0584
Hs.632258  Interferon-induced protein 35  7.81 0.0115
Hs.82316  Interferon-induced protein 44  5.94 0.0089
Hs.389724  Interferon-induced protein 44-like  2.31 0.0045
Hs.163173  Interferon induced with helicase C domain 1  46.37 0.0012

Hs.20315  
Interferon-induced protein with tetratricopeptide repeats 
1  170.66 0.0004

Hs.500491  
Interferon-induced protein with tetratricopeptide repeats 
1-like  0.71 0.4277

Hs.437609  
Interferon-induced protein with tetratricopeptide repeats 
2  21.41 0.0000

Hs.47338  
Interferon-induced protein with tetratricopeptide repeats 
3  96.67 0.0007

Hs.458414  Interferon induced transmembrane protein 1 (9-27)  41.64 0.0006
Hs.174195  Interferon induced transmembrane protein 2 (1-8D)  2.60 0.0042
Hs.37026  Interferon, alpha 1  0.95 0.9341
Hs.93907  Interferon, alpha 14  0.43 0.3744
Hs.211575  Interferon, alpha 2  0.10 0.0031
Hs.113211  Interferon, alpha 21  0.54 0.0398
Hs.1510  Interferon, alpha 4  0.44 0.6780
Hs.37113  Interferon, alpha 5  0.37 0.1013
Hs.533470  Interferon, alpha 6  0.75 0.4855
Hs.73890  Interferon, alpha 8  0.12 0.0370
Hs.529400  Interferon (alpha, beta and omega) receptor 1  0.78 0.0836
Hs.642682  Interferon (alpha, beta and omega) receptor 2  0.35 0.0115
Hs.93177  Interferon, beta 1, fibroblast  14.77 0.0234



Hs.441972  Interferon epsilon 1  0.30 0.0024
Hs.856  Interferon, gamma  3.16 0.0070
Hs.520414  Interferon gamma receptor 1  1.13 0.4053

Hs.634632  
Interferon gamma receptor 2 (interferon gamma 
transducer 1)  1.24 0.1355

Hs.591083  Interferon, kappa  0.42 0.0244
Hs.73010  Interferon, omega 1  1.69 0.0021
Hs.7879  Interferon-related developmental regulator 1  0.28 0.0049
Hs.315177  Interferon-related developmental regulator 2  0.37 0.0043
Hs.504035  Interleukin 10 receptor, alpha  3.82 0.2635
Hs.512211  Interleukin 10 receptor, beta  0.80 0.1310
Hs.591088  Interleukin 11 receptor, alpha  0.64 0.1344

Hs.674  
Interleukin 12B (natural killer cell stimulatory factor 2, 
p40)  1.08 0.8703

Hs.496646  Interleukin 13 receptor, alpha 1  0.66 0.0367
Hs.168132  Interleukin 15  0.69 0.2246
Hs.445868  Interleukin 20 receptor, alpha  0.27 0.0158
Hs.210546  Interleukin 21 receptor  1.16 0.7055
Hs.126891  Interleukin 22 receptor, alpha 2  0.51 0.5644
Hs.567792  Interleukin 28A (interferon, lambda 2)  0.51 0.1763

Hs.221375  
Interleukin 28 receptor, alpha (interferon, lambda 
receptor)  0.24 0.0088

Hs.406745  Interleukin 29 (interferon, lambda 1)  1.75 0.4158
Hs.474787  Interleukin 2 receptor, beta  1.22 0.6173
Hs.84  Interleukin 2 receptor, gamma  2.89 0.0061
Hs.55378  Interleukin 31 receptor A  1.07 0.9581
Hs.632790  Interleukin 3 receptor, alpha (low affinity)  8.66 0.0090
Hs.513457  Interleukin 4 receptor  3.03 0.0147
Hs.68876  Interleukin 5 receptor, alpha  1.39 0.4930
Hs.512234  Interleukin 6 (interferon, beta 2)  151.69 0.0025
Hs.591492  Interleukin 6 receptor  0.74 0.1583
Hs.591742  Interleukin 7 receptor  5.92 0.0006
Hs.406228  Interleukin 9 receptor  1.13 0.6663
Hs.436061  Interferon regulatory factor 1  7.92 0.0003
Hs.374097  Interferon regulatory factor 2  1.69 0.0044
Hs.515477  Interferon regulatory factor 2 binding protein 1  1.03 0.9276
Hs.350268  Interferon regulatory factor 2 binding protein 2  0.52 0.0058
Hs.75254  Interferon regulatory factor 3  1.69 0.1329
Hs.401013  Interferon regulatory factor 4  28.25 0.0022
Hs.521181  Interferon regulatory factor 5  4.04 0.0063
Hs.591415  Interferon regulatory factor 6  0.83 0.4743
Hs.166120  Interferon regulatory factor 7  12.91 0.0094
Hs.137427  Interferon regulatory factor 8  1.16 0.7909
Hs.519680  Immunity-related GTPase family, M  1.60 0.6211
Hs.23581  Leptin receptor  0.48 0.0377



Hs.82906  Myeloproliferative leukemia virus oncogene  1.17 0.5786
Hs.517307  Myxovirus (influenza virus) resistance 1  1740.15 0.0003
Hs.524760  2',5'-oligoadenylate synthetase 1, 40/46kDa  25.55 0.0004

Hs.75348  
Proteasome (prosome, macropain) activator subunit 1 
(PA28 alpha)  4.76 0.0003

Hs.224645  Pyrin and HIN domain family, member 1  5.45 0.0057
Hs.145150  SP110 nuclear body protein  11.31 0.0015
Hs.134602  Titin  0.49 0.3531
Hs.534255  Beta-2-microglobulin  2.09 0.0032
Hs.412707  Hypoxanthine phosphoribosyltransferase 1  0.24 0.0009
Hs.546356  Ribosomal protein L13a  0.45 0.0027
Hs.544577  Glyceraldehyde-3-phosphate dehydrogenase  0.27 0.0023
Hs.520640  Actin, beta  0.22 0.0022
Fold ind. = fold induction of the transcript, relative to control. 

 



Supplementary Table 2. Induction of mRNA levels of 84 genes measured by RT2 Profiler 

PCR Array “Common Cytokines” in HeLa cells treated by 10 μM BrdU+DMA  

UniGene Description Fold ind. p value 
Hs.1274   Bone morphogenetic protein 1   0.90 0.1014
Hs.73853  Bone morphogenetic protein 2  2.33 0.0200
Hs.121507  Bone morphogenetic protein 3 (osteogenic)  5.84 0.0088
Hs.68879  Bone morphogenetic protein 4  3.54 0.0049
Hs.296648  Bone morphogenetic protein 5  0.08 0.0005
Hs.285671  Bone morphogenetic protein 6  0.25 0.0072
Hs.473163  Bone morphogenetic protein 7 (osteogenic protein 1)  43.71 0.0003
Hs.409964  Bone morphogenetic protein 8b (osteogenic protein 2)  1.28 0.0049
Hs.591402  Colony stimulating factor 1 (macrophage)  5.98 0.0005
Hs.1349  Colony stimulating factor 2 (granulocyte-macrophage)  1.76 0.4226
Hs.473877  Family with sequence similarity 3, member B  0.93 0.8268
Hs.2007  Fas ligand (TNF superfamily, member 6)  ND -

Hs.11392  
C-fos induced growth factor (vascular endothelial growth 
factor D)  0.25 0.0127

Hs.2171  Growth differentiation factor 10  ND -
Hs.643604  Growth differentiation factor 11  0.65 0.0079
Hs.279463  Growth differentiation factor 2  ND -
Hs.86232  Growth differentiation factor 3  1.17 0.4226

Hs.1573  
Growth differentiation factor 5 (cartilage-derived 
morphogenetic protein-1)  39.81 0.0008

Hs.41565  Growth differentiation factor 8  10.23 0.0244
Hs.25022  Growth differentiation factor 9  0.46 0.0110
Hs.37026  Interferon, alpha 1  0.20 0.0006
Hs.211575  Interferon, alpha 2  2.31 0.1059
Hs.1510  Interferon, alpha 4  0.56 0.3301
Hs.37113  Interferon, alpha 5  ND -
Hs.73890  Interferon, alpha 8  0.16 0.0401
Hs.93177  Interferon, beta 1, fibroblast  3.58 0.0137
Hs.856  Interferon, gamma  27.76 0.0005
Hs.591083  Interferon, kappa  0.54 0.0021
Hs.193717  Interleukin 10  3.43 ND
Hs.467304  Interleukin 11  4.16 0.0003

Hs.673  
Interleukin 12A (natural killer cell stimulatory factor 1, 
p35)  0.90 0.6029

Hs.674  
Interleukin 12B (natural killer cell stimulatory factor 2, 
p40)  0.42 0.1166

Hs.845  Interleukin 13  0.92 0.4226
Hs.17987  Taxilin alpha  1.36 0.0497
Hs.168132  Interleukin 15  0.18 0.0050
Hs.459095  Interleukin 16 (lymphocyte chemoattractant factor)  5.21 0.0229
Hs.41724  Interleukin 17A  ND -



Hs.156979  Interleukin 17B  ND -
Hs.278911  Interleukin 17C  0.66 0.4226
Hs.302036  Interleukin 25  ND -
Hs.83077  Interleukin 18 (interferon-gamma-inducing factor)  2.23 0.0018
Hs.128395  Interleukin 19  0.86 0.6862
Hs.1722  Interleukin 1, alpha  19.29 0.0028
Hs.126256  Interleukin 1, beta  42.22 0.0090
Hs.306974  Interleukin 1 family, member 10 (theta)  0.96 0.4226
Hs.516301  Interleukin 1 family, member 5 (delta)  5.76 0.0134
Hs.278910  Interleukin 1 family, member 6 (epsilon)  ND -
Hs.166371  Interleukin 1 family, member 7 (zeta)  0.74 0.1355
Hs.278909  Interleukin 1 family, member 8 (eta)  2.60 0.0166
Hs.211238  Interleukin 1 family, member 9  10.02 0.0011
Hs.89679  Interleukin 2  ND -
Hs.272373  Interleukin 20  49.18 0.0028
Hs.567559  Interleukin 21  1.35 0.4756
Hs.287369  Interleukin 22  1.27 0.4226
Hs.411311  Interleukin 24  314.08 0.0039
Hs.694  Interleukin 3 (colony-stimulating factor, multiple)  ND -
Hs.73917  Interleukin 4  0.91 0.4226
Hs.2247  Interleukin 5 (colony-stimulating factor, eosinophil)  0.79 0.1471
Hs.512234  Interleukin 6 (interferon, beta 2)  140.56 0.0023
Hs.591873  Interleukin 7  40.09 0.0010
Hs.624  Interleukin 8  421.68 0.0004
Hs.960  Interleukin 9  8.06 0.0012
Hs.407506  Inhibin, alpha  4.20 0.0377
Hs.583348  Inhibin, beta A (activin A, activin AB alpha polypeptide) 1408.55 0.0008
Hs.520187  Left-right determination factor 2  ND -
Hs.36  Lymphotoxin alpha (TNF superfamily, member 1)  2.57 0.3500
Hs.376208  Lymphotoxin beta (TNF superfamily, member 3)  1.37 0.4226
Hs.370414  Nodal homolog (mouse)  10.85 0.0012
Hs.645488  Platelet-derived growth factor alpha polypeptide  2.01 0.0085
Hs.170009  Transforming growth factor, alpha  115.36 0.0000
Hs.645227  Transforming growth factor, beta 1  1.41 0.0316
Hs.133379  Transforming growth factor, beta 2  3.13 0.0018
Hs.592317  Transforming growth factor, beta 3  0.24 0.0056
Hs.241570  Tumor necrosis factor (TNF superfamily, member 2)  38.45 0.0003

Hs.81791  
Tumor necrosis factor receptor superfamily, member 11b 
(osteoprotegerin)  0.64 0.0084

Hs.478275  Tumor necrosis factor (ligand) superfamily, member 10  40.64 0.0000
Hs.333791  Tumor necrosis factor (ligand) superfamily, member 11  2.65 0.0004
Hs.415839  Tumor necrosis factor (ligand) superfamily, member 12  1.05 0.6950
Hs.54673  Tumor necrosis factor (ligand) superfamily, member 13  1.40 0.0916
Hs.525157  Tumor necrosis factor (ligand) superfamily, member 13b 1.78 0.0925



Hs.129708  Tumor necrosis factor (ligand) superfamily, member 14  ND -
Hs.181097  Tumor necrosis factor (ligand) superfamily, member 4 32.33 0.0031
Hs.501497  CD70 molecule  129.34 0.0003
Hs.494901  Tumor necrosis factor (ligand) superfamily, member 8  1.07 0.4226
Hs.534255  Beta-2-microglobulin  1.80 0.1156
Hs.412707  Hypoxanthine phosphoribosyltransferase 1  0.21 0.0009
Hs.546356  Ribosomal protein L13a  0.51 0.0266
Hs.544577  Glyceraldehyde-3-phosphate dehydrogenase  0.25 0.0015
Hs.520640  Actin, beta  0.23 0.0005
Fold ind. = fold induction of the transcript, relative to control. 
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the promyelocytic leukemia protein (pML) tumor suppressor is upregulated in several forms of cellular senescence, 
however the mechanism of its induction is elusive. Here we show that genotoxic drugs that induce senescence, 
such as 5-bromo-2’deoxyuridine (BrdU), thymidine (tMD), distamycin A (DMA), aphidicolin (ApH), etoposide (et) and 
camptothecin (Cpt) all evoke expansion of pML nuclear compartment and its association with persistent DNA lesions 
in several human cancer cell lines and normal diploid fibroblasts. this phenomenon was accompanied by elevation of 
pML transcripts after treatment with BrdU, tMD, DMA and Cpt. Chemical inhibition of all JAK kinases and RNAi-mediated 
knock-down of JAK1 suppressed pML expression, implicating JAK/StAt-mediated signaling in regulation of the pML 
gene. As pML protein stability remained unchanged after drug treatment, decreased protein turnover was unlikely to 
explain the senescence-associated increased abundance of pML. Furthermore, binding activity of Interferon Stimulated 
Response element (ISRe) within the pML gene promoter, and suppression of reporter gene activity after deletion of ISRe 
from the pML promoter region suggested that drug-induced pML transcription is controlled via transcription factors 
interacting with this element. Collectively, our data show that upregulation of the pML tumor suppressor in cellular 
senescence triggered by diverse drugs including clinically used anti-cancer chemotherapeutics relies on stimulation of 
pML transcription by JAK/StAt-mediated signaling, possibly evoked by the autocrine/paracrine activities of senescence-
associated cytokines.
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precise molecular mechanisms of PML induction during cellular 
senescence remain to be elucidated.

In various biological settings not involving cellular senes-
cence, PML transcription is known to be controlled by interfer-
ons (IFNs28-31), cytokines that regulate antiviral, antiproliferative 
and immunological responses.32 The two types of IFNs, type I 
(represented by IFNα family, IFNβ, IFNω and IFNτ) and type 
II (represented by IFNγ only) bind to their specific plasma mem-
brane receptors, thereby initiating a cascade of events known as 
the JAK/STAT (Janus kinase/signal transducer and activator 
of transcription) signaling pathway. Besides IFNs, several other 
cytokines, such as IL6, IL10 and IL24 are capable of activating 
different branches of JAK/STAT signaling via their own recep-
tors.33 The binding of IFNα/β to the receptor triggers auto-
phosphorylation-mediated activation of JAK1 and Tyk2 kinases 
which phosphorylate transcription factors STAT1 and STAT2. 
Activated STATs homodimerize or heterodimerize to form two 
distinct transcription activator complexes: a) IFNα-activated fac-
tor (AAF, identical to IFNγ-activated factor, GAF), a homodimer 
of STAT1 and IFN-stimulated gene factor 3 (ISGF3), a heterotri-
meric complex of STAT1, STAT2 and IRF9 (interferon regula-
tory factor 9, named also p48 or ISGFγ). AAF/GAF and ISGF3 
bind to specific DNA sequences, the IFNγ-activated sequence 
(GAS) and the IFN-stimulated response element (ISRE), respec-
tively. Through these mechanisms JAK/STAT signaling—the 
primary IFN response—results in transcriptional induction of 
hundreds of IFN-stimulated genes (ISGs30) that include also 
growth/tumor suppressors interferon regulatory factor 1 (IRF1), 
STAT1 and p53.34

Intriguingly, enhanced expression and/or secretion of cyto-
kines including IFNs were reported for cells undergoing senes-
cence in response to diverse oncogenic and DNA damaging 
stimuli.35-41 Significantly, cytokine secretion and cellular senes-
cence can still be evoked even in malignant cells, for example 
by exposure to certain genotoxic insults,35 a notion that has 
potential therapeutic implications. In an attempt to provide more 
mechanistic insights into the emerging links between increased 
PML and cytokine signaling in cellular senescence, we set out to 
investigate the regulation of PML abundance and the potential 
role of JAK/STAT signaling in series of human normal and can-
cer cell types undergoing senescence upon exposure to genotoxic 
drugs, model scenarios relevant for both cell physiology and can-
cer treatment.

Results

PML NBs, PML protein and transcript levels are enhanced after 
genotoxic stress. To elucidate the mechanism of PML increase 
in drug-induced senescence, we first quantified the numbers of 
PML NBs during senescence induced by BrdU and DMA (used 
either separately or simultaneously) in HeLa cells (Fig. 1A–F). 
The synergistic effect of the two drugs on the development of 
senescence (estimated as senescence-associated β-galactosidase 
staining, SA-β-gal; Suppl. Fig. 1A–E) was associated with poten-
tiated elevation of PML NBs number when compared to single 
use of either drug. Concomitant with upregulation of PML NBs, 

Introduction

The PML tumor suppressor, a key component of a distinct 
nuclear compartment termed PML nuclear bodies (PML NBs),1 
is commonly downregulated in human tumors of diverse 
 histogenesis and its loss is often associated with tumor progres-
sion.2 While the absence of PML expression in tumors is rarely 
attributable to PML gene mutation or silenced transcription, such 
aberrantly low levels of PML mainly reflect enhanced  protein 
turnover.2 Furthermore, individuals carrying chromosomal 
translocation t(15;17)(q22;q21), which results in loss of PML 
function due to reciprocal fusion of PML and RARα genes, are 
predisposed to acute promyelocytic leukemia.3 Consistent with  
PML tumor-suppressor activity, mice lacking PML are 
tumor-prone.4

Although the exact biochemical basis of PML antitumor 
properties is unclear, PML and intact PML NBs are involved 
in several tumor-suppressive pathways regulating apoptosis and 
cellular senescence. Senescence is promoted and/or maintained 
by several mechanisms including derepression of the INK4a/
ARF locus encoding the p16INK4a and ARF tumor suppressors, 
and persistent activation of the DNA damage response (DDR) 
machinery in response to activated oncogenes, telomere attrition 
or diverse genotoxic insults.5-7

Owing to the irreversible cell cycle arrest in response to 
oncogenic events, cellular senescence appears to serve as an 
anti-tumor barrier,8-10 the failure of which may allow progres-
sion of early lesions to full malignancy.11 Causally involved in 
the establishment and maintenance of the senescent phenotype 
in human cells are two cell cycle inhibitory tumor suppressor 
pathways, p53/p21waf1/cip1 and p16INK INK4a/pRb.10,12,13 PML par-
ticipates in both these pathways, consistent with its proapop-
totic and growth suppressive properties.14 Thus, PML facilitates 
acetylation, protein stabilization and phosphorylation-mediated 
activation of p53.15,16 Furthermore, the PML gene is a direct tran-
scriptional target of p53,17 implicating PML in a positive feed-
back loop controlling p53 activity. In concert with pRb, PML 
and PML NBs facilitate formation of chromatin-dense nuclear 
structures known as senescence-associated heterochromatin foci 
(SAHF) involved in oncogene- and etoposide-induced senes-
cence.13 PML NBs are required for SAHF formation, and the 
histone chaperone HIRA and HP1 proteins pass transiently 
through PML NBs to become activated for SAHF-associated 
chromatin remodeling.18-20

Consistent with anti-tumor properties of PML and its role 
in the pro-senescence pathways, multiplication of PML nuclear 
compartment was observed in replicative,21 oncogene-,15,22,23 bac-
terial toxin-24 and hydroxyurea-induced senescence.25 Thus the 
induction of PML appears to be shared by most, if not all, forms 
of cellular senescence. In addition, overexpression of PML itself 
(specifically PML isoform IV) was able to induce senescence 
in human and mouse primary fibroblasts,26 and ablation of the 
PML gene was sufficient to bypass oncogene-induced senescence 
in mouse15 but apparently not in human cells.23 Presumably, the 
enhancement of PML levels in senescent cells reflects transcrip-
tional induction23 and/or protein stabilization,2,27 however the 
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expansion of the PML nuclear compartment. Interestingly, 
different cell lines responded to the various drugs by different 
degrees of senescence induction, and after titration experiments 
we chose for further analyses those combinations of compound(s) 
that induced the commonly accepted hallmarks of premature 
senescence (proliferation arrest, SA-β-gal positivity, cell enlarge-
ment and spreading) in particular cellular models (Table 1 and 
Suppl. Figure 1F–M). Analogous to BrdU and DMA, these 
additional drugs also caused significant elevation of PML NBs  
(Suppl. Fig. 2) and PML protein (Fig. 3) at the time of fully devel-
oped senescence in HeLa cells (in most cases by day 6; as assessed 
morphologically and by SA-β-gal staining; Suppl. Fig. 1). PML 
mRNA levels were also significantly elevated after treatment with 

a marked increase of PML protein level was detected after 6-day 
exposure of HeLa cells to BrdU alone (100 µM) or BrdU com-
bined with DMA (both 10 µM) (Fig. 1G; note also the increase 
of high-molecular, >130 kDa, likely SUMO-2/3-modified, forms 
of PML42). Furthermore, the levels of PML mRNA were assessed 
by quantitative real time RT-PCR (qRT-PCR) after exposure to 
BrdU, DMA or their combination. PML mRNA levels increased 
gradually from day 1 to day 6, reaching levels more than 15 
times higher (for BrdU/DMA-treatment) than those in control 
untreated cells (Fig. 1H).

Next, we examined whether other senescence-evoking 
 compounds such as aphidicolin (APH43), thymidine (TMD44), 
etoposide (ET45) and camptothecin (CPT46-48) are able to induce 

Figure 1. BrdU/DMA induces expression of pML and increased numbers of pML NBs in HeLa cells. Immunofluorescence detection of pML NB induction 
in untreated HeLa cells (A), treated for six days by 10 µM DMA (B), 10 µM BrdU (C), 100 µM BrdU (D) or 10 µM BrdU/DMA (e). (F) Graphical summary of 
numbers of pML NBs per cell in HeLa cells treated for six days with BrdU, DMA or their combination. (G) Immunoblot detection of pML protein after 
six-day treatment with BrdU, DMA or their combination. to show basal level of pML, longer exposition of the film is included for control cells (first line). 
GApDH was used as a loading control. (H) mRNA levels of pML quantified by qRt-pCR in HeLa cells treated with BrdU, DMA or their combination for 
specified time period. the values represent average of three independent experiments and are shown as a fold induction relative to control; error bars 
represent standard error. GApDH was used as a reference gene. (I) pML mRNA levels quantified by qRt-pCR in BJ cells treated with Cpt for specified 
time period. the values represent average of three independent experiments (in case of day 6 there was only one experiment) and are shown as a fold 
induction relative to control; error bars represent standard error. Actin was used as a reference gene.
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in BJ cells (Fig. 2C), which corresponded to faster onset of senes-
cence in these settings (data not shown). Interestingly, TMD 
evoked co-association (adjacent localization) rather than co-
localization of PML NBs with the 53BP1-decorated DNA dam-
age foci (Fig. 2B). In HeLa cells, specific filiform PML structures 
co-localizing with γH2AX foci were frequently formed after 
CPT treatment (Fig. 2D). Moreover, BLM helicase, which is 
involved in the maintenance of genome stability52,53 and co-local-
izes with both DNA damage foci54 and PML NBs,55-57 changed 
its nuclear distribution in BrdU-treated HeLa cells. In untreated 
cells, BLM showed a diffuse nucleoplasmic staining pattern and 
only rare co-localization with PML NBs (Fig. 2E). However, in 
cells treated with BrdU (100 µM) for 5 days, BLM accumulated 
in large spots co-localizing frequently with PML NBs (Fig. 2E). 
In contrast, PML NBs did not co-localize or co-associate with 
TRF1, a marker of telomeric chromatin, at least in BrdU-treated 
(500 µM) HeLa cells (Fig. 2F).

These results show that PML NBs, multiplied in number by 
drug-induced genotoxic stress in senescent cells, frequently co-
localize with persistent DNA lesions likely representing DNA 
double strand breaks. Although the function of PML and PML 
NBs at the sites of DNA damage has not been deciphered yet, 
our present findings indicate a potential role of PML nuclear 
compartment in the processing and/or repair of chronic, dif-
ficult-to-repair DNA lesions known to accompany cellular 
senescence.58

Simultaneous activation of JAK/STAT signaling and DNA 
damage response in drug-induced senescence. Treatment of 
human cells with BrdU and DMA induces a complex cytokine 
response including secretion of interferon beta (IFNβ), activa-
tion of JAK/STAT1/3 signaling pathways and enhanced expres-
sion of interferon stimulated genes such as MXA, STAT1, IRF1 
and IRF7.35 In our present experiments, not only BrdU and 
DMA, but also APH, TMD, ET and CPT, irrespective of their 
distinct mechanisms of DNA damage induction, all activated 
JAK/STAT1/3 signaling, as detected by phosphorylated forms of 
STAT1 and STAT3 (STAT1pY701 and STAT3pY705) (Fig. 3). 
Such similar responses suggest a common underlying mechanism 
that activates this signaling pathway after genotoxic stress.

As expected for DNA damaging drugs, activation of the 
ATM/Chk2/p53 axis (monitored here by activated Chk2 kinase 
phosphorylated at threonine 68,59), formation of DNA damage 
foci (detected with 53BP1 antibody60 or with the antibody rec-
ognizing histone H2AX phosphorylated at serine 139, known as 
γH2AX61), elevation of p53 (both total protein and the serine 
15-phosphorylated form62,63), induction of the p53 transcrip-
tional target p21waf/cip (p21,64) and the development of cellular 
senescence (assayed morphologically and by SA-β-gal staining), 
were the effects common to all these compounds (Figs. 2 and 3 
and Suppl. Fig. 1).

These results confirmed that premature senescence induced 
by different genotoxic drugs is accompanied by activation of the 
ATM/Chk2/p53/p21 DNA damage checkpoint pathway as well 
as by the activation of JAK/STAT1/3 signaling.

Enhancement of PML nuclear compartment in drug-
induced senescence is dependent on JAK1/STAT signaling.  

CPT in BJ fibroblasts (Fig. 1I), and in U2OS cells treated with 
TMD (Suppl. Fig. 3A), ET and APH (not shown).

To determine whether protein stabilization also contrib-
utes to the observed elevation of PML (as the presence of PML 
high-molecular forms might indicate), HeLa cells were treated 
with 100 µM BrdU for 4 days and de novo protein synthesis 
was then blocked by cycloheximide (CHX; 100 µg/ml) for 6 or 
24 hours. In both control and BrdU-treated cells, the levels of 
PML protein remained almost unchanged after 24 h of CHX 
exposure (Suppl. Fig. 3B), indicating high stability of the PML 
protein independently of the senescence state in HeLa cells. High 
 stability of PML protein regardless of senescence induction was 
also observed in U2OS cells exposed to various concentrations 
of CHX up to 100 µg/ml (Suppl. Fig. 3C). The efficiency of 
translation inhibition by CHX was documented by complete 
abrogation of IFNα-stimulated expression of PML. These results 
do not support a major role of enhanced PML protein stability in 
drug-induced senescence.

Collectively, our data indicate that the elevation of PML NBs 
and PML protein levels during genotoxic stress-induced senes-
cence in several human cell types are accompanied by increase of 
PML gene transcripts, rather than a pronounced stabilization at 
the protein level.

PML NBs co-associate with foci of persistent DNA damage. 
Previous studies on spatial relationship between PML NBs and 
the sites of DNA damage (specifically markers of DNA double 
strand breaks) showed that PML co-localized with foci that per-
sisted for prolonged periods of time after ionizing radiation.49,50 
This contrasts with data on acute foci formed immediately after 
DNA damage induction, where no such co-localization was found 
(Ref. 51 and J. Lukas, personal communication). Consistently, 
here we observed only rare co-localization of PML with DNA 
damage foci generated with most drugs before day 4 of treatment 
(data not shown), while the frequency of such co-localization 
gradually increased at later time points (see Figure 2A for BrdU/
DMA-treatment of HeLa cells; PML NBs are detected by anti-
body against Sp100, another structural marker of PML NBs1). 
Analogous but earlier (from day 2 onwards) co-localization of 
PML with DNA damage foci was observed after CPT treatment 

Table 1. List of drug-induced senescent cell models used

Cell line Compound Concentration
Treatment 
duration

HeLa bromodeoxyuridine 10 μM 6 days

HeLa bromodeoxyuridine 100 μM 6 days

HeLa distamycin A 10 μM 6 days

HeLa
bromodeoxyuridine 10 μM

6 days
distamycin A 10 μM

HeLa camptothecin 0.5 μM 6 days

U2oS thymidine 2.5 mM 6 days

U2oS aphidicolin 0.3 μM 5 days

U2oS etoposide 5 μM 6 days

BJ camptothecin 0.5 μM 6 days

HCt-116 thymidine 2.5 mM 6–9 days
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Figure 2. pML NBs co-associate with DNA damage foci. Immunofluorescence detection of Sp100 and γH2AX in control HeLa cells or HeLa cells treated 
for eight days with a combination of BrdU and DMA (A). Immunofluorescence detection of pML and 53Bp1 in untreated U2oS cells or cells treated 
for six days with tMD (B). time course detection of pML and 53Bp1 in BJ cells treated with Cpt for 4 and 12 hours and for 1, 2, 4, 6 and 8 days (C). Co-
localization of pML filiform structures with γH2AX in control HeLa cells or treated for six days with Cpt (D). Immunofluorescence detection of nuclear 
distribution of BLM helicase in control and 100 µM BrdU-treated cells for five days (e). Detection of pML and tRF1 in control HeLa cells or after treat-
ment with 500 µM BrdU for six days (F). Bar, 5 µm.
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on the JAK/STAT signaling pathway (STAT1 pY701 
and STAT3 pY705), expression of ISGs (STAT1 and 
STAT3) and PML were observed after treatment of 
U2OS cells with TMD or HeLa cells with CPT (Fig. 
4B and C). Notably, iJAK treatment showed only neg-
ligible, if any, effect on PML protein levels induced by 
etoposide (Fig. 4B). Similar differences were observed 
also at PML mRNA levels (not shown).

As the phosphorylation cascade of JAK/STAT sig-
naling pathways is dominated by the activity of JAK1 
kinase, we performed a stable knock-down of JAK1 
kinase in HeLa cells using lentiviral transduction of 
short hairpin RNA (see JAK1 mRNA levels for two 
most effective hairpins #2 and #3; Fig. 4E). Four of five 
independent shJAK1s (i.e., #1, #2, #3 and #5) resulted 
in a decrease of PML protein (Fig. 4D) and mRNA lev-
els (Fig. 4F) accompanied by a decrease of tyrosine 701 
phosphorylated STAT1 (Fig. 4D) and MXA mRNA 
(Fig. 4G) used here to document the JAK1 inhibi-
tion. Again, the loss of low-molecular forms of PML 
was more pronounced, likely reflecting higher stability 
of posttranslationally modified PML protein species. 
Importantly, chemical inhibition of JAK kinases sup-
pressed the phosphorylation of STAT3 and STAT1 and 
elevation of PML levels in cells exposed to pro-senes-
cence treatment by Haemophilus ducreyi cytolethal dis-
tending toxin (data not shown), indicating that the JAK 
kinase dependent expression of PML is not limited to 
drug-induced senescence.

Taken together, enhancement of PML nuclear 
compartment and PML transcript levels during drug-
induced senescence require activity of the JAK1 kinase.

PML gene induction in drug-induced senescence is 
regulated via an ISRE element in the PML gene promoter. IFN 
type I and type II induction of PML gene was mapped to two 
DNA binding elements of the PML proximal promoter, ISRE 
(+605/+618) and GAS (+363/+374; numbered relative to tran-
scription start65), respectively. To assess whether the elevation of 
PML is indeed mediated by JAK/STAT signaling at the tran-
scription level, and if so, whether this is mediated via either of the 
two reported IFN-sensitive DNA response elements, a 1.44 kbp 
Hind III fragment of the proximal PML gene promoter region 
driving a luciferase reporter65 was transfected into U2OS cells 
and luciferase activity was measured after 3-day exposure to the 
pro-senescence BrdU/DMA combination (Fig. 5A) or thymidine 
(not shown). Indeed, the reporter gene activity was enhanced 
after treatment with either BrdU/DMA or TMD. Furthermore, 

As interferon-induced PML expression31 is regulated via inter-
feron response elements located in the PML gene promoter,65 
we tested whether the JAK/STAT signaling pathway known to 
act through these elements may be responsible for the expansion 
of nuclear PML compartment during drug-induced genotoxic 
stress. First, we utilized chemical inhibition of JAK family kinases 
with 2-(1,1-dimethylethyl)-9-fluoro-3,6-dihydro-7H-benz[h]-
imidaz[4,5-f]isoquinolin-7-one (iJAK). Simultaneous exposure 
of HeLa cells to BrdU/DMA and iJAK at a concentration inhibi-
tory for all JAK kinases (i.e., JAK1, JAK2, JAK3 and Tyk2) sig-
nificantly impaired, although did not entirely block, the increase 
of PML NBs (Suppl. Fig. 4A–D) and PML levels (Fig. 4A; espe-
cially the low mobility forms of PML) normally induced by such 
drug treatment. Very similar effects of JAK kinase inhibition 

Figure 3. DNA damage response, activation of JAK/StAt signalling pathway and 
pML induction in drug-induced senescence. Immunoblot detection of activated 
markers of JAK/StAt signaling (detected as phosphorylated StAt1 tyrosine 701 
and StAt3 tyrosine 705) and induced levels of ISGs (pML, StAt1, StAt3) in U2oS, 
HeLa and BJ cells treated for six days by different drugs promoting senescence 
(tMD, ApH, et, Cpt). DMSo, as a solvent vehicle, was used as one control. As 
markers of activated DNA damage response served phosphorylated p53 serine 15, 
Chk2 threonine 68, and increased levels of total p53 and p21. GApDH was used as 
a loading control.

Figure 4 (See opposite page). Inhibition of JAK kinases inhibits pML expression. Immunoblot analyses of JAK/StAt pathway activation and pML in-
duction after inhibition of JAK kinases by the JAK kinase inhibitor I (iJAK) after six days of treatment with a combination of BrdU and DMA in HeLa cells 
(A); with tMD or et in U2oS cells (B); and with Cpt in HeLa cells (C). (D) Immunoblot detection of total and tyrosine 701 phosphorylated StAt1, serine 
15 phosphorylated p53 and pML levels after a 6-day treatment with BrdU + DMA in HeLa cells transduced by shRNA specific for JAK1 (shJAK1 #1, #2, #3, 
#4, #5) or empty vector (non sense). GApDH was used as a loading control. (e) Knock-down efficiency of two shRNAs directed against JAK1 (shJAK1 #2 
and #3) estimated as JAK1 mRNA levels by real time qpCR in HeLa cells treated for six days with a combination of BrdU and DMA. the average values 
representing three independent experiments are given as arbitrary units relative to control. error bars represent standard error. pML (F) and MXA (G) 
gene mRNA levels estimated by Rt-qpCR in HeLa cells transfected with shRNA specific for JAK1 (shJAK1#2 and #3) and treated for six days with a com-
bination of BrdU and DMA. the average values from two (for MXA) or three (for pML) independent experiments are given as arbitrary units relative to 
control. error bars represent standard error.
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Figure 4. For figure legend, see page 3090. 
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Figure 5. PML transcription after genotoxic stress is dependent on intact ISRe element of pML promoter gene. (A) Luciferase reporter gene activity 
under the control of PML gene promoter (pML 1.44 Luc) in U2oS cells with intact or deleted ISRe DNA binding site (ISRe pML Luc). Cells were treated for 
three days in the presence or absence of BrdU/DMA and JAK kinase inhibitor I (iJAK). the average values representing three independent experiments 
are given as arbitrary units relative to control. error bars represent standard error. (B) Gel retardation assay using ISRe and GAS oligonucleotide probes 
derived from the pML promoter. HeLa cells were treated with BrdU/DMA for six days and with 1,000 U/ml IFNα or 100 U/ml IFNγ  for 24 hours. DMSo 
was used as a vehicle control for BrdU/DMA treatment. Competition of pML ISRe binding activity with 5-fold and 20-fold molar excess of non-labelled 
pML ISRe oligonucleotide (C), wild-type (D) or mutated MXA ISRe oligonucleotide (e). n.s.*, nonspecific binding.
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only when using the PML-ISRE but not the PML-GAS probe 
(Fig. 5B). The DNA probe-protein complex was sensitive to com-
petition with cold PML-ISRE and MXA-ISRE oligonucleotides 
but not to mutated MXA-ISRE (Fig. 5C–E), thereby confirming 
the specificity of the ISRE DNA-protein complex.

In conclusion, these data indicate a direct regulatory role of 
JAK-mediated pathways in genotoxic stress-induced PML gene 
transcription. The ISRE element located in the PML gene proxi-
mal regulatory region was identified as the DNA binding ele-
ment participating in JAK/STAT-mediated transcription of PML 
under genotoxic stress conditions.

The JAK/STAT pathway controls PML transcription dur-
ing genotoxic stress independently of p53. Since a recent study 
reported that PML transcription in oncogene-induced senescence 

the activity of the PML-Luc reporter induced by either treatment 
was impaired in cells concomitantly exposed to the JAK kinase 
inhibitor (Fig. 5A), thereby documenting that the genotoxic 
stress-induced JAK/STAT signaling controls PML promoter 
activity.

The responsiveness of the PML-Luc reporter was abolished 
by deletion of the short fragment of the PML promoter bear-
ing the ISRE element, indicating that the deleted ISRE sequence 
is directly involved in the transcriptional induction of the PML 
gene upon exposure of cells to genotoxic stress (Fig. 5A). To con-
firm the participation of ISRE in regulation of PML gene tran-
scription, we followed the DNA binding activity specific to ISRE 
in nuclear extracts prepared from BrdU/DMA-treated HeLa cells 
by a gel retardation assay. Specific gel migration shift was seen 

Figure 6. JAK/StAt-induced pML expression is independent of p53. (A) Immunoblot detection of pML in p53 wild-type and p53 negative HCt-116 cells 
treated with thymidine for 6 days. iJAK inhibitor was used for the same time to inhibit signaling through JAK/StAt pathways in both p53 wt and p53 
negative cells. effect of this inhibitor is shown by changes in activation of StAt1 and its total level. effect of knock-out is shown by level of p53, p21 and 
phosphorylation of p53 on serine 15. GApDH was used as loading control. (B) pML mRNA levels estimated by Rt-qpCR in HCt-116 cells with or without 
p53 treated for six days with tMD alone or in combination with iJAK. the average values representing two independent experiments are given as 
arbitrary units relative to control. error bars represent standard error. Actin was used as a reference gene. (C) pML mRNA levels estimated by Rt-qpCR 
in U2oS cells expressing dominant negative p53 under tetracycline control (off-system) treated for six days with/out tMD and doxycycline  
(DoX+/DoX-). the average values representing two independent experiments are given as arbitrary units relative to control. error bars represent 
standard error. GApDH was used as reference gene. (D) Immunoblot detection of p53, its form phosphorylated at serine 15 (pS15p53) and p21waf/cip 
obtained at the same experimental setting as in (C). GApDH was used as loading control. Representative blot of three independent experiments is 
shown. *, nonspecific signal
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Genotoxic agents enhance PML nuclear compartment and 
PML mRNA levels. PML NBs’ numbers vary throughout the 
cell cycle and under diverse growth conditions such as heat-shock 
or viral infection, reflecting the abundance of the PML protein.70 
We have shown here that the number of PML NBs in human 
normal fibroblasts and several cancer cell lines increased signifi-
cantly following the induction of senescence by exposure to drugs 
including BrdU, thymidine, distamycin A, etoposide, aphidico-
lin and camptothecin. This general finding is reminiscent of 
PML NBs multiplication reported for oncogenic Ras-induced 
senescent human diploid fibroblasts,23 in replicatively senescent 
human mesenchymal stem cells,21 hydroxyurea-treated IMR90 
fibroblasts25 and in cytolethal distending toxin-induced senes-
cence in several human normal and cancer cell types,24 suggesting 
that the expansion of PML NBs represents a potentially universal 
marker of cellular senescence in vitro. Our data show that mul-
tiplication of PML NBs is accompanied by elevated PML pro-
tein and transcript levels, but not enhanced protein stabilisation. 
The latter finding differs from a report on a shorter PML protein 
half-life27 that was however measured only in virally transformed 
HEK293 and mouse 3T3 cells, and only for one, an ill-defined, 
isoform of PML, in contrast to our analysis of global PML abun-
dance. Thus, we suggest that PML protein turnover may depend 
on the cell origin and individual PML isoforms, and it was not 
a regulatory factor in our experiments on a panel of human cell 
types undergoing drug-induced senescence. Altogether, our data 
show that the multiplication of PML NBs after genotoxic stress is 
a common feature of drug-induced cellular senescence and it can 
be attributed to enhanced expression of the PML gene.

PML NBs co-associate with persistent DNA damage foci. 
There is accumulating evidence that some types of cellular senes-
cence are promoted by specific forms of DNA damage char-
acterized by persistent DDR signaling,71 possibly due to either 
inhibition of DNA repair as in case of telomeric regions or due 
to irreparability of certain DNA lesions. Such lesions can be fol-
lowed microscopically as long-term persisting DNA damage foci 
positive for modified histone H2AX61 and other markers of DNA 
double strand breaks such as 53BP1.60 Inhibition of DDR ema-
nating from these lesions results in bypass of senescence.11,72,73 It is 
presently thought therefore that such permanent DDR signaling 
is a prerequisite for promotion and long-term maintenance of the 
senescent state.8,74

We showed here that DNA damage foci in advanced stage of 
chemical senescence frequently colocalize with PML NBs (Fig. 
2), which is consistent with previous studies using ionizing radia-
tion as a source of DNA damage.49,50 PML NBs serve as depots 
for proteins involved in DDR, such as ATM, ATR, BLM, Chk2, 
Rad51, Rad52, RPA, Mre11 and NBS1, and undergo dynamic 
re-structuring after irradiation, including recruitment of DNA 
repair factors.75 Moreover, some components of the DDR machin-
ery are post-translationally modified directly in PML NBs, such 
as p53.76,77 Thus the formation of PML NBs in the near proxim-
ity of the sites of persisting DNA lesions might reflect chronic, 
futile attempts to repair the problematic lesions.

Upon DNA damage induced by BrdU in our present experi-
ments, the nucleoplasmic pool of the RecQ helicase BLM was 

is mediated by p53,17 we wished to assess this important notion 
in our drug-induced senescence models. As expected, p53 was 
stabilized and activated (as deduced from total and Ser15-
phosphorylated levels of p53) during premature senescence 
induced by all drugs tested (Figs. 2A and 4A–D). Therefore, we 
investigated further whether PML expression induced via JAK/
STAT signaling depends on transcriptional activity of p53. First, 
isogenic human cell lines HCT-116 with intact wild-type (HCT-
116 p53+/+) or deleted p53 (HCT-116 p53-/-,66) were exposed to 
TMD in the presence or absence of iJAK and the PML protein 
and mRNA levels were evaluated. The comparable increase of 
both PML protein (Fig. 6A) and mRNA levels (Fig. 6B) in p53 
positive as well as negative cell lines indicated independence 
of PML expression on active p53. Chemical inhibition of JAK 
kinases by iJAK inhibitor led in both cases to substantial suppres-
sion of PML protein and mRNA, confirming again the domi-
nant involvement of JAK/STAT signaling in PML expression. 
Second, data obtained with U2OS cells conditionally expressing 
(in a tetracycline-repressible manner) a dominant-negative form 
of p53 (U2OS p53DD67) and exposed to TMD did not show 
any dependence of PML expression on transcription activity of 
p53 (Fig. 6C). This negative result contrasted sharply with paral-
lel examination of the known p53 transcription target p21waf/cip 
whose induction in response to TMD was abolished by expres-
sion of the dominant-negative p53 (Fig. 6D).

We conclude from these experiments that induction of PML 
in response to at least some genotoxic drugs via the JAK/STAT 
signaling is not dependent on transcriptional activity of p53.

Discussion

The PML protein is an important positive regulator of cellular 
senescence and a tumor suppressor commonly lost in human 
cancer.2 The role of PML and PML NBs in the senescence bar-
rier against activated oncogenes, tumor progression and likely 
other pathophysiological settings that involve senescence, such as 
wound healing, inflammation and aging,68 provide a strong stim-
ulus to elucidate the regulation and function of PML. Our pres-
ent study contributes to better understanding of PML biology by 
providing novel insights into regulation of PML and abundance 
and subcellular localization of PML NBs in cellular senescence 
evoked by exposure of human normal as well as cancerous cells 
to a range of genotoxic drugs that are used for various purposes in 
both research and clinical practice. Specifically, our results show 
that response to genotoxic drugs includes senescence-associated 
elevation of PML and PML NBs, and indicate that this phenom-
enon is mainly attributable to enhanced PML gene expression. 
In addition, we demonstrate that this positive regulatory mecha-
nism involves cytokine-activated JAK/STAT signaling pathways, 
and reflects activation of PML transcription through an ISRE 
element within the proximal PML gene promoter. Finally, we 
also provide evidence that this mode of regulation is independent 
of the p53 tumor suppressor, while at the cellular level, the PML 
NBs become closely associated with persistent sites of DNA dam-
age occupied by active DDR signaling machinery that has been 
causally linked to cellular senescence.8,69
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of transcription factor(s) responsible for ISRE-dependent PML 
expression needs further clarification.

The roles of DDR and p53 in JAK/STAT-controlled PML 
expression and relevance to cancer. The genotoxic drugs 
employed in our study are widely used in biomedicine, and 
therefore it is of interest to better understand their biological and 
molecular effects on both normal and cancer cells. Not surpris-
ingly, all genotoxic drugs in our experiments evoked DNA dam-
age signaling and activated/stabilized p53. Based on reported 
dependence of PML expression on p53 in mouse embryonal 
fibroblasts during Ras-induced senescence,17 we tested whether 
p53 is instrumental for the observed JAK/STAT-dependent 
expression of PML in drug-induced senescence. Utilizing p53 
positive and negative HCT-116 cell lines,66 we clearly show inde-
pendence of PML expression on p53 status after treatment with 
thymidine,  etoposide and aphidicolin. The same conclusion can 
be drawn from the alternative approach using tetracycline-regu-
lated dominant negative expression of p53 in U2OS cells treated 
with thymidine as a representative example. As to upstream sig-
naling to the JAK/STAT cascade, one candidate that deserves 
attention is the reported cytokine-independent route via acti-
vation of the c-Abl kinase by ATM-mediated phosphorylation 
in response to ionizing radiation.82 Thus, phosphorylation of 
STAT1 via the ATM/c-Abl axis might represent an initial event 
in the activation of JAK/STAT signaling after genotoxic stress. 
Activated STAT1 could then transactivate ISGs including inter-
ferons and PML.

While answering some questions, our present data also iden-
tify some issues that remain to be elucidated in the future. Among 
these is the elucidation of the precise DDR (sub)pathway(s) that 
results in the enhanced JAK/STAT signaling to PML promoter, 
and the identity of the transcription factors involved. Another 
critical issue is identification of the key cytokines that serve as 
ligands upstream of the observed JAK/STAT-induced signaling. 
A plethora of chemokines and cytokines have been implicated 
in development and maintenance of cellular senescence83 includ-
ing their autocrine/paracrine secretion by cells undergoing drug-
induced senescence.35 It is also apparent that at least one other 
pathway contributes to PML transcriptional regulation under 
basal growth conditions as well as in IFNα-treated84 or geno-
toxic drug-treated cells, as inhibition of JAK/STAT signaling 
impaired, but did not entirely eliminate, PML expression in such 
experiments.

From a broader perspective, our present findings are relevant 
for cancer biology and mechanisms behind biological responses 
to chemotherapy. Importantly, drug-induced senescence, unlike 
most other types of cellular senescence, can be evoked also in 
tumor cells. Our present results provide mechanistic insights into 
the regulation of PML nuclear compartment during genotoxic 
stress and highlight the emerging significance of autocrine/para-
crine stimulation in the development of senescent phenotype and 
the so-called “bystander” effects (reviewed in ref. 85) observed 
under various conditions including radiotherapy or chemother-
apy. We hope that the identification of the critical role of JAK/
STAT signaling and ISRE-mediated transcription as impor-
tant aspects of PML expression in drug-induced senescence will 

lost and BLM accumulated at the persistent DNA damage foci 
together with PML NBs (Fig. 2E). Importantly, sumoylation 
of BLM was reported to direct this helicase to PML NBs, and 
this was proposed to negatively regulate BLM function in DNA 
repair.54 While the role of PML NBs in drug-induced senescence 
remains to be elucidated, it is tempting to speculate that the 
observed accumulation of PML and PML NBs in the vicinity 
of the DNA lesions in senescent cells may have some repressive 
effect on DNA repair, possibly through sequestering some of the 
DDR components.

PML expression in drug-induced senescence requires JAK1/
STAT signaling and ISRE-mediated transcription. The PML 
gene promoter binds transcription factors of the STAT family 
activated by interferon signaling65 and these factors are activated 
during drug-induced senescence in association with produc-
tion of cytokines including IFNβ.35 Given that the activation 
of STATs proceeds via cytokine receptor-associated kinases 
of JAK family, here we employed chemical inhibition of JAK 
kinases and indeed demonstrated that the JAK kinase activity 
is involved in PML expression in senescence triggered by BrdU/
DMA, thymidine or camptothecin, but not etoposide. The lat-
ter scenario might reflect activation of PML expression via some 
additional mechanism(s) such as the NFκB pathway, which is 
strongly induced by etoposide and could operate through NFκB 
DNA-binding elements located in the PML promoter (our 
unpublished data). Moreover, inhibition of the JAK1 kinase 
expression by short hairpin RNAs further supported the involve-
ment of JAK1 kinase in PML expression after BrdU-treatment. 
It should be emphasized that besides IFNs type I and II, JAK1 
is activated by several cytokines/cytokine receptors78 including 
IL6, IL7 and IL10, which we and others found expressed after 
genotoxic stress.35,39 Which of the numerous cytokines produced 
by senescent cell is involved in activation of JAK1/STAT sig-
naling pathway(s) and expression of PML is a complex task for 
future studies.

We have also mapped the PML promoter region required for 
transmitting JAK/STAT signaling under DNA-damaging con-
ditions. Stadler and collaborators identified two DNA binding 
elements, ISRE and GAS, which mediate induction of PML 
promoter/reporter gene constructs by IFNs, both elements being 
located in the first untranslated exon of the PML gene.65 Our 
present results from gel retardation assays demonstrated the pres-
ence of ISRE but not GAS binding activity in nuclear extracts 
prepared from BrdU/DMA-treated senescent cells. Together with 
the fact that ISRE was specifically required in our reporter assays, 
these results strongly implicate the ISRE DNA binding element 
in genotoxic stress-induced PML transcription.

As to the transcription factors involved, the ISRE consensus 
sequence is recognized not only by STATs but also by transcrip-
tion factors of the interferon regulatory factor family such as 
IRF1,79 whose expression/activation is regulated by interferons.30 
Since overexpression of IRF1 leads to elevated PML transcripts,80 
increased levels of IRF1 found after drug treatment35 may con-
tribute to JAK/STAT-dependent PML expression in our pres-
ent study. Moreover, ATM-dependent stabilization of IRF1 was 
reported after etoposide treatment,81 and precise characterization 
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sensitivity of BrdU-treated cells to light-induced DNA damage, 
cells were exposed to light only for minimal time periods nec-
essary for handling. Senescence associated-β-galactosidase assay 
was performed as described86 with modifications described in.87 
Images were captured in bright field by a fluorescence microscope 
(Leica DMRXA, Germany) equipped with digital camera.

Indirect immunofluorescence. Cells grown on glass cover-
slips were fixed by 4% formaldehyde and permeabilized by 0.1% 
Triton X-100 in two consecutive steps, each for 20 minutes at 
RT. After washing with PBS, cells were incubated with diluted 
primary antibodies for 1 hour at RT and then extensively washed 
with PBS/0.1% Tween 20. The incubation with secondary anti-
bodies was performed for 1 hour at RT. To counterstain nuclei, 
coverslips were mounted in Mowiol containing 4',6-diamidino-
2-phenylindole (DAPI; Sigma, St. Louis, MO, USA) and viewed 
by a confocal microscope (Leica TCS SP, Weltzlar, Germany) 
or by a fluorescence microscope (Leica DMRXA, Germany). 
Minimum of 100 cells on confocal micrographs for each treat-
ment was used for statistical evaluation of PML NB numbers.

Quantitative real time RT-PCR (qRT-PCR). Total RNA 
samples were isolated using TriReagent according to the man-
ufacturer’s protocol. Purified RNA was treated with 80 U/ml 
DNase (TURBO DNA-free Kit, Ambion, Applied Biosystems, 
Foster City, CA, USA) for 30 minutes at 37°C. First strand 
cDNA was synthesized from 200 ng of RNA sample with ran-
dom hexamer primers using TaqMan Reverse Transcription 
Reagents (Applied Biosystems). qRT-PCR was performed in ABI 
Prism 7300 (Applied Biosystems) using SYBR Green I Master 
Mix (Applied Biosystems) with the following set of primers:

PML (designed to encompass PML exons common to all iso-
forms): 5'-CCG CAA GAC CAA CAA CAT CTT-3', 5'-CAG 
CGG CTT GGA ACA TCC T-3'; GAPDH: 5'-CTC CCA 
CTC CCT GAA ATC TG-3', 5'-GAG CTG TTC TCC TGC 
ACC TC-3'; MXA: 5'-CTC CCA CTC CCT GAA ATC TG-3', 
5'-GAG CTG TTC TCC TGC ACC TC-3'; JAK1: 5'-GGA 
TAA CAT CAG CTT CAT GCT AAA-3', 5'-CAC CAG CAG 
GTT GGA GAT TT-3'; Actin: 5'-AGG CAC CAG GGC GTG 
AT-3', 5'-TCG CCC ACA TAG GAA TCC TT-3'. The relative 
quantity of cDNA was estimated by ∆∆Ct, data were normalized 
to GAPDH or actin.

SDS-PAGE and western blotting. Cells were harvested into 
Laemmli SDS sample lysis buffer supplemented with a cocktail of 
protease inhibitors (EDTA free, Roche Diagnostics, Mannheim, 
Germany) with 1 µg/ml leupeptin (Serva, Heidelberg, Germany) 
and a cocktail of phosphatase inhibitors (Roche Diagnostics, 
Mannheim, Germany), sonicated and centrifuged at 16,000 
x g for 10 min. Concentration of proteins was estimated by 
the BCA method (Pierce Biotechnology Inc., Rockford, IL). 
100 mM DTT and 0.01% bromphenol was added to lysates 
before separation in polyacrylamide gels by SDS-PAGE (9% 
gels were used for most of the proteins, 14% gels for p21 and 
Chk2 pT68). The same protein amount (35 µg) was loaded 
into each well (except BJ lysates—25 µg). Proteins were elec-
trotransferred onto a nitrocellulose membrane using wet or 
semidry transfer and detected by specific antibodies combined 
with horseradish peroxidase-conjugated secondary antibodies  

stimulate further work on the cytokines and other elements of 
this pathway that might represent a candidate therapeutic target 
to optimize chemotherapy.

Materials and Methods

Chemicals and antibodies. 5-bromo-2'-deoxyuridine, cyclo-
heximide, etoposide, camptothecin, aphidicolin, thymidine 
and TriReagent were purchased from Sigma (St. Louis, MO), 
distamycin A was obtained from Dr. Perrotta (Chemper, Prato, 
Italy), X-Gal from Fluka (Buchs, Switzerland) and IFNα-2b 
from Schering Plough (Kenilworth, NJ). JAK inhibitor I was 
purchased from Merck KGaA (Darmstadt, Germany).

The following antibodies were used: mouse monoclonal 
(mAb) antibody PG-M3 against PML (for immunofluorescence), 
rabbit polyclonal antibody against PML (for immunoblots), poly-
clonal serum against IRF1 (sc-13041), polyclonal serum against 
STAT3 (clone C-20), rabbit polyclonal antibody against 53BP1 
(H300), all from Santa Cruz Biotechnology (Santa Cruz, CA), 
mouse mAb antibody against STAT1 (EXBIO, Prague, Czech 
Republic), rabbit polyclonal serum against phosphotyrosine 
701 of STAT1, phosphoserine 15 of p53 and phosphothreonine 
of Chk2, mouse mAb against phosphotyrosine 705 of STAT3 
(Cell Signaling Technology, Danvers, MA), mouse mAb anti-
body against MXA (a gift from G. Koch, University of Freiburg, 
Germany), mouse mAb antibody against JAK1 and γH2AX 
(Millipore, Billerica, MA), rabbit polyclonal serum against BLM 
(gift from Norma F. Neff, New York Blood Center, New York, 
NY), rabbit polyclonal serum against TRF1 (T. de Lange, The 
Rockefeller University, NY) and mouse mAb antibody against 
GAPDH (GeneTEX, Irvine, CA). For immunofluorescence, 
secondary antibodies anti-mouse IgG antibody conjugated with 
Cy3 (Jackson ImmunoResearch Laboratories, West Grove, PA) 
and anti-rabbit IgG antibody Alexa 488 (Invitrogene, Carlsbad, 
CA) were used.

Cell cultures. Human cancer cell lines HeLa, U2OS and 
HCT-116 and BJ normal human fibroblasts (at population dou-
blings between 25 and 45) were cultured in Dulbecco’s modi-
fied Eagle’s medium (D-MEM) supplemented with 10% foetal 
bovine serum (FBS). Cells were kept at 37°C under 5% CO

2
 

atmosphere and 95% humidity.
Induction and assay of cellular senescence in vitro. In pilot 

experiments, cells were treated with various concentrations of 
individual drugs to select best conditions leading to senescence. 
100 µM BrdU or a combination of 10 µM BrdU with 10 µM 
DMA (dissolved in DMSO), 0.5 µM camptothecin, 0.3 µM 
aphidicolin (dissolved in DMSO), 5 µM etoposide and 2.5 mM 
thymidine were chosen as the most suitable for routine adminis-
tration to reach senescence within 6 days of the treatment in the 
majority of cells within the given cell population. For chemical 
inhibition of JAK kinases, 0.25 µM JAK inhibitor I was used 
simultaneously with the appropriate senescence-inducing chemi-
cals. Culture medium with fresh additives was changed every sec-
ond day (every third day in case of thymidine-treated U2OS cells 
without tetracycline system). Cells treated with the JAK inhibi-
tor I alone were passaged every two days. To avoid the known 
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#4 5'-CCG GCT GAG CTA CTT GGA GGA TAA ACT 
CGA GTT TAT CCT CCA AGT AGC TCA GTT TTT-3'

#5 5'-CCG GGC CTT AAG GAA TAT CTT CCA ACT 
CGA GTT GGA AGA TAT TCC TTA AGG CTT TTT G-3'

Estimation of PML promoter activity. The Bluescript II SK+ 
plasmid containing the PML promoter fragment (-809/+633) 
in front of a luciferase reporter gene (PML 1.44-Luc) was a gift 
from H. de Thé.65 ∆ISRE PML-Luc was made by deletion of a 
34-bp fragment (595/628) containing the ISRE element using 
adjacent Bgl II and Nco I restriction sites. To measure lucif-
erase activity, cells were seeded at 6 x 104 per well in 12-well 
plates one day before transfection. 450 ng of PML 1.44-Luc 
or ∆ISRE PML-Luc with 50 ng of vector containing Renilla 
luciferase under thymidine kinase promoter (pRL-TK) were 
transfected to each well using FuGENE 6 (Roche Diagnostics, 
Mannheim, Germany). 24 h after transfection, senescence-
inducing drugs with or without iJAK were added for the follow-
ing 72 hours and then cell lysates were harvested according to 
the manufacturer’s protocol (the same as for the dual luciferase 
assay). For the dual luciferase assay, luciferase activities were 
quantified with a luminometer (GloMax®-Multi Microplate 
Multimode Reader, Turner Biosystems, CA) using The  
Dual-Luciferase Reporter Assay System (Promega, Madison, 
WI).
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(goat anti-rabbit, goat anti-mouse, Bio-Rad, Hercules, CA). 
Peroxidase activity was detected by ECL (Pierce Biotechnology 
Inc.). GAPDH was used as a marker of equal loading.

Gel retardation assay. Gel retardation assays were essen-
tially done as described.88 In brief, 1 µg of nuclear extracts from 
HeLa cells (prepared with Nuclear Extraction Kit, Marligen, 
Rockville, MD) treated with or without BrdU/DMA for 6 days 
was incubated with 32P-end-labeled double-stranded oligonucle-
otides corresponding to the ISRE (+605/+618) and GAS bind-
ing site (+363/+374) of the PML promoter65 in binding buffer (4 
mM HEPES, 70 mM KCl, 5 mM MgCl

2
, 5% glycerol, 1 mM 

DTT, 100 µM ZnSO
4
, pH 7.9) for 20 min at room tempera-

ture. Nuclear extracts prepared from cells treated with IFNα  (24 
hours) or IFNγ (24 hours) were used as controls. For competition 
assays, the competitor DNA was added 10 min prior to addition 
of labelled probes. DNA-protein complexes were then resolved 
by electrophoresis on a 6% acrylamide gel in 1x TBE buffer (89 
mM Tris-base, 89 mM boric acid, 2 mM EDTA, pH 8.0). The 
gels were blotted on filter paper and exposed to phosphoimager 
screens (Fuji) and/or X-ray films. Sequences of double-strand 
DNA oligonucleotides used are listed below:

PML ISRE forward: 5'-ATC TAA ACC GAG AAT CGA 
AAC TAA GCT G-3'; PML ISRE reverse: 5'-CAG CTT AGT 
TTC GAT TCT CGG TTT AGA T-3'; PML GAS forward: 
5'-TCC CGC TTT ACC GTA AGT CAG CGG-3'; PML GAS 
reverse: 5'-CCG CTG ACT TAC GGT AAA GCG GGA-3'; 
MXA ISRE wt forward: 5'-AGC TTG GTC TGT GAG TTT 
CAT TTC TTC GCC A-3'; MXA ISRE wt reverse: 5'-TGG 
CGA AGA AAT GAA ACT CAC AGA CCA AGC T-3'; MXA 
ISRE mut forward: 5'-AGC TTG GTC TGT GAG GCG CAG 
CGC TTC GCC A-3'; MXA ISRE mut reverse: 5'-TGG CGA 
AGC GCT GCG CCT CAC AGA CCA AGC T-3' (mutated 
bases are underlined).

Transduction of shRNA. Specific shRNAs were introduced 
into HeLa cells using lentiviruses as described in our previous 
article.35 shRNA used are listed below:

#1 5'-CCG GGA CAG TCA CAA GAC TTG TGA ACT 
CGA GTT CAC AAG TCT TGT GAC TGT CTT TTT G-3'

#2 5'-CCG GCG TTC TCT ACT ACG AAG TGA TCT 
CGA GAT CAC TTC GTA GTA GAG AAC GTT TTT G-3'

#3 5'-CCG GGA GAC TTC CAT GTT ACT GAT TCT 
CGA GAA TCA GTA ACA TGG AAG TCT CTT TTT-3'
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Supplementary Figure 1. 

Senescence associated-B-galactosidase assay (SA-B-gal) of HeLa cells treated six days with 

vehicle (a), 10 μM DMA (b), 10 μM BrdU (c), 100 μM BrdU (d), or 10 μM BrdU/DMA (e); 

U2OS cells treated six days with vehicle (f), 0.3 μM APH (g), 2.5 mM TMD (h) or 5 μM ET (i); 

HeLa cells treated six days with vehicle (j) or 0.5 μM CPT (k); BJ cells treated with vehicle (l) 

or 0.5 μM CPT (m) 

Supplementary Figure 2. Elevation of PML NB in drug-induce senescence  

Immunofluorescent detection of PML NB in U2OS cells treated six days with 0.3 μM APH, 2.5 

mM TMD or 5 μM ET in comparison to control cells and HeLa cells treated with 0.5 μM CPT in 

comparison to appropriate control cells. 

Supplementary Figure 3. 

(a) mRNA levels of PML quantified by qRT-PCR in U2OS cells treated by TMD for specified 

time period. GAPDH was used as a reference gene. (b) Immunoblot detection of  PML protein 

stability  in HeLa cells treated with cycloheximide for 6 or 24 hours alone or in combination with 

BrdU and DMA  or IFNalpha in comparison to untreated control. (c) Immunoblot detection of  

PML protein stability in HeLa cells treated with different doses of cycloheximide for 24 hours 

with or without IFN alpha treatment. 

Supplementary Figure 4. Reduction of PML NB after inhibition of JAK kinases in HeLa cells  

Immunofluorescent detection of PML NB in HeLa cells treated for six days with combination of 

BrdU and DMA (b) or BrdU/DMA and JAK kinase inhibitor I (iJAK) (c) in comparison to 

control cells (a) and cells treated only with iJAK (d). 
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Background: PML is a tumor suppressor involved in response to viral and genotoxic stress.
Results: Depletion of IL6 siRNA-mediated knockdown of STAT3 or NEMO suppresses PML gene expression.
Conclusion: PML is regulated via IL-6-dependent JAK-STAT3 and PI3K-NF�B signaling pathways in an autocrine/paracrine
manner.
Significance: Paracrine regulation of PML gene expression is a part of tissue adaptation to local stress.

Tumor suppressor PML is induced under viral and genotoxic
stresses by interferons and JAK-STAT signaling. However, the
mechanism responsible for its cell type-specific regulation
under non-stimulated conditions is poorly understood. To ana-
lyze the variation of PML expression, we utilized three human
cell types, BJ fibroblasts andHeLa andU2OScell lines, eachwith
a distinct PML expression pattern. Analysis of JAK-STAT sig-
naling in the three cell lines revealed differences in levels of
activated STAT3 but not STAT1 correlating with PML mRNA
and protein levels. RNAi-mediated knockdown of STAT3
decreased PML expression; both STAT3 level/activity and PML
expression relied on IL6 secreted into culture media. We
mapped the IL6-responsive sequence to an ISRE(�595/�628)
element of the PML promoter. The PI3K/Akt/NF�B branch of
IL6 signaling showed also cell-type dependence, being highest
in BJ, intermediate in HeLa, and lowest in U2OS cells and cor-
related with IL6 secretion. RNAi-mediated knockdown of
NEMO (NF-�-B essential modulator), a key component of
NF�B activation, suppressed NF�B targets LMP2 and IRF1
together with STAT3 and PML. Combined knockdown of
STAT3 and NEMO did not further promote PML suppression,
and it can be bypassed by exogenous IL6, indicating the NF-�B
pathway acts upstreamof JAK-STAT3 through induction of IL6.
Our results indicate that the cell type-specific activity of IL6
signaling pathways governs PMLexpression under unperturbed
growth conditions. As IL6 is induced in response to various viral
and genotoxic stresses, this cytokine may regulate autocrine/
paracrine induction of PML under these pathophysiological
states as part of tissue adaptation to local stress.

Promyelocytic (PML)4 nuclear bodies (NBs) are complex
structures of mammalian nuclei comprising more than 100
proteins of various function including important cell cycle and
cell fate regulators and factors involved in response to DNA
damage (1). PML, a scaffold protein required for structural
maintenance of PML NBs, is considered a tumor suppressor
(for review, see e.g. Refs. 2 and 3), as loss of PML gene integrity
by chromosomal translocation and gene fusion is linked to
pathogenesis of acute promyelocytic leukemia (4) and mice
with ablation of PML are tumor-prone (5). Importantly, PML
expression is frequently deregulated in many human solid
tumors (6–8). Early stages of epithelial tumors feature higher
levels of PML than normal tissue cells, whereas advanced inva-
sive tumor stages are associated with down-regulation of PML.
Interestingly, Koken et al. (8) reported a high abundance of
PML in tumor stroma regardless of tumor stage, especially in
the vascular component. These expression patterns indicate
decreased expression or loss of PML during acquisition of the
invasive phenotype and involvement of a paracrine mechanism
in PML induction (8). The latter notion is consistent with sev-
eral studies showing that PML is inducible by cytokines, namely
type I and type II interferons (9–12).
Themechanismof tumor-suppressive function of PML is not

completely understood. In general, PML plays a role in cellular
senescence and apoptosis (for reviews, see e.g. Refs. 13 and 14).
Some effects of PML can be linked directly to PML protein
itself, whereas others can be attributed to the function of PML
nuclear compartment, which is built with the aid of PML
tetramers. Soluble PML can bind to p53, a transcription factor
mediating DNA damage response, senescence, and apoptosis,
and facilitates acetylation, stabilization, and phosphorylation-
mediated activation of p53 (15, 16). Moreover, as a direct tran-
scriptional target of p53, PML is implicated in a positive feed-
back loop controlling p53 activity (17). Furthermore, PML and
PMLNBs cooperate with pRb in formation of chromatin-dense
nuclear structures known as senescence-associated hetero-
chromatin foci (18–21) observed in some forms of cellular
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senescence (22). Multiplication of PML NBs is observed in
almost all types of cellular senescence (13, 15, 23–26). The ele-
vation of PML in senescent cells ismediated at the transcription
level (25) via activated Janus kinase/signal transducer and tran-
scription activator (JAK/STAT) signaling (27) and/or post-
translationally in some cell types (28).
Several groups including ours reported that various geno-

toxic stresses leading to activation of DNA damage response
induce expression of a complex cytokine network (for reviews,
see Refs. 29–31), which can also include type I and type II inter-
ferons (32). Activated JAK/STAT signaling accompanying last-
ing DNA damage response during drug-induced premature
senescence contributes to multiplication of nuclear PML com-
partment through modulation of PML transcript level (33).
Notably, PMLNBswere found to quickly reassemble afterDNA
damage and to co-associate with persistent DNA lesions (33–
35), implicating PML NBs in metabolism of damaged DNA
(36). Importantly, persistent DNA damage response activity
and development of cellular senescence is a feature character-
istic for early stages of human tumorigenesis (37–41). Collec-
tively, these findings suggest that under conditions of genotoxic
stress the PML compartment is regulated at least in part in an
autocrine/paracrine manner via secreted cytokines activating
the JAK/STAT signaling pathway. Although we reported pre-
viously that JAK/STAT signaling (33) directly modulates PML
transcription, the key cytokine responsible for PML activation
was not determined due to a wide spectrum of cytokines pro-
duced by senescent cells.
In contrast to our understanding of PMLgene induction dur-

ing genotoxic stress, regulation of PML transcription under
unstressed conditions is currently unclear. Despite that it has
been known for almost two decades that various normal and
malignant human cell types both in vitro and in vivo harbor
variable numbers of PML nuclear bodies (42), the underlying
mechanism responsible for such differences is unknown. In
addition, the number of PML NBs noticeably differs even
among individual cells in a given cell population (43) partly
reflecting cell cycle dependence (8) or proliferative age (see e.g.
Ref. 23).
In this study we address some of the open questions about

PML regulation and show that expression of PMLunder unper-
turbed cell culture conditions is partially dependent on IL6,
whose level of secretion is cell type-dependent. In general, IL6 is
a functionally pleiotropic cytokine produced bymany cell types
in response to injury, inflammation, and infection. IL6 is an
important regulator of cell proliferation and survival, and it is
involved in regenerative and inflammatory processes (for
review, see Ref. 44). Such functions of IL6 are mediated via its
binding to membrane-bound or -soluble �-subunit IL6 recep-
tor. IL6-IL6 receptor complexes then associate at the cellular
membrane with two molecules of gp130 subunit followed by
gp130 homodimer formation, which results in activation of
kinases JAK1, JAK2, and TYK2. These events trigger engage-
ment of phosphatase Src homology domains containing tyro-
sine phosphatase-2 (SHP-2) and subsequent initiation of sig-
naling cascades including JAK/STAT-3, phosphoinositide
3-kinase (PI3K)-protein kinase B/Akt (PKB/Akt) and ras/raf/
mitogen-activated protein kinase pathway (MAPK) (for review,

see e.g. Refs. 44 and 45). Our present results also show that
activities of both the JAK/STAT and PI3K/Akt pathways cor-
relatewith PMLexpression,which in turn is IL6-inducible. Fur-
thermore, down-regulation of key components of either of the
two signaling pathways leads to suppression of PML levels. We
conclude that IL6 signaling represents an important determi-
nant of regulation of the PML nuclear compartment.

EXPERIMENTAL PROCEDURES

Antibodies—The following antibodies were used: mouse
monoclonal antibody PG-M3 against PML (for immunofluo-
rescence), rabbit polyclonal antibodies against PML (for immu-
noblots), STAT5, phosphotyrosine 694 of STAT5, STAT3
(clone C-20), NEMO, and p53 (all from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA)); mouse monoclonal antibody against
phosphotyrosine 705 of STAT3, rabbit polyclonal antibodies
against phosphotyrosine 701 of STAT1, phosphoserine 15 of
p53, rabbit monoclonal antibodies against phosphoserine 473
of Akt and against total Akt (all fromCell Signaling Technology
(Danvers, MA); mouse monoclonal antibody against GAPDH
(GeneTEX, Irvine, CA); mouse monoclonal antibody against
phosphoserine 139 of histone H2AX (Millipore, Billerica, MA);
mouse monoclonal antibody against total STAT1 (SM2 clone,
Exbio, Vestec, Czech Republic). For immunofluorescence, sec-
ondary antibodies anti-mouse IgG antibody conjugated with
Cy3 (Jackson ImmunoResearch Laboratories, West Grove, PA)
and anti-rabbit IgG antibody Alexa 488 (Invitrogen) were used.
Cell Cultures—Human cancer cell lines HeLa (cervix carci-

noma), U2OS (osteosarcoma), and BJ normal human fibro-
blasts (at population doublings between 30 and 45) were cul-
tured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum. Cells were kept at 37 °C under 5%
CO2 atmosphere and 95% humidity.
Indirect Immunofluorescence—Cells grown on glass cover-

slips were fixed by 4% formaldehyde and permeabilized by 0.1%
Triton X-100 in two consecutive steps, each for 15min at room
temperature. After washing with PBS, cells were incubates in
10% FBS (diluted in PBS) for 30 min to block unspecific signal.
After this step cells were incubated with diluted primary anti-
bodies for 1 h at room temperature and then extensively
washed with PBS, 0.1% Tween 20. The incubation with second-
ary antibodies was performed for 1 h at room temperature. To
counterstain nuclei, coverslips were mounted in Mowiol con-
taining 4�,6-diamidino-2-phenylindole (Sigma) and viewed by a
fluorescence microscope (Leica DMRXA).
Quantitative Real Time RT-PCR (qRT-PCR)—Total RNA

samples were isolated using the RNeasy Mini kit (Qiagen, MD)
according to the manufacturer’s protocol. First strand cDNA
was synthesized from 200 ng of total RNA with random hex-
amer primers using TaqMan Reverse Transcription Reagents
(Applied Biosystems). qRT-PCR was performed in ABI Prism
7300 (Applied Biosystems) using SYBR Green I Master Mix
(Applied Biosystems) with the following set of primers: PML
(designed to encompass PML exons common to all isoforms),
5�-CCG CAA GAC CAA CAA CAT CTT-3�, 5�-CAG CGG
CTT GGA ACA TCC T-3�; actin, 5�-AGG CAC CAG GGC
GTG AT-3�, 5�-TCG CCC ACA TAG GAA TCC TT-3�;
STAT3, 5�-CTT TGA GAC CGA GGT GTA TCA CC-3�,
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5�-GGT CAG CAT GTT GTA CCA CAG G-3�; NEMO,
5�-GGT GGA GCA CCT GAA GAG AT-3�, 5�-CAG AGC
CTG GCA TTC CTT AG-3�; IL6, 5�-AGC CCT GAG AAA
GGA GAC ATG TA-3�, 5�-TCT GCC AGT GCC TCT TTG
C-3�; IRF1, 5�- AAA AGG AGC CAG ATC CCA AGA-3�, 5�-
CAT CCG GTA CAC TCG CAC AG-3�; LMP2, 5�-TGT GCA
CTC TCT GGT TCA GC-3�, 5�-GGA GGT TCC TCC AGT
TCTATCC-3�; CTNNB1, 5�-CACAAGCAGAGTGCTGAA
GGT G-3�, 5�-GAT TCC TGA GAG TCC AAA GAC AG-3�.
The relative quantity of cDNAwas estimated by��Ct, and data
were normalized to �-actin. Samples were measured in
triplicate.
SDS-PAGE and Immunoblotting—Cells were harvested into

Laemmli SDS sample lysis buffer, sonicated, and centrifuged at
16,000� g for 10min. Proteins concentration was estimated by
the BCAmethod (Pierce). 100mMDTT and 0.01% bromphenol
was added to lysates before separation in polyacrylamide gels by
SDS-PAGE (9% gels were used). The same protein amount (25
�g for BJ cells, 35�g for other cell lines; in experimentswith cell
line comparison, 25 �g of protein was used) was loaded into
each well. Proteins were electrotransferred onto a nitrocellu-
losemembrane usingwet transfer and detected by specific anti-
bodies combined with horseradish peroxidase-conjugated sec-
ondary antibodies (goat anti-rabbit, goat anti-mouse; Bio-Rad).
Peroxidase activity was detected by ECL (Pierce). GAPDH was
used as a marker of equal loading.
Estimation of PML Promoter Activity—The Bluescript II

SK� plasmid containing the PML promoter fragment (�809/
�633) in front of a luciferase reporter gene (PML1.44-Luc) was
a gift from H. de Thé (27). �ISRE PML-Luc was made by dele-
tion of a 34-bp fragment (�595/�628) containing the ISRE
element using adjacent BglII and NcoI restriction sites. To
measure luciferase activity, cells were seeded at 6� 104 per well
in 12-well plates 1 day before transfection. 450 ng of PML 1.44-
Luc or �ISRE PML-Luc with 50 ng of vector containing Renilla
luciferase under thymidine kinase promoter (pRL-TK) were
transfected to each well using FuGENE 6 (Roche Diagnostics).
24 h after transfection cell lysates were harvested according to
themanufacturer’s protocol. For the dual luciferase assay, lucif-
erase activities were quantified with a luminometer (GloMax�-
Multi Microplate Multimode Reader, Turner Biosystems, CA)
using the Dual Luciferase Reporter Assay System (Promega,
Madison, WI). The values are given as ratios of PML-Luc and
pRL-TK luminescence (arbitrary units).
Determination of Cytokines in Cultivation Media—The con-

ditioned medium from cells was collected 24 h after fresh
medium was changed, and the numbers of cells per each dish
were counted. The concentrations of IL6 and IL1� were esti-
mated by a FACS bead array using FlowCytomix Human Sim-
plex kit (IL6-BMS8213FF, IL1�-BMS8224FF; Bender MedSys-
tems,Wien, Austria) on flow cytometer LSRII (BDBiosciences)
according to the manufacturer’s protocol.
Estimation of IL6 Biological Activity—To test the effective-

ness of IL6 depletion mediated via IL6 antibody (2 �g/ml; goat
polyclonal antibody; R&D Systems, Inc., Minneapolis, MN),
growth dependence of mouse hybridoma B9 cells on the pres-
ence of IL6 was utilized (46). The conditioned media from BJ
andHeLa cells incubated for 2 and 4 days, respectively, with IL6

antibody were transferred in a 1:1 dilution with fresh medium
to mouse hybridoma B9 cells seeded in triplicate at a density of
25,000 cells/ml on 24-well plates. As positive or negative con-
trols, B9 cells were cultivated with or without the addition of
recombinant IL6 (100 pg/ml, Peprotech, NJ), respectively.
50-�l aliquots of B9 cell cultureswere removed after 3 days, and
cell growth and viability were measured after staining with
Hoechst 33258 (Invitrogen) by flow cytometer (BD LSRII, BD
Biosciences). To test for antibody toxicity in B9 cells, goat poly-
clonal antibody against HP1� (Santa Cruz) was used at a con-
centration 2 �g/ml.
siRNA-mediated Gene Knockdown—Specific siRNAs were

introduced into cells using Lipofectamine™ RNAiMAX (Invit-
rogen). Non-sense siRNA sequenceswere used as negative con-
trol siRNAs. siRNA was used are shown (non-sense siRNA
sequences and siSTAT3 (Ambion); si NEMO (Dharmacon)):
siSTAT3, #1 (5�-GGCUGGACAAUAUCAUUGAtt-3�), #2 (5�-
GCCUCAAGAUUGACCUAGAtt-3�), #3 (5�-GCACCUUC-
CUGCUAAGAUUtt-3�); siNEMO, a mix of four siRNAs (no
sequence available).
Chromatin Immunoprecipitation—Chromatin immunopre-

cipitation was performed as described previously (47, 48).
Briefly, untreated BJ, HeLa, U2OS, and IL6-treated HeLa (5
ng/ml for 0, 0.5, 1, and 6 h) and U2OS (5 ng/ml for 48 h) were
fixed (5 � 106 cells/sample) with 1% formaldehyde for 15 min,
and the reaction was stopped with 0.125 M glycine. Cells were
lysed in radioimmune precipitation cell lysis buffer (150 mM

NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 50 mM

Tris, pH 8, 5 mM EDTA) for 10 min on ice. All buffers were
supplemented with protease inhibitors (Complete EDTA-free,
Roche Diagnostics). Samples were sonicated 33 times for 10 s
with 50-s pause at 23% amplitude (Digital Sonifier 450, Branson
Ultrasonics Corp.) in an ice bath. Protein concentration was
adjusted to 1 mg/ml with radioimmune precipitation assay
buffer. A part of each lysate was saved as a control reaction
input. Lysates were precleared with protein A/G UltraLink
Resin beads (Thermo Scientific) pre-equilibrated in radioim-
mune precipitation assay buffer. Precleared samples were then
incubated with individual antibodies (STAT3, clone C-20, and
STAT5; Santa Cruz) overnight at 4 °C followed by incubation
with A/G UltraLink Resin beads for 3 h at 4 °C. The same total
protein amount was used for each reaction. Immunocomplexes
bound on beads were washed twice with radioimmune precip-
itation assay buffer, four times with LiCl buffer (100 mM Tris-
HCl, pH 8.0, 1 mM EDTA, 500 mM LiCl, 0.5% Nonidet P-40,
0.5% sodium deoxycholate), and twice with TE buffer (10 mM

Tris-HCl, pH 8.0, 1 mM EDTA). Protein-DNA complexes were
eluted with 0.1 M Tris-HCl, pH 8.0, 1 mM EDTA, and 1% SDS,
de-cross-linked in the presence of 200 mM NaCl for 5 h at
65 °C, and then treated with proteinase K (20�g/sample) for 30
min at 45 °C. DNA was extracted with phenol/chloroform,
precipitated, and PCR-amplified. The following primers
encompassing ISRE element in PML promoter were used:
5-TCAAGGGACTCAGCCAACTGG-3 and 5-GAGGCAT-
GGTGGGCTCCT-3.
Statistical Analysis—Data were expressed as the means �

S.E. Analysis of variance was used for statistical evaluation of
the data. p value�0.05 was expressed as significant difference.
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RESULTS

PMLNBs, PML Protein, and Transcript Level AreModulated
in a Paracrine Manner—In our previous work we showed that
PML gene transcription is regulated in an autocrinemanner via
cytokine-activated JAK/STAT signaling pathways in human
normal and cancer cell lines exposed to various genotoxic com-
pounds (33). To provide further insight into PML gene regula-
tion, we asked whether autocrine/paracrine signaling deter-
mines PML levels also in naïve cells grown under unperturbed
conditions in vitro. First, we selected three human cell types
that feature low (U2OS cells, 3–4 PML NBs), medium (HeLa
cells, 7–8 PMLNBs), and high (BJ cells, PD 35, �30 PMLNBs)
numbers of PML NBs per nucleus, respectively, when grown
under standard conditions (see Fig. 1A for PML NBs immuno-
fluorescence staining). Next, we exposed U2OS cells with low
content of PMLNB to culturemedium conditioned by BJ fibro-
blasts (population doubling 38) for 1 and 2 days and examined
the number of PML NBs (Fig. 1B). We found an increase of the
number of PML NBs in U2OS cells exposed to BJ-conditioned

media. This intriguing result was further corroborated by the
elevated PMLmRNAexamined by real time RT-qPCR (Fig. 1C)
and elevated PML protein determined by immunoblotting (Fig.
1D). Both protein and mRNA levels of PML significantly
increased in U2OS cells exposed to preconditioned media
already after 24 h. These data indicate that the variation of basal
PML gene expression seen in various cell types under normal
cell culture conditions depends on signalingmolecules secreted
into culture media, consistent with the hypothesis that auto-
crine/paracrine mechanisms contribute to regulation of the
PML compartment.
Activity of IL6-JAK/STAT Signaling Is Cell Type-dependent

and Correlates with PML Expression—As reported previously,
PML transcription is regulated by interferon-stimulated JAK/
STAT signaling (27, 33). Therefore, we next compared the basal
activity of JAK/STAT1/3/5 signaling in U2OS, HeLa, and BJ
cells. The level of activated STAT1 (detected as STAT1 phos-
phorylated at tyrosine 701) was undetectable in all three cell
types, yet it was inducible upon IFN� treatment in all three cell

FIGURE 1. PML and PML NBs are controlled by paracrine signaling. A, immunofluorescence detection of PML NBs in untreated U2OS, HeLa, and BJ cells
cultured under standard conditions is shown. Immunofluorescence detection of PML NBs (B) and mRNA levels of PML (C) were quantified by qRT-PCR in U2OS
cells treated 24 and 48 h with conditioned medium from BJ cells (diluted 1:1 with fresh medium). The values represent the average of two independent
experiments performed in triplicate and are given as -fold induction of PML mRNA levels relative to control U2OS cells treated with conditioned medium from
U2OS cells (diluted 1:1 with fresh medium); error bars represent S.E. Asterisks (*) and (**) represent p values �0.05 and �0.01, respectively. �-Actin was used as
a reference gene. Bar, 15 �m. D, shown is immunoblot detection of PML in U2OS cells after 24 and 48 h of treatment with conditioned medium from BJ cells
(diluted 1:1 with fresh medium). Bands with lower mobility than 130 kDa represent unmodified PML isoforms. A nonspecific band is marked by asterisk. GAPDH
was used as a loading control.
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types (Fig. 2A, only BJ is shown). The level of activated STAT5
(detected as STAT5-phosphorylated at tyrosine 694) was also
almost undetectable in all three cell lines (Fig. 2A). In contrast,
basal levels of activated STAT3 (phosphorylated at tyrosine
705) were detectable, highest in BJ, and lowest in U2OS cells
(Fig. 2A), correlating with PML mRNA levels (Fig. 2C) and the
number of PML NBs (Fig. 1A) in these cell types. Because p53
was reported as a candidate inducer of PML (17) and endoge-
nous stress can activate p53, we assessed the basal level of the
activated formof p53 (detectedwith antibody against p53 phos-
phorylated at serine 15). Serine 15-phosphorylated p53 was
very low-to-undetectable in all three cell types (see Fig. 2B)

consistent with low levels of endogenous DNA damage
assessed by nuclear foci of serine 139-phosphorylated histone
H2AX (�H2AX), a surrogate marker of DNA damage signaling
(49), in contrast to elevated �H2AX in positive control cells
treated by camptothecin (Fig. 2D). Interestingly, the concentra-
tion of the inductor of the JAK/STAT3 pathway, IL6, when
measured in conditioned media of each of the three cell types
was highest in BJ, lower in HeLa, and below the detection limit
(1.2 pg/ml of assay used; see “Experimental Procedures”) in
U2OS cells, correlating again with levels of activated STAT3
and the number of PML NBs (Fig. 2E). Intriguingly, IL6 levels
correlatedwith IL1�, whichwas reported to induce IL6 (Ref. 50;

FIGURE 2. Cell type-dependent differences in IL6-STAT3 activity and expression of PML. A, shown is immunoblot detection of total STAT1, STAT3, STAT5,
tyrosine 701-phosphorylated STAT1, tyrosine 705-phosphorylated STAT3, and tyrosine 694-phosphorylated STAT5 in U2OS, HeLa, and BJ cells cultivated at
standard conditions and BJ exposed to IFN� (10 IU/ml) for 24 h (included as a positive control of STAT1 activation); GAPDH was used as a loading control.
B, shown is immunoblot detection of total and p53 serine 15-phosphorylated p53 in U2OS, HeLa, and BJ cultivated at standard conditions; U2OS cell treated
with a combination of 10 �M BrdU and 10 �M distamycin A (BrdU/DMA) are included as positive control; GAPDH was used as a loading control. C, PML mRNA
levels were detected by real time qRT-PCR in U2OS, HeLa, and BJ cells cultivated at standard conditions. The values represent the average of two independent
experiments performed in triplicate and are given as the -fold induction of PML mRNA levels relative to U2OS; �-catenin (CTNNB1) was used as a reference
gene. Asterisks (***) represent a p value �0.005. D, shown is immunofluorescence detection of endogenous level of �H2AX, a marker of DNA damage response,
in U2OS, HeLa, and BJ cells. BJ treated for 4 days with camptothecin (BJ CPT) were used as a positive control of �H2AX formation. Bar, 15 �m. E, shown is an
estimation of IL6 and IL1� in medium of U2OS, HeLa, and BJ cells measured by FACS beads.
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Fig. 2E). Thus the positive correlation between expression of
PMLNBs and levels of secreted IL6 andphosphorylated STAT3
in different cell lines suggested a role of activated IL6-JAK/
STAT3 signaling in regulation of basal PML gene expression.
Down-regulation of IL6/STAT3 Signaling Results in Suppres-

sion of PML Gene Expression—To test directly whether IL6-
JAK/STAT3 signaling is involved in PML gene regulation,
siRNA-mediated knockdown of STAT3 was performed in BJ
cells, and the effect of such STAT3 depletion on PML expres-
sionwas estimated. Three independent specific STAT3 siRNAs
were tested (see supplemental Fig. 1A), and siSTAT3 #2 was
selected for further experiments. STAT3 siRNA transfection
resulted in almost complete knockdown of STAT3 at mRNA
(�90%) and protein levels by 48 h after transfection (Fig. 3, A
and B). This was accompanied by a substantial decrease of
numbers of PMLNBs (Fig. 3C) and PML protein levels (Fig. 3B)
and suppression of PML mRNA (Fig. 3D). To analyze whether
the effect of activated STAT3 on PML gene expression is medi-
ated via secreted IL6, BJ-conditioned medium was depleted for
IL6with a specific antibody (51). The effectiveness of IL6 deple-
tion was verified utilizing growth dependence of murine
hybridoma B9 cells on human IL6 (46). Both recombinant
human IL6 (rhIL6)-supplemented (100 pg/ml) and BJ-condi-
tioned media stimulated proliferation of B9 cells, whereas IL6-
depleted BJ-conditioned or rhIL6-negative (control) medium
had no effect on growth of B9 cells (supplemental Fig. 1B). Sub-
stitution of IL6 antibody by a control-unrelated antibody (to
HP1) had no effect on the ability of BJ-conditioned media to
support growth of B9 cells, thereby excluding any potential
cytostatic effects of neutralizing antibodies (supplemental Fig.
1B). In BJ cells, the level of activated STAT3 (Fig. 3E) as well as
PML mRNA (Fig. 3F) was decreased after 2 days of cultivation
inmediumdepleted of IL6.A similar effect of IL6 neutralization
on PML level was reproduced in HeLa cells (see supplemental
Fig. 1C). Likewise, HeLa conditioned medium but not its IL6-
depleted form supported growth of B9 cells (supplemental Fig.
1D). Furthermore, stimulation of HeLa with exogenous rhIL6
(5000 pg/ml) led to increase of activated and total STAT3 levels
after 30 min post-stimulation and persisted for at least addi-
tional 6 h (Fig. 3G). This was accompanied by elevation of PML
transcript, the increased level of which was clearly observed
after 1 h of IL6 treatment (Fig. 3H).Notably, the same treatment
ofU2OScells led to a delayed response; the increase of activated
and total STAT3 was not observable until 48 h of IL6 exposure
(supplemental Fig. 1E) followed by elevation of PML mRNA
transcript (supplemental Fig. 1F). Stimulation of U2OS and
HeLa cells with IL6 also increased the number of PMLNBs (Fig.
3I and data not shown). Altogether, these findings indicate that
IL6 and STAT3 are involved in regulation of basal PML gene
expression.
PML Gene Induction by IL6-STAT3 Is Regulated via an ISRE

Element in the PMLGene Promoter—Previously, themain IFN-
JAK/STAT signaling-responsive regulatory site of PML gene
promoter has been mapped to a DNA binding element of the
PML proximal promoter, ISRE (�605/�618; numbered rela-
tive to transcription start; Ref. 27). We found that deletion of
the ISRE element within the 1.44-kbp HindIII fragment of the
proximal PML gene promoter regions driving a luciferase

reporter led to a significant decrease of basal reporter gene
activity (Fig. 4A). Moreover, depletion of culture medium with
the IL6 neutralizing antibody resulted in a decrease of luciferase
reporter gene activity driven with promoter containing wild
type ISRE element, whereas the reporter gene activity of con-
struct with deleted ISRE element remained unchanged irre-
spective of IL6 depletion (Fig. 4B). On the other hand, the
increase of luciferase activity in HeLa cells treated with IL6 was
observed after 1 h for wild type ISRE but not for PML promoter
with deleted ISRE (Fig. 4C). These results further support the
role of the ISRE DNA binding site in response to IL6. To prove
direct binding of STAT3 to human PML ISRE binding site in
vivo, we performed chromatin immunoprecipitation (ChIP). As
shown in Fig. 4D, treatment of HeLa (for 0.5, 1, and 6 h) and
U2OS cells (48 h) with IL6 resulted in increased binding of
STAT3 to the PML gene regulatory region-containing ISRE
sequence in comparison to the non-stimulated state. No
increase of STAT5 binding to PML ISRE was observed in HeLa
cells treated with IL6 (supplemental Fig. 1,G andH). Note that
STAT3 binding in unperturbed BJ, HeLa, and U2OS correlated
with basal levels of PML expression in these cell types.
Comparison of the PML ISRE sequence with the sequence of

STAT3 consensus binding site derived from previously identi-
fied STAT3 binding sequences on STAT3-regulated genes, as
listed in Table 3 in Ehret et al. (52), showed a goodmatch (sup-
plemental Fig. 1I). Collectively, these findings indicated that
PML gene expression is directly regulated by an IL6-activated
signaling pathway and STAT3 as transcription activator
directly binding to the PML gene promoter.
NF�B Signaling Contributes to IL6-STAT3-mediated PML

Expression—Besides the JAK/STAT3 pathway, IL6 stimulates
the PI3K/Akt-PKB/ �B kinase/NF�B signaling cascade through
activation of JAK kinases (53). Therefore, to investigate the
mechanism controlling both PML gene expression and activity
of the IL6-STAT3 pathway, we focused on NF�B signaling, as
IL6 can regulate its own expression through a positive feedback
loop involving NF�B (see e.g. Ref. 54). Notably, the levels of the
active serine 473-phosphorylated form of Akt kinase were pro-
portional to levels of IL6, activated STAT3, and PML in the
three cell types tested (supplemental Fig. 2A). RNAi-mediated
down-regulation of NEMO, the �-subunit of I�B kinase
required for kinase activity of the complex and activation of
NF�B (55), depleted (�90%)NEMOmRNA(see Fig. 5,A andG,
and supplemental Fig. 2E) and protein (Fig. 5B) in BJ cells 2 days
after siRNA transfection. To assess the impact of NEMO
knockdown, we estimatedmRNA levels of knownNF�B targets
LMP2 and IRF1, both of which were decreased (supplemental
Fig. 2, B and C). Importantly, we found that the levels of PML
mRNA (Fig. 5C) and PML protein (Fig. 5B) were also decreased
in such NEMO-depleted cells. The resulting decrease of PML
protein on immunoblotwas relativelymodest, as expected from
the long half-life of PML (�24 h; see Ref. 33). NEMO knock-
downwas also accompanied by a decrease of total and activated
STAT3 (Fig. 5B). As IL6 is one of the transcriptional targets of
NF�B, we estimated its transcript and protein levels after
NEMO depletion. As expected, both IL6 mRNA (Fig. 5D) and
protein (supplemental Fig. 2F) were decreased, consistent with
reduction of NF�B activity and explaining the concomitant
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decrease of STAT3 activation. The effect of NEMO down-reg-
ulation on STAT3 activation and PML mRNA levels was
bypassed by the addition of rhIL6 into culture medium during
siRNA treatment (see “Experimental Procedures” for details;
Fig. 5, E and F). However, the addition of rhIL6 had no signifi-

cant effect on mRNA levels of NEMO itself and the known
NF�B target IRF1 (Fig. 5,G andH). Thus, to test whether NF�B
signaling acts upstreamof or in parallel to IL6-STAT3 signaling
to control PML gene expression, the double knockdown of
STAT3 andNEMO in BJ cells was performed and analyzed.We

FIGURE 3. IL6-STAT3 pathway modulates basal PML gene expression. A, shown is efficiency of STAT3 knockdown by specific siRNA detected on mRNA given
as the -fold induction of PML mRNA levels relative to BJ transfected with control nonspecific siRNA (�-actin was used as a reference gene). B, shown is protein
level by immunoblot detection of PML, total, and activated STAT3 in BJ cells 2 days after transfection. Ratios of major unmodified PML isoforms and GAPDH,
estimated by densitometric analysis, are given on the right side of the PML immunoblot. Shown is down-regulation of PML after STAT3 knockdown, estimated
at protein levels by immunofluorescence detection of PML NBs (C) and on mRNA levels by qRT-PCR in BJ cells (D) 2 days after transfection. The values represent
the average of three independent experiments performed in triplicate and are given as -fold induction of PML mRNA levels relative to BJ transfected with
control nonspecific siRNA. Bar, 15 �m. E, shown is down-regulation of STAT3 activity measured as tyrosine 705-phosphorylated STAT3 2 days after depletion
of IL6 from medium by IL6 antibody (IL6 AB, 2 �g/ml ; antibody was at all times in the medium) in BJ cells; GAPDH was used as a loading control.
F, down-regulation of PML mRNA levels was estimated by real time qRT-PCR in BJ cells 2 days after depletion of IL6 from medium by IL6 antibody (AB). The
values represent the average of three independent experiments performed in triplicate and are given as -fold induction of PML mRNA levels relative to BJ
without IL6 depletion; �-actin was used as a reference gene. Asterisks (***) represent p values � 0.005. G, time-course response of total and activated STAT3 and
STAT5 levels was detected by immunoblotting as tyrosine 705-phosphorylated STAT3 and tyrosine 694-phosphorylated STAT5 in HeLa cells treated with IL6
(5000 pg/ml). H, time course response of PML mRNA levels in HeLa cells treated with IL6 (5000 pg/ml) estimated by RT-qPCR. The values represent the average
of two independent experiments performed in triplicate and are given as -fold induction of PML mRNA levels relative to untreated HeLa cells. I, induction of
PML protein levels was detected as PML NBs by indirect immunofluorescence in U2OS cells after a 2- and 4-day exposure to recombinant human IL6 (rhIL6; 1000
pg/ml). Bar, 15 �m.
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observed no additive or synergistic effects of the combined
STAT3/NEMO knockdown on the number of PML NBs and
PML mRNA (Fig. 5, I and J; for knockdown efficiency, see sup-
plemental Fig. 2, D and E), indicating that the NF�B pathway
acts upstream of the IL6-STAT3 signaling module. We inter-
pret these data as evidence for a role of NF�B signaling in con-
trol of a previously unrecognized IL6-dependent autocrine/
paracrine loop that maintains activity of the IL6-STAT3
pathway and PML level.

DISCUSSION

PML is amultifunctional protein that belongs to the family of
interferon-stimulated genes. Expression of PML is stimulated
by interferons of type I and II (9–12), which are produced dur-
ing cellular responses to viral infection (for review, see Ref. 56)
and some genotoxic insults (32, 33). Response of PML to both
types of interferons is mediated via transcription factors
STAT1 and STAT2 (27), and it is suppressed by inhibitors of
histone deacetylases (47). Besides STAT1 and STAT2, overex-
pression of STAT5a led to elevation of PML NBs (57). In addi-
tion to this mode of transcriptional regulation, Shtutman et al.
(58) showed that overexpression of �-catenin induces PML,
indicating that Wnt signaling can participate in regulation of
PML gene expression. Furthermore, De Stanchina et al. (17)
reported that induction of PML during oncogenic Ras signaling
depends on intact Arf and p53 and that PML is a direct target of
p53. None of these studies, however, has addressed the mech-
anism of constitutive expression of this important antiviral and

tumor suppressor protein. Here we show that the variation of
PML content in different cell types propagated under standard
cell culture conditions relies on constitutive activity of IL6-de-
pendent signaling and thus is regulated in autocrine/paracrine
manner. Analysis of two IL6-dependent signaling pathways,
JAK/STAT3 and Akt/NF�B, by experimental manipulation of
key components revealed responses of PML transcript and pro-
tein levels. Our data also indicate a functional cross-talk of the
two pathways through a positive regulatory loop consisting of
self-regulated expression of IL6 via Akt/NF�B (see the scheme
supplemental Fig. 2G).
Although the role of IL6 as a signaling molecule that mobi-

lizes organism-protective systems including innate and
acquired immunity is well established, the precise functions of
PML and PML NBs in cellular stress responses are not well
understood. There is accumulating evidence that PML is
involved in response to 1) viral infections and 2) genotoxic
stress (for review, see Ref. 59). Importantly, both types of
response result in induction of IL6, suggesting a potential phys-
iologically significant link between IL6 signaling and PML.
PML and Viral Infections—Interferons are produced in

virus-infected cells and regulate cellular antiviral responses via
controlling expression of a large number of interferon-stimu-
lated genes, which then interfere with critical processes of viral
replication cycle. Importantly, overexpression of PML can
establish resistance to infection by some viruses (such as RNA
vesicular stomatitis virus and influenza virus) through prevent-

FIGURE 4. ISRE element of PML promoter gene is involved in basal transcription of PML gene. Shown is luciferase reporter gene activity under the control
of PML gene promoter (�809 bp/�633 bp relative to transcription start) in HeLa cells with an intact or deleted (�595 bp/�628 bp) ISRE DNA binding site (cells
were harvested 24 h after transfection; the average values representing three independent experiments are given as arbitrary units (AU); error bars represent
S.E.) (A), with or without IL6-depleting antibody (IL6 AB; 2 �g/ml; average values representing two independent experiments are given as arbitrary units; error
bars represent S.E.) (B), and with or without IL6 treatment (5000 pg/ml; average values representing two independent experiments are given as -fold induction;
error bars represent S.E.) (C). Asterisks (*, **, and ***) represent p values �0.05, �0.01, and �0.005, respectively. D, shown is evaluation of STAT3 binding to PML
ISRE element in untreated BJ, HeLa, and U2OS cells and in HeLa and U2OS cells treated with IL6 for 0.5, 1, and 6 h in HeLa and 48 h in U2OS cells, respectively,
quantified with RT-qPCR after chromatin immunoprecipitation. The values quantified with RT-qPCR represent average of two independent experiments
performed in triplicate and are expressed as -fold induction relative to HeLa untreated cells.
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ing their replication by interference with viral mRNA and pro-
tein synthesis (60). The role of PML in protection against viral
infection is indirectly supported also by the existence of some
viruses that developed mechanisms to bypass (or even take

advantage of) PML function (for review, e.g. see Ref. 61).
Remarkably, infection of cells with certain (mainly DNA)
viruses including herpes simplex virus type-1 (HSV-1) and
human cytomegalovirus (HCMV) results in disruption of PML

FIGURE 5. NF�B pathway controls PML expression through regulation of IL6 level. A, shown is efficiency of NEMO knockdown by specific siRNA detected
on mRNA level 2 days after transfection in BJ. B, down-regulation of PML, NEMO, and the activated and total form of STAT3 in BJ detected on immunoblot 2 and
4 days after transfection of NEMO siRNA; GAPDH was used as loading control. Down-regulation of PML (D) and IL6 mRNA (D) levels quantified by qRT-PCR in BJ
cells 2 days after NEMO knockdown is shown. The values represent the average of three independent experiments and are given as the -fold induction relative
to BJ cells transfected with control nonspecific siRNA; error bars represent S.E. �-Actin was used as a reference gene. E, shown is immunoblot detection of the
STAT3-activated form after NEMO knockdown and NEMO knockdown with the addition of recombinant human IL6 protein (5000 pg/ml) into medium of BJ
cells. Shown is down-regulation of PML (F), NEMO (G), and IRF1 (H) mRNA levels 2 days after NEMO knockdown and NEMO knockdown with the addition of
recombinant human IL6 protein (5000 pg/ml) quantified by real time qRT-PCR in BJ cells. The values represent the average of two independent experiments
and are shown as -fold induction relative to BJ cells transfected with control nonspecific siRNA; error bars represent S.E.; �-actin was used as a reference gene.
Shown is down-regulation of PML mRNA (I) and protein levels detected as PML NBs (J) 2 days after NEMO, STAT3, or combined NEMO and STAT3 knockdown
by specific siRNAs in BJ cells. The mRNA values represent the average of two independent experiments and are shown as -fold induction relative to BJ cells
transfected with control nonspecific siRNA; error bars represent S.E. �-Actin was used as a reference gene. Bar, 15 �m. Asterisks (*, **, and ***) represent p value
�0.05, �0.01, and �0.005, respectively.
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NBs (62), which ismediated by virally encoded proteins ICP0 of
HSV-1 (63) and IE1 of HCMV (Ref. 64; for review, see Ref. 65),
respectively. Both viral proteins ICP0 and IE1 reduce SUMO-
ylation of PML, which is a prerequisite for PMLNBs formation
(66). A nucleus entering viral capsid proteins can sequester
PML before disaggregation (67), and PML NBs disruption is
linked to formation of viral DNA replication compartments
containing PML liberated from PML NBs (68–71). Moreover,
HSV-1 infection is accompanied by proteasome-dependent
degradation of PML (72). Importantly, oncogenic viruses, such
as hepatitis C virusHCV inactivate the PML tumor-suppressive
pathway and thus block activation of p53 (73).
PMLandGenotoxic Stress—Intriguingly, the common theme

of response to viral infections and DNA damage is dynamic
redistribution of PML NBs and associated proteins to sites of
viral genomes and DNA damage, respectively (for review, see
Ref. 59). The first indirect evidence of PML involvement in
response to genotoxic stress came from the findings that NBS1
and MRE11, components of the Mre11-Rad50-NBS1 complex
that senses, signals, and partly processes DNA double strand
breaks, are present in PML NBs (74, 75). Lately, Carbone et al.
(34) showed the increase of PML and PML NBs after ionizing
irradiation accompanied by delayed but gradual colocalization
of PML NBs with sites of persistent DNA breaks. The colocal-
ization of PML NBs with late DNA damage foci was confirmed
in other studies utilizing genotoxic drugs as DNA-damaging
agents (33, 35) or bacterial toxins (26).5 As mentioned above,
the common denominator of these two types of stresses (viral
and genotoxic) is activation of a complex cytokine network
including induction and secretion of IL6 (26, 32, 76–78). In our
previous work we showed that both JAK/STAT1/2 and JAK/
STAT3 signaling is involved in stress-induced PML gene tran-
scription (32, 33). One of the key questions raised by those
studies was which other cytokines in addition to interferons
induce PML (13). Until now, however, the critical ligand acti-
vating the STAT3 pathway remained unidentified due to awide
spectrum of genotoxic stress-induced cytokines.
The IL6-STAT3 Pathway Controls Basal PML Gene Ex-

pression—With the goal to identify the mechanism of PML
transcription under unperturbed cell culture conditions, we
employed three cell types (BJ, HeLa, and U2OS) that differ in
constitutive numbers of PML NBs, PML mRNA, and protein
levels. Remarkably, medium conditioned with PML NB high
content BJ cells induced PMLmRNA, protein, and PMLNBs in
U2OS with low content PML NBs, indicating autocrine/para-
crine signaling as a main mode of regulation of PML “basal”
transcription. As we observed no differences in endogenous
DNA damage response (determined as the activation of p53
and presence of �H2AX/53BP1 foci) or activity in stress signal-
ing (as judged from the T180/Y182 activated form of
p38MAPK; data not shown) under our culture conditions, we
excluded the effect of activated p53 on PML transcription.
However, when analyzing the activity of JAK/STAT1/2, JAK/
STAT5, and JAK/STAT3 pathways, we noticed cell type-spe-
cific differences in the level of activated STAT3 but not STAT1

and STAT5. Moreover, we found marked cell type-dependent
variation in the amount of STAT3-activating ligand IL6
secreted into culturemedia, which correlatedwell not onlywith
activated STAT3 but also with numbers of PML NBs, PML
protein, and mRNA levels. Importantly, both media supple-
mented with human recombinant IL6- or BJ cells-conditioned
media containing IL6 resulted in induction of PML and PML
NBs inU2OS orHeLa cells. In addition, both depletion of IL6 in
culture medium with IL6 neutralizing antibody and siRNA-
mediated knockdown of STAT3 led to a decrease of STAT3
active form, PML mRNA and PML NBs in BJ cells.
The responsiveness to IL6 can be modulated by the level of

expression of its cognate receptor IL6 receptor and other com-
ponents of this signaling pathway. This is supported by a kinetic
study of STAT3 activation in HeLa and U2OS cells by IL6 that
was accompanied by a proportional response of STAT3-depen-
dent PML transcription in these two types of cells. Although the
response of HeLa cells to exogenous IL6 was fast, as is expected
for this type of signaling, there was a significant delay in STAT3
tyrosine 705 phosphorylation and related STAT3 and PML
gene induction inU2OS cells.We suggest that the basis for such
a difference is the initial “constitutive” level of STAT3 at the
time of exogenous IL6 addition, being relatively high in HeLa
but low in U2OS cells. Such effect can reflect the existence of
positive feedback (see below), which contributes to accumula-
tion of components of the signaling pathway thus progressively
amplifying the cell response to an ongoing stimulus.
As shown previously, deletion of PML ISRE element led to a

decrease of luciferase reporter gene activity in cells exposed to
type I interferons (27). Our findings summarized on Fig. 4,
including chromatin immunoprecipitation to prove direct
binding of STAT3 to the PML gene regulatory region in vivo,
indicate that IL6-mediated STAT3 signaling controls PML
transcription through the same DNA binding element, which
comprises a nucleotide sequence similar to the common con-
sensus binding site of STAT transcription factors (52). In fact,
the PML ISRE element resembles STAT3 consensus better
than that of STAT1 (79) (see supplemental Fig. 1E). Altogether,
our data indicate that IL6 controls PML gene expression under
unperturbed cell culture conditions via JAK/STAT3 signaling
and direct binding of STAT3 to the PML regulatory region.
Role of Akt-NF�B Signaling in IL6-mediated Induction of

PML—The activation of IL6 receptor transmits signal to three
pathways: (i) JAK/STAT3, (ii) PKB/Akt, and (iii) ras/raf/
MAPK. Because IL6 gene expression is directly controlled via
NF�B (80), we hypothesized that IL6 transcription and produc-
tion is under IL6 self-control in a positive feedback loop via
activation of the Akt-NF�B pathway. Indeed, the active form of
kinase Akt correlated with secreted IL6 in the three cell types
tested here, being highest in BJ and undetectable in U2OS.
siRNAmediated knockdown of a key component of NF�B acti-
vation, the �-subunit of I�B kinaseNEMO, resulted in suppres-
sion of IL6 protein and mRNA levels and activated STAT3 and
PML mRNA and protein levels. We cannot exclude the possi-
bility that PML transcription is at least in part directly regulated
by NF�B, as several putative NF�B binding sites are present in
the proximal PML promoter. However, the fact that knock-
down of NEMO and down-regulation of NF�B signaling (con-5 S. Hubackova, K. Krejcikova, J. Bartek, and Z. Hodny, unpublished results.
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firmed with decreased expression of known NF�B targets IRF1
and LMP2; (81, 82) can be bypassed by the addition of recom-
binant IL6 suggests that NF�B signaling is not acting in parallel
but rather upstream of STAT3 signaling via modulation of IL6
production. Indeed, the combined knockdown of NEMO and
STAT3 did not result in either additive or synergistic effects,
thereby further supporting our conclusion that both modules
operate in succession along the same signaling pathway.
The cell type-specific nature of variation in constitutive

IL6 signaling and resulting PML expression has not been
addressed here except for the observed correlations of the
analyzed parameters. This is an interesting question that
deserves further research to identify key component(s) of a
negative feedback, which sets the basal level of the IL6 signaling
circuitry. Whether this putative negative feedback acts on reg-
ulation of IL1� signaling (50) as a potential upstream stimulus
of IL6 induction under normal conditions should be further
investigated.
Conclusion—In this study we demonstrated that interleukin

6 (also called interferon �2) regulates basal PML transcription
via JAK/STAT3 and Akt/NF�B signaling, thus broadening the
spectrum of cytokines involved in PML gene expression. We
anticipate that thismechanismparticipates in part in PMLgene
regulation also in scenarioswhen cells in tissues encounter viral
or genotoxic stress, which are accompanied by IL6 induction.
This can be the underlying mechanism of elevated PML
observed in initial stages of several human tumors (8). Notably,
initial but not advanced tumor stages contain senescent cells
(38), and there is evidence that all forms of cellular senescence
are accompanied by production of IL6 (26, 32, 76–78, 83). The
paracrine effects of IL6 can also explain the elevation of PML
and PMLNBs in tumor stroma and tumor endothelial cells (8).
Given the involvement of PML in cellular stress responses, we
propose that such paracrine component of PMLgene induction
is a part of tissue adaptation to local stress, aiming to alarm and
prepare the surrounding intact cells to face the challenge of
incoming damage to avoid further spreading of injury.

REFERENCES
1. Dellaire, G., and Bazett-Jones, D. P. (2007) Beyond repair foci. Subnuclear

domains and the cellular response to DNA damage. Cell Cycle 6,
1864–1872

2. Ruggero, D.,Wang, Z. G., and Pandolfi, P. P. (2000) The puzzlingmultiple
lives of PML and its role in the genesis of cancer. Bioessays 22, 827–835

3. Bernardi, R., and Pandolfi, P. P. (2007) Structure, dynamics, and functions
of promyelocytic leukaemia nuclear bodies. Nat. Rev. Mol. Cell Biol. 8,
1006–1016

4. de Thé, H., Chomienne, C., Lanotte, M., Degos, L., and Dejean, A. (1990)
The t(15;17) translocation of acute promyelocytic leukaemia fuses the
retinoic acid receptor � gene to a novel transcribed locus. Nature 347,
558–561

5. Wang, Z. G., Delva, L., Gaboli,M., Rivi, R., Giorgio,M., Cordon-Cardo, C.,
Grosveld, F., and Pandolfi, P. P. (1998) Role of PML in cell growth and the
retinoic acid pathway. Science 279, 1547–1551

6. Gurrieri, C., Capodieci, P., Bernardi, R., Scaglioni, P. P., Nafa, K., Rush, L. J.,
Verbel, D. A., Cordon-Cardo, C., and Pandolfi, P. P. (2004) Loss of the
tumor suppressor PML in human cancers of multiple histologic origins
J. Natl. Cancer Inst. 96, 269–279

7. Gambacorta,M., Flenghi, L., Fagioli,M., Pileri, S., Leoncini, L., Bigerna, B.,
Pacini, R., Tanci, L. N., Pasqualucci, L., Ascani, S., Mencarelli, A., Liso, A.,
Pelicci, P. G., and Falini, B. (1996) Heterogeneous nuclear expression of

the promyelocytic leukemia (PML) protein in normal and neoplastic hu-
man tissues. Am. J. Pathol. 149, 2023–2035

8. Koken,M.H., Linares-Cruz, G., Quignon, F., Viron, A., Chelbi-Alix,M. K.,
Sobczak-Thépot, J., Juhlin, L., Degos, L., Calvo, F., and de Thé, H. (1995)
The PML growth-suppressor has an altered expression in human onco-
genesis. Oncogene 10, 1315–1324

9. Lavau, C., Marchio, A., Fagioli, M., Jansen, J., Falini, B., Lebon, P., Gros-
veld, F., Pandolfi, P. P., Pelicci, P. G., and Dejean, A. (1995) The acute
promyelocytic leukaemia-associated PML gene is induced by interferon.
Oncogene 11, 871–876

10. Korioth, F., Gieffers, C., Maul, G. G., and Frey, J. (1995) Molecular char-
acterization of NDP52, a novel protein of the nuclear domain 10, which is
redistributed upon virus infection and interferon treatment. J. Cell Biol.
130, 1–13

11. Der, S. D., Zhou, A., Williams, B. R., and Silverman, R. H. (1998) Identifi-
cation of genes differentially regulated by interferon �, �, or � using oli-
gonucleotide arrays. Proc. Natl. Acad. Sci. U.S.A. 95, 15623–15628

12. Chelbi-Alix, M. K., Pelicano, L., Quignon, F., Koken, M. H., Venturini, L.,
Stadler, M., Pavlovic, J., Degos, L., and de Thé, H. (1995) Induction of the
PML protein by interferons in normal and APL cells. Leukemia 9,
2027–2033

13. Bourdeau, V., Baudry, D., and Ferbeyre, G. (2009) PML links aberrant
cytokine signaling and oncogenic stress to cellular senescence Front. Bio-
sci. 14, 475–485

14. Krieghoff-Henning, E., and Hofmann, T. G. (2008) Role of nuclear bodies
in apoptosis signaling. Biochim. Biophys. Acta 1783, 2185–2194

15. Pearson, M., Carbone, R., Sebastiani, C., Cioce, M., Fagioli, M., Saito, S.,
Higashimoto, Y., Appella, E., Minucci, S., Pandolfi, P. P., and Pelicci, P. G.
(2000) PML regulates p53 acetylation and premature senescence induced
by oncogenic Ras. Nature 406, 207–210

16. Louria-Hayon, I., Grossman, T., Sionov, R. V., Alsheich, O., Pandolfi, P. P.,
and Haupt, Y. (2003) The promyelocytic leukemia protein protects p53
from Mdm2-mediated inhibition and degradation. J. Biol. Chem. 278,
33134–33141

17. de Stanchina, E., Querido, E., Narita, M., Davuluri, R. V., Pandolfi, P. P.,
Ferbeyre, G., and Lowe, S. W. (2004) PML is a direct p53 target that
modulates p53 effector functions.Mol. Cell 13, 523–535
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Supplementary Figure 1. 

(A) Immunoblot detection of STAT3 knock-down efficiency by three independent specific siRNAs. 
siSTAT3#2 was used in further experiments. GAPDH was used as loading control. (B) IL6-dependent 
proliferation assay of B9 mouse hybridoma cells. Estimation of IL6 activity in medium conditioned by BJ 
cells (CM) two days without or with IL6 depletion using IL6 antibody (2 μg/ml). B9 cells treated with 
rhIL6 (100 pg/ml) were used as a positive control (+rhIL6), B9 without rhIL6 addition were used as a 
negative control (-rhIL6). Medium conditioned by BJ cells two days with HP1 neutralizing antibody (2 
μg/ml) was used as control of antibody cytotoxicity. (C) Down-regulation of PML detected as decrease of 
PML NBs in HeLa after four days depletion of IL6 from cultivation medium. Bar, 15 µm. (D) B9 
proliferation assay as in (B) using medium conditioned by HeLa cells. (E) Immunoblot detection of 
STAT3 basal and activated level detected as tyrosine 705 phosphorylated STAT3 and tyrosine 694 
phosphorylated STAT5 in U2OS cells after IL6 treatment (5000 pg/ml). GAPDH was used as loading 
control. (F) Elevation of PML gene expression in U2OS cells after treatment with IL6 (5000 pg/ml). The 
values represent average of two independent experiments performed in triplicates and are shown as a fold 
induction relative to untreated cells. (G) Evaluation of STAT3 binding to PML ISRE element in untreated 
BJ, HeLa and U2OS cells and in HeLa treated with IL6 for 6 h and U2OS for 48 h, quantified with gel 
eletrophoresis after chromatin immunoprecipitation. To exclude unspecific binding to G-Sepharose beads, 
ChIP in the absence of the antibody was performed (w/o AB). (H) Verification of suitability of STAT5 
antibody for ChIP: immunoblot of STAT5 chromatin immunoprecipitate of Hela cells (untreated and 
treated with IL6 for 6 h) assayed with STAT5 antibody. (I) PML ISRE sequence is compared to STAT3 
consensus binding site, which was calculated from data in Table III of reference (1) and to known 
STAT1/STAT2/IRF9 consensus binding site (2).  
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Supplementary Figure 2.  

(A) Immunoblot detection of total and serine 473 phosphorylated Akt in U2OS, HeLa and BJ cells 
cultivated at standard conditions; GAPDH was used as loading control. (B) Down-regulation of LMP2 
and (C) IRF1 mRNA levels quantified by qRT-PCR in BJ cells two days after NEMO knock-down. The 
values represent average of two independent experiments and are shown as the fold induction relative to 
BJ cells transfected with control non-specific siRNA; error bars represent standard error. β-actin was used 
as a reference gene. Asterisks (*) and (***) represent P-value <0.05 and <0.005, respectively. (D) 
Efficiency of STAT3 and (E) NEMO knock-down using specific siRNAs detected on mRNA levels by 
qRT-PCR in BJ cells two days after transfection. The values represent average of two independent 
experiments and are shown as the fold induction relative to BJ cells transfected with control non-specific 
siRNA; error bars represent standard error. β-actin was used as a reference gene. (F)  Effect of siRNA 
mediated knock-down of NEMO (siNEMO) in HeLa and BJ cells on NEMO mRNA (left panels) and IL6 
protein secreted into cultivation media (table on the right, values are expressed in pg/ml/100 000 cells) in 
comparison to non-specific siRNA (siNC) estimated 48 h after transfection. The values represent average 
of two independent experiments and are shown as the fold induction relative to BJ cells transfected with 
control non-specific siRNA; error bars represent standard error. (G) Model of activation of PML with 
IL6/STAT3 and NFκB pathway. Binding IL6 to its cognate receptor activates two pathways: i) activated 
JAK kinase phosphorylates STAT3 to allow its dimerization and translocation to the nucleus where 
STAT3 activates PML transcription; ii) kinase cascade of PI3K pathway phosphorylates IKK kinase and 
activate NFκB. NFκB redistributes to the nucleus and activates its target genes including IL6, resulting in 
activation of IL6 positive feedback loop. 
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Introduction

Cellular senescence is a state of stable cell cycle arrest accompa-
nied by a set of characteristic morphological and physiological fea-
tures that distinguish senescent cells not only from proliferating 
cells, but also from arrested quiescent or terminally differentiated 
cells.1,2 Such senescence-associated features typically include irre-
versible proliferation arrest, enlarged cellular morphology, expres-
sion of senescence-associated β-galactosidase activity (SA-β-gal),3 
enhanced nuclear heterochromatinization4 and increased 
numbers of nuclear PML bodies,5,6 as well as transcriptional 

Cellular senescence, an irreversible proliferation arrest evoked by stresses such as oncogene activation, telomere 
dysfunction or diverse genotoxic insults, has been implicated in tumor suppression and aging. primary human fibroblasts 
undergoing oncogene-induced or replicative senescence are known to form senescence-associated heterochromatin 
foci (SAHF), nuclear DNA domains stained densely by DApI and enriched for histone modifications including lysine9-
trimethylated histone H3. While cellular senescence occurs also in premalignant human lesions, it is unclear how 
universal SAHF formation is among various cell types, under diverse stresses and whether SAHF occur in vivo. Here, we 
report that human primary fibroblasts (BJ and MRC-5) and primary keratinocytes undergoing replicative senescence 
or premature senescence induced by oncogenic H-Ras, diverse chemotherapeutics and bacterial cytolethal distending 
toxin, show differential capacity to form SAHF. Whereas all tested cell types formed SAHF in response to activated H-Ras, 
only MRC-5, but not BJ fibroblasts or keratinocytes, formed SAHF under senescence induced by etoposide, doxorubicin, 
hydroxyurea, bacterial intoxication or telomere attrition. In addition, DApI-defined SAHF were detected on paraffin 
sections of Ras-transformed cultured fibroblasts, but not human lesions at various stages of tumorigenesis. overall, our 
results indicate that unlike the widely present DNA damage response marker γH2AX, SAHF is not a common feature 
of cellular senescence. Whereas SAHF formation is shared by diverse cultured cell types under oncogenic stress, SAHF 
are cell-type-restricted under genotoxin-induced and replicative senescence. Furthermore, while the DNA/DApI-defined 
SAHF formation in cultured cells parallels enhanced expression of p16ink4a, such ‘prototypic’ SAHF are not observed in 
tissues, including premalignant lesions, irrespective of enhanced p16ink4a and other features of cellular senescence.
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changes and secretion of a spectrum of cytokines, proteases 
and growth factors, collectively referred to as the ‘senescence- 
associated secretory phenotype’.7-12 Additional functional mark-
ers of senescence reflect the underlying mechanistic basis of the 
senescent state, in particular constitutive DNA damage signal-
ing.13-16 Importantly, none of the listed individual features or 
‘markers’ of cellular senescence is sufficiently specific or unique 
to unequivocally identify senescent cells on its own, and therefore 
a set of such markers, when expressed concomitantly, is currently 
applied to define senescence. This set of senescence features is 
generally regarded as being shared by cells undergoing replicative 
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senescence caused by various stimuli, and whether or not SAHF 
are applicable to studies in vivo. In this study, we have addressed 
some of these important open questions about SAHF biology. 
Specifically, we have examined whether SAHF form in multiple 
human cell types including primary fibroblasts and epithelial 
cells, and under conditions that lead to replicative senescence 
or premature senescence induced by activated Ras oncogene,22 
bacterial intoxication42 and several genotoxic chemotherapeu-
tics, respectively, all insults known to trigger cellular senescence. 
Furthermore, we took advantage of available tissues from char-
acterized cohorts of premalignant and malignant human lesions, 
known to display (or lack) features of cellular senescence, includ-
ing enhanced accumulation of heterochromatin markers HP1 
and H3K9Me3 as well as γH2AX. The results of these analyses, 
as well as detection of γH2AX and levels of p16ink4a in the diverse 
experimental settings, are presented below. Overall, our findings 
reveal unexpected selectivity of SAHF formation with respect to 
cellular context, challenge the possibility that SAHF might serve 
as a universal marker of senescence and raise questions about the 
nature and biological significance of such selectivity.

Results

SAHF formation is common in oncogene-induced senescence. 
As Ras-induced senescence was the initial scenario employed in 
the pioneering studies of Narita and Lowe to propose the SAHF 
concept,4 we first assessed whether SAHF formation is shared 
by multiple types of human cells undergoing oncogene-induced 
senescence. To this end, we utilized a well established model of the 
oncogenic mutant H-RasV12,22 expressed in two types of human 
diploid primary fibroblasts (strains BJ and MRC-5) and primary 
human keratinocytes, respectively. In time course experiments, 
lentiviral transduction of H-RasV12 led in all three cell types to 
widespread cellular senescence by day 12 after transduction, as 
judged by changes in morphology, enhanced SA-β-Gal staining 
(Fig. 1) and grossly diminished DNA replication indicated by 
inhibited incorporation of BrdU (Sup. Table 1). The formation 
of SAHF was monitored by DAPI DNA staining combined with 
immunofluorescence detection of the heterochromatin marker 
H3K9Me3 and HP1γ  (Fig. 1 and data not shown), features typi-
cally associated with SAHF.4 The first detectable SAHF appeared 
at day 5 in all three cell types, with the highest percentage of 
the initially positive cells seen in MRC-5 (Fig. 2A). The initial 
differences in relative proportions of SAHF-positive cells among 
the three cell types became minimized by day 12, however, when 
no statistically significant differences in percentages of SAHF-
positive cells were found (Fig. 2A). Of note, the proportions of 
SAHF-positive cells did not change during extended periods of 
cultivation until 250 days after oncogene transduction. Also, 
both the partial colocalization of DAPI-stained heterochromatin 
foci with H3K9Me3 (Fig. 1), and the observed percentages of 
SAHF-containing cells were consistent with results of a previ-
ous study analyzing Ras-induced senescence in IMR-90 cells, 
another strain of human diploid fibroblasts.4

Altogether, our data extend previous studies and indicate that 
the ability to form SAHF during oncogene-induced senescence 

senescence, due to telomere shortening towards the end of the 
cell’s life span,17-19 and the so-called premature senescence, due 
to more acute stressors such as oxidative stress and other DNA 
damaging insults20,21 and activated oncogenes.22 The efforts to 
identify markers,23 and better understand the molecular basis of 
senescence, are mainly motivated by the important roles played 
by cellular senescence in both normal physiology and diverse 
pathologies. Such established and emerging biological roles of 
cellular senescence encompass suppression of tumorigenesis,24-26 
involvement in degenerative diseases and organismal aging,2,27,28 
responses to various medical treatments,29 and contribution to 
tissue repair processes.30

Mechanistically, the onset and maintenance of the senescent 
state involve action of two major tumor suppressive pathways, 
p53-p21 and p16ink4a-pRb.31,32 Upstream signals that trigger 
these pathways commonly include, but may not be exclusively 
restricted to, persistent activity of the DNA damage response 
(DDR) machinery,14,15 orchestrated by the major signaling mod-
ules of ATM-Chk2 and ATR-Chk1 kinases.33 A functional 
biomarker that is used most often to detect activated DDR is 
a histone variant H2AX phosphorylated by ATM/ATR on ser-
ine 139, commonly known as γH2AX.34 This nuclear marker 
is widely detected in cells undergoing diverse modes of senes-
cence,13-16,35 either as a predominantly focal pattern of γH2AX 
(reflecting mainly DNA double strand breaks and/or dysfunc-
tional telomeres signaled primarily by activated ATM) or a 
more even global nuclear pattern of γH2AX (phosphorylated 
mainly by ATR in response to oxidative or replication stresses, 
for example). Another mechanistically important aspect of cel-
lular senescence is the formation of chromatin structures called 
senescence-associated heterochromatin foci (SAHF).36 These 
domains of facultative heterochromatin can be detected cytologi-
cally as compacted foci of DNA stained by DAPI. Whereas DAPI 
staining of nuclei of normal human cells is relatively uniform, 
senescent cells show up to 30–50 punctate DAPI-stained DNA 
foci.4 The SAHF are formed by nuclease resistant compaction 
of chromatin,4 and each focus apparently represents condensed 
chromatin of one chromosome.37 SAHF also feature protein 
modifications typical of transcriptionally silent heterochroma-
tin, such as lysine 9-trimethylated histone H3 (H3K9Me3).4 A 
number of additional proteins are known to contribute to forma-
tion and/or maintenance of the SAHF, including histone chap-
erones HIRA and Asf1,38 heterochromatin proteins 1 (HP1),4 
and high-mobility group A (HMGA) proteins,39 histone vari-
ant macroH2A,40 and pRb.4 The p16ink4a-pRB pathway appears 
to be required for SAHF formation,4,38 and functionally SAHF 
have been implicated in transcriptional silencing of proliferation-
promoting genes.4 Thus, the under-phosphorylated, active pRb 
initiates chromatin silencing at E2F target genes exemplified by 
cyclin A,4 which might then provide nucleation sites for large 
scale HIRA/ASF1a-mediated heterochromatinization.41

Despite the accumulating wealth of information about the 
formation and composition of SAHF, however, these structures 
have largely been studied only in a very few strains of cultured 
fibroblasts, and there is a striking paucity of data on their rel-
evance for a broader spectrum of cell types, occurrence in 
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drug exposure (data not shown). Among the three chemothera-
peutics used, HU and ET were more potent inducers of SAHF in 
MRC-5 cells than DOXO, despite the fact that DOXO evoked 
robust cell cycle arrest and DNA damage, as monitored by BrDU 
incorporation and γH2AX, respectively (Sup. Table 1). Overall, 
the proportion of SAHF-positive cells among the drug-induced 
MRC-5 senescent cells was lower (approx. 20%) than in onco-
gene-induced MRC-5 senescent cells, despite a similar overall 
senescent phenotype was seen in settings with distinct senescence-
inducing stimuli (Figs. 2 and 3, Sup. Table 1 and Sup. Fig. 1).

We conclude that unlike the universal occurrence of SAHF 
in oncogene-induced senescence, SAHF formation is restricted 
to only one of the three normal human cell types undergoing 
senescence evoked by several genotoxic drugs.

Restricted SAHF formation in replicative and bacterial 
toxin-induced senescence. To extend our study to other pres-
ently known forms of cellular senescence, we next examined 
SAHF formation during the most recently described senescence 
mode induced by bacterial intoxication,42 and the traditionally 
most studied replicative senescence. First, we exposed MRC-5, 
BJ and keratinocytes to cytolethal distending toxin (HdCDT) 
prepared from Haemophilus ducreyi,47 a scenario that we recently 
reported to induce cellular senescence in the subpopulations of 
various human cell types, both normal and cancer-derived, that 

upon transformation with activated Ras is shared by various cell 
types, here represented by human fibroblast strains MRC-5 and 
BJ and primary keratinocytes.

SAHF formation in drug-induced premature senescence is 
cell type restricted. Several chemotherapeutic drugs including 
etoposide,43 hydroxyurea44 and doxorubicin45,46 are known to 
induce premature senescence in human cells. To examine whether 
SAHF formation is a feature associated with drug-induced 
senescence, exponentially growing MRC-5, BJ and keratinocyte 
cultures were continually exposed to commonly used doses of 
hydroxyurea (HU; 600 μM), etoposide (ET; 10 μM) and doxo-
rubicin (DOXO; 100 ng/ml), respectively, and the cells analyzed 
at days 2, 5, 8 and 12. Each of the agents induced robust senes-
cence phenotypes by day 12 of drug exposure, in all three cell 
types (see Sup. Fig. 1 for SA-β-Gal staining and Sup. Table 1 
for BrdU incorporation). The formation of SAHF was followed 
by DAPI staining and indirect immunofluorescence as described 
above for the Ras-induced senescence. In contrast to consistent 
heterochromatinization and SAHF formation during the Ras 
oncogene-induced senescence in all three cell types, drug-induced 
senescence was accompanied by SAHF formation only in MRC-5 
cells, but not in BJ or keratinocytes treated with any of the three 
drugs (Figs. 2 and 3). This differential SAHF formation was not 
altered even when the experiments were prolonged until day 21 of 

Figure 1. Senescence-associated heterochromatin foci accumulate in oncogene-induced senescence. MRC-5, BJ and HeKn cells containing H-rasV12 
(Ras) or empty vector were stained for SA-β-gal activity, DApI and H3K9Me3 at day 12, as indicated. Scale bar, 20 μm.
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Figure 2. SAHF formation induced by different stimuli is cell-type-restricted. Scoring for percentage of MRC-5, BJ and HeKn cells containing SAHF 
(based on DApI nuclear foci staining, see Material and Methods) at day 2, 5, 8 and 12 after transduction with H-rasV12 or empty vector (A), exposure 
to hydroxyurea (B), etoposide (C) or doxorubicin (D). error bars represent the SD of three separate experiments. *p < 0.05 MRC-5 vs. BJ and HeKn, 
unpaired t-test.

Figure 3. SAHF formation in drug-induced senescence. MRC-5, BJ and HeKn cells were exposed to hydroxyurea, etoposide or doxorubicin and stained 
for DApI and H3K9Me at day 12, as indicated. Scale bar, 20 μm.
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keratinocytes (Fig. 4A and C and data not shown), despite all 
tree cell types showed other features of senescence, including 
inhibited cell proliferation, enlarged morphology and SA-β-gal 
staining (Sup. Fig. 1, Sup. Table 1 and data not shown).

survive the acute phase of bacterial intoxication.42 Formation 
of DAPI-defined SAHF that colocalized with heterochromatin 
markers H3K9Me3 and HP1γ was observed in HdCDT-exposed 
senescent MRC-5 cells but not in similarly treated BJ cells and 

Figure 4. SAHF formation in replicative and bacterial toxin-induced senescence. Comparison of DApI and H3K9Me staining in control and Haemophi-
lus ducreyi CDt (HdCDt) senescent MRC-5, BJ and HeKn cells (A) and young (Control) versus late passages (senescence) of MRC-5 and BJ (B). Scale bars, 
20 μm. percentage of SAHF-positive cells scored in control and HdCDt-senescent MRC-5, BJ and HeKn cells (C) and young and late-passage, senescent 
MRC-5 and BJ (D). error bars represent the SD of three separate experiments. *p < 0.05 HdCDt vs. control; late passage MRC-5 vs. late passage BJ; and 
late passage MRC-5 vs. young passage MRC5 and BJ; unpaired t-test.
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SAHF was not accompanied by analogous lack of heterochromati-
nization, as the variable nuclear expression patterns of H3K9Me3 
and HP1γ markers were partly focal and the proteins expressed 
at higher levels among both adenomas and carcinomas as com-
pared to normal mucosa (Fig. 5B and data not shown; reviewed 
in ref. 48). The apparent discrepancy between adenoma-associ-
ated senescence in vivo and the lack of classical DAPI-defined 
SAHF was further corroborated by analysis of 14 cases of human 
colorectal adenoma available as frozen tissue. Using frozen tis-
sues allowed us not only to avoid the potential caveat of paraffin 
blocks, but also to assess senescence by the SA-β-gal assay directly 
on sections, an approach that is not feasible on archival paraffin 
sections. Consistent with the data obtained on paraffin sections, 
no clear evidence of the classical DNA/DAPI-defined SAFH was 
seen upon examination of these adenoma frozen sections, despite 
the positive variable and partly even focal, expression pattern of 
the heterochromatin markers HP1γ, H3K9Me3 and SA-β-gal 
activity (data not shown and Sup. Material reviewed in ref. 48).

Thus, while our data on immunofluorescence patterns of the 
H3K9Me3 and HP1γ markers in human tissues are consistent 
with previous reports on generally enhanced heterochromatini-
zation in tumors, the observed heterochromatin domains appear 
to be distinct from the classical DNA/DAPI-defined SAHF 
observed in cell culture models undergoing senescence.

SAHF formation correlates with p16ink4a accumulation and 
with the lack of proliferation. Taken together, the experimen-
tal data obtained with cultured senescent cells and the some-
what unexpected results from the analyses of the human tissue 
specimens raised some conceptually important questions that we 
decided to address by additional experiments.

First, considering the apparent overall lack of the classi-
cal SAHF formation in human tumors in vivo (this study), yet 
their shared occurrence in all examined cell types undergoing 
Ras-mediated, oncogene-induced senescence in vitro (this study 
and reviewed in ref. 4) and the proposed role of SAHF in silenc-
ing proliferation-associated genes such as cyclin A,4 we asked 
whether classical SAHF structures might occur in human cul-
tured proliferating cancer cell lines, known to harbor activated 
Ras and/or other potent oncogenes. As the cancer cell lines grow 
in vitro, where SAHF are induced by oncogenes and accom-
pany senescence, SAHF formation/persistence in proliferating 
tumor cells might indicate some tumor-associated bypass of the 
SAHF-heterochromatinization barrier initially activated as part 
of the senescence program. To address this issue, we examined 
a panel of human carcinoma-derived cell lines, including T24, 
UMSCC-2, HN-5, HCT116, as well as the pre-malignant Hacat 
cells for SAHF formation. While T24 is a prototypic cancer cell 
line derived from a tumor harboring activated H-Ras oncogene, 
HCT116 is a colon cancer cell line matching our clinical colon 
carcinoma series, and the remaining three cell lines are derived 
from squamous carcinomas/keratinocytes to match our normal 
epithelial type examined above. As documented by the examples 
of fluorescence images (Sup. Fig. 2) and the summary of the 
data (Sup. Table 2), the individual cell lines showed pronounced 
differences in levels of H3K9Me3 and HP1γ, but no evidence 
of the DNA/DAPI-positive SAHF. These results support the 

Next, we compared the early-passage ‘young’ MRC-5 and BJ 
fibroblasts with their respective ‘old’ counterparts undergoing 
replicative senescence, for potential evidence of SAHF formation. 
As expected, neither fibroblast strain showed SAHF or senescence 
features at early passage (Fig. 4B, Sup. Fig. 1 and Sup. Table 1). 
Interestingly, the ‘old,’ senescent populations of MRC-5 cells 
displayed DAPI-stained DNA/SAHF foci accompanying other 
features of senescence in contrast to lack of SAHF formation in 
senescent BJ fibroblasts (Fig. 4B and D) despite the fact that both 
strains shared other recognized features of the senescent pheno-
type and the fact that the BJ cells reached the senescent state after 
more passages in vitro compared to MRC-5. To further validate 
the apparent differential ability to form SAHF under conditions 
of replicative senescence between MRC-5 and BJ fibroblasts, the 
latter cells were observed for additional 150 days after reaching 
their replicative senescence, still with no evidence of SAHF for-
mation (data not shown).

Collectively, these experiments further support the notion 
that the ability to form SAHF does not necessarily correlate with 
the senescent state, here documented for replicative and toxin-
evoked senescence, and that the MRC-5 cells are more prone to 
SAHF formation compared to other normal cell types including 
epithelial cells.

‘Classical’ DNA/DAPI-defined SAHF are not detected in 
human tissues and tumors. We have previously reported that cel-
lular senescence observed in clinical specimens of premalignant 
human lesions is accompanied by enhanced heterochromatiniza-
tion markers H3K9Me3 and HP1γ that correlated with active 
DNA damage signaling.48 On the other hand, to our knowledge 
the issue of whether these features of senescence are also accom-
panied by the appearance of the classical DNA/DAPI-defined 
SAHF in such human specimens has not been investigated so far. 
To address this important issue, we first asked whether the clas-
sical SAHF can be detected on paraffin sections prepared from 
formalin fixed human fibroblasts undergoing oncogene-induced 
senescence upon lentiviral transduction of H-RasV12 in vitro, pel-
leted and processed into tissue blocks in a manner mimicking the 
procedures routinely used in clinical pathology. As can be seen 
from the examples of Ras-transformed BJ fibroblasts, immuno-
histochemical examination of paraffin sections still revealed the 
DNA/DAPI-defined SAHF in such specimens (Fig. 5A), albeit 
at somewhat lower frequency compared to senescent BJ cells 
grown and analyzed directly on coverslips (Fig. 1). These results 
indicate that routine tissue processing might reduce, but not 
completely compromise the ability to detect SAHF on paraffin 
sections. Next, we used the same immunofluorescence detection 
technique to investigate a series of sections from formalin-fixed 
paraffin-embedded tissues of human urinary bladder tumors 
(n = 19), normal human bladder (n = 5) and colon (n = 16), 
and a cohort of the previously characterized colorectal adenomas 
(grade III, n = 38) and colon carcinomas (n = 44), for SAHF 
formation by DAPI staining and expression of H3K9Me3. In 
contrast to sections from paraffin embedded Ras-transformed 
BJ cells, no SAHF formation was observed on tissue sections 
of normal epithelial tissues, adenomas or carcinomas (Fig. 5B 
and data not shown). The apparent lack of DNA/ DAPI-defined 
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conclusion based on the analysis of tumor sec-
tions (see above and reviewed in ref. 48), that 
the presence of elevated heterochromatin mark-
ers such as H3K9Me3 and HP1γ (even when 
forming distinct nuclear foci, see Sup. Fig. 2) 
is compatible with cancer cell proliferation. 
Furthermore, the data also show that unlike 
senescent, arrested cells, the proliferating can-
cer cells do not form the classical DNA/DAPI-
defined SAHF, which are apparently distinct 
from the H3K9Me3/HP1γ-rich heterochro-
matin domains that do not necessarily reflect 
silencing of proliferation genes such as cyclin A, 
a protein highly expressed in all cell lines of our 
panel (data not shown).

The second, and arguably even more impor-
tant question, is what molecular mechanistic 
features might dictate whether or not the clas-
sical DAPI/heterochromatin SAHF will form 
in distinct cell types under otherwise similar 
conditions and undergoing cellular senescence 
triggered by various stimuli. Given the distinct 
propensity to form SAHF among our three 
models of normal human cells, even under 
senescence conditions that share the features of 
inhibited proliferation, morphological changes, 
SA-β-gal activity and constitutive DNA damage 
signaling, we argued that the observed differ-
ences might reflect variable levels of the p16ink4a 
CDK inhibitor, and hence the activation of the 
pRb pathway, whose role in SAHF formation 
has been documented.4,38 Indeed, biochemical 
examination of p16ink4a protein abundance in the 
two fibroblast strains, MRC-5 and BJ undergo-
ing senescence induced by each of the six stimuli 
used in our present study, showed a perfect cor-
relation between the observed SAHF forma-
tion and the enhanced level of p16ink4a (Fig. 6). 
Specifically, in cell extracts of senescent BJ cells, 
robust induction of p16ink4a was only apparent 
under Ras-induced senescence, the only condi-
tion associated with the occurrence of classical 
DNA/DAPI-defined SAHF in these cells. This 
contrasted with virtually undetectable levels of 

Figure 5. Analysis of SAHF on paraffin sections.  
(A) paraffin sections of formalin-fixed pellets of 
senescent BJ cells with H-rasV12 expression: note 
a subset of cells with SAHF detectable both on 
DApI and H3K9Me3 staining. (B) DApI staining and 
H3K9Me3 immunohistochemistry on formalin-fixed, 
paraffin tissue section of normal human colon and 
grade III colon adenoma: While there are no typical 
DApI-positive focal SAHF, the heterochromatin 
marker H3K9Me3 is positive, and shows some focal 
nuclear staining in a fraction of the adenoma cells. 
Scale bars, 20 μm.
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tumorigenesis and response to chemother-
apy. The key issues raised by our present 
findings are the pronounced variation of 
SAHF formation in a cell type- and senes-
cence stimulus-dependent manner, an 
outstanding link of SAHF formation with 
oncogene-induced senescence, the fact 
that SAHF formation seems dispensable 
for multiple forms of cellular senescence, 
the close correlation of SAHF formation 
with enhanced expression of p16ink4a, 
the limitations of SAHF as a potential 
marker of senescence in vivo, as well as 
the implications of our findings for the 
concept of heterochromatinization during 
cancer development and its relevance for 
therapy. Below, we discuss some of these 
conceptually important issues in the light 
of current mechanistic understanding of 
cellular senescence, including SAHF for-
mation and their emerging significance 
for biomedicine.

First, our data strongly indicate that 
SAHF formation is not a universal com-
ponent of the senescence program and, in 
fact, appears to be dispensable for multiple 
modes of cellular senescence, in various 
cell types. On one hand, we confirm and 
extend the findings4,38-40 that some strains 
of human fibroblasts, here represented by 
MRC-5 cells, form SAHF during onco-
gene-induced as well as replicative senes-

cence. More importantly, we show that under senescence induced 
by most stimuli, including several chemotherapeutic drugs, bac-
terial intoxication and replicative senescence, SAHF are absent 
in two of the three cell types used here, the BJ fibroblasts and 
normal keratinocytes. The latter cells are a mixed population of 
keratinocytes pooled from several donors, thereby excluding that 
any rare individual genetic variation or clonal selection events 
might account for the observed lack of ‘classical’ SAHF. While it 
is understandable that most studies on heterochromatinization to 
date focused on the mechanistic aspects of SAHF formation, such 
as the involvement of the pRb pathway, histone chaperones, chro-
matin modifications and remodeling and the impact of SAHF 
on transcriptional control of cell cycle-promoting genes,4,37-40,49 
these analyses mainly dealt with oncogene-induced senescence 
and are not sufficiently representative of cellular senescence in 
its multiple forms. We believe it is equally important to consider 
a wider spectrum of cellular models and place more emphasis 
on studies of epithelial cells, represented here by normal human 
keratinocytes. So far the cellular model predominantly used in 
the senescence field has been fibroblasts. While useful as a model, 
the biased focus on fibroblasts is not proportional to their signifi-
cance in major human pathologies such as cancer, which targets 
most frequently epithelial cells. Apart from the conceptual sig-
nificance of the grossly variable SAHF response among diverse 

p16ink4a in BJ cells senescent in response to hydroxyurea, etopo-
side, doxorubicin, bacterial intoxication or replicative exhaus-
tion (Fig. 6B). In contrast to BJ cells, and consistent with the 
degree of SAHF formation, extracts of MRC-5 cells undergoing 
senescence showed increased p16ink4a in all six scenarios, albeit to 
different levels. Notably, the highest and lowest abundance of 
p16ink4a were found in MRC-5 senescent after Ras and doxorubi-
cin exposure, respectively (Fig. 6A). These results, as well as the 
intermediate levels found in the other four senescent scenarios, 
corresponded well with the relative proportions of cells featur-
ing DNA/DAPI-defined SAHF among the total senescent cell 
population. These results are consistent with the proposed causal 
role of the p16ink4a-pRb pathway in SAHF formation, and their 
significance is further discussed below.

Discussion

The major contribution of our present study of heterochromatin 
formation during cellular senescence is the systematic compara-
tive analysis of various types of normal human cells exposed to 
multiple senescence-inducing stimuli, complemented by analysis 
of human tissues and tumors. As discussed below, we believe that 
our study provides new data relevant for several senescence-related 
aspects of human biology and pathology such as aging, barrier to 

Figure 6. p16ink4a levels correlate with SAHF formation. Abundance of p16ink4a assayed by immu-
noblotting in cell extracts of MRC-5 (A) and BJ (B) fibroblasts at senescence (day 12) induced by 
activated Ras oncogene (Ras), hydroxyurea, etoposide, doxorubicin, HdCDt and exhaustive pas-
saging (late passage) in comparison to a set of appropriate controls: empty vector for Ras; young 
(Control) and vehicle (DMSo) as counterparts for the other senescence stimuli. percentage of 
SAHF-positive cells for the particular experiment is shown under each immunoblot.
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that also underlie the role of the p16ink4a-pRb pathway in tumor  
suppression.64,65

Last but not least, our data are relevant to the biological role of 
senescence as an intrinsic barrier against tumor progression.66-69 
In mechanistic terms, not only the upstream DDR signaling and 
the p53 pathway2,4,51,54,55 but also the p16ink4a-pRb pathway and 
heterochromatinization have been implicated in such anti-tumor 
barrier function.26 In the light of our present results of enhanced 
H3K9Me3-positive heterochromatinization, yet without the 
‘classical’ SAHF defined by DAPI-positive foci in human tumors, 
we speculate that there are at least two intriguing scenarios to 
consider for SAHF in tumorigenesis. First, enhanced heterochro-
matinization in vivo may help to block proliferation-driving genes 
such as the pRb/E2F target genes that become transcriptionally 
inhibited by SAHF during oncogene-induced senescence.4,26 This 
would imply that the heterochromatin changes detected in vivo 
are functionally analogous to the ‘classical’ DAPI-positive SAHF, 
and contribute to the overall senescence-mediated decrease of cell 
proliferation, consistent with a tumor suppressive function of the 
H3K9Me3/HP1γ-rich heterochromatinization seen in human 
premalignant lesions (reviewed in ref. 48 and this study). If this 
were the case, then the question is how could advanced, invasive 
tumors in vivo and cancer cell lines proliferate despite express-
ing this type of heterochromatin, as is documented for both the 
clinical specimens as well as the cancer cell lines (reviewed in refs. 
48, 70, 71 and this study). This apparent discrepancy might be 
reconciled if, during cancer progression, the downstream inhibi-
tory impact of heterochromatin on proliferation-promoting genes 
was somehow bypassed or eliminated, similarly to p53 or Chk2 
mutations undermine the DDR-imposed checkpoints originally 
activated in early lesions.33,67,72 The net result (consistent with our 
observations on clinical material) would be persistent enhanced 
heterochromatinization also in invasive tumors, again analogous 
to persistent ATM/ATR activation and γH2AX positivity often 
seen in advanced tumors, despite the downstream checkpoint 
effectors have been blunted.54 The other potential scenario, how-
ever, could reflect the recent studies on the inhibition of DDR by 
heterochromatin.73,74 In this scenario, the altered yet enhanced 
heterochromatinization, perhaps in the configuration that lacks 
the DNA/DAPI foci, might help to limit the overall DDR sig-
naling from the ongoing oncogene-induced replication stress 
and DNA damage33,67,72 and thereby promote cancer survival 
by bypassing the DDR barrier. This scenario would explain the 
enhanced degree of heterochromatin reported for invasive human 
tumors48,70 and the rapidly proliferating cancer cell lines (this 
study). The tumor-suppressive, pro-senescence role and the latter 
DDR-inhibitory, pro-survival role of enhanced heterochromati-
nization may not be mutually exclusive. These two heterochro-
matin states may target distinct sets of genes and differ from each 
other mechanistically in ways that we still do not understand. 
Furthermore, the diverse heterochromatin states may also be 
manifested differentially during different phases of tumor pro-
gression, in a context-dependent manner, with the pro-survival 
mode of heterochromatin being predominant in advanced lesions 
to limit the impact of DNA damage signaling and ensuing senes-
cence or cell death pathways.

cell types, a more ‘translational’ implication of our present work 
is that SAFH may not represent a reliable common marker to 
identify cells undergoing senescence. This notion is further sup-
ported by our analyses of human tissues, suggesting that identifi-
cation of senescent cells in situ through the DAPI-defined SAFH 
is not feasible.

Further to the potentially usable general markers of senes-
cence, the mechanism that appears to be shared by all major 
types of senescence is the constitutive DNA damage signaling, 
often documented by the positivity of γH2AX.13-16,48,50-52 While 
analysis of DDR was not a major focus of our present study, 
we did find elevated γH2AX in all three cell types, and under 
senescence induced by all six stimuli studied here, an observa-
tion that further supports the common involvement of DDR 
signaling and checkpoints in cellular senescence. Notably, we 
and others have documented that γH2AX and other functional 
markers of activated DDR can conveniently be assessed on tissue 
sections.13,48,53-55 Although active DDR signaling per se obviously 
does not uniquely identify senescent cells, we believe that an 
appropriate combination of γH2AX with some additional cyto-
chemically or histochemically detectable senescence feature(s) 
may provide a robust tool for assessment of senescence in vivo in 
the near future.

Another important aspect of our study is the close correlation 
of the ability to form SAHF and the increased level of p16ink4a, 
a CDK inhibitor whose involvement in cellular senescence and 
also SAHF formation has been widely studied.4,22,32,40,56-60 Our 
present findings are consistent with the proposed causal role of 
p16ink4a in SAHF formation,4 and with the fact that ectopic over-
expression of p16ink4a can induce SAHF formation in certain cel-
lular context.4 Also, based on immunohistochemical analysis of 
human tissues, high expression of p16ink4a has been proposed to 
serve as a marker to identify senescent cells in the skin of old indi-
viduals.61 On the other hand, it is evident that elevated p16ink4a 
per se may be dispensable for induction of senescence, as doc-
umented by only partial correlation of heterochromatinization 
and p16ink4a levels in human premalignant lesions,48 and here for 
example for the BJ fibroblasts senescent in response to various 
chemotherapeutics or bacterial intoxication. In fact, low levels of 
p16ink4a were reported for BJ cells undergoing replicative senes-
cence.32 It appears that in cells with low expression of p16ink4a, 
senescence induction relies more on the p53-p21 axis, and pos-
sibly other mechanisms, likely including also DNA damage 
checkpoints, only some of which require p53. At the same time, 
the p16ink4a-mediated senescence-associated proliferation arrest 
appears to be more robust and irreversible even upon depletion of 
p53, as compared to the possibly partially reversible arrest under 
p16ink4a-low conditions, at least in replicative senescence.32 One 
striking observation, emerging from earlier studies and corrobo-
rated by our present findings, is the robust induction of p16ink4a 
in response to oncogenic stress, even in cells such as BJ that do 
not respond by p16ink4a induction when undergoing senescence 
triggered by non-oncogenic stimuli. The overall picture emerg-
ing is that p16ink4a, albeit not essential for every mode of cel-
lular senescence, is critical for the formation of SAHF,4 robust 
engagement of pRb and irreversible cell cycle arrest,62,63 attributes 
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cells to dead cells; i.e., 70% activity for BJ, MRC5 and HEKn. 
Medium was routinely changed 72 hours after a single HdCDT-
administration. Cells were routinely harvested at day 12 or as 
specified.

Indirect immunofluorescence. For immunofluorescence 
microscopy, cells cultured on coverslips were fixed in 4% formal-
dehyde and permeabilized by 0.1% Triton X-100 in two consecu-
tive steps, each for 15 minutes at RT, essentially as described in 
reference 76 and 77. After washing with PBS, cells were blocked 
for 30 minutes in 10% foetal calf serum. The following primary 
antibodies were used: mouse monoclonal antibody against his-
tone H2A.X phosphorylated at serine 139 (γH2AX; Abcam, 
# ab22551, 1:500), rabbit polyclonal antibody against histone 
H3 trimethylated at lysine 9 (H3K9Me3, Milipore, # 07-442, 
1:1,000) and mouse monoclonal antibody against heterochro-
matin protein-1γ (HP1γ, Chemicon, # MAB3450, 1:4,000). 
Incubation with primary antibodies was performed for 60 min-
utes at RT and then cells were washed with PBS. Secondary anti-
bodies Alexa Fluor® 488 goat anti-rabbit (Invitrogen, #A11034, 
1:500) and Alexa Fluor® 568 goat anti-mouse (Invitrogen, #A110-
31, 1:500) were then applied for 60 minutes at RT, followed 
by final wash in PBS. Coverslips were mounted in Vectashield 
Mounting Medium with DAPI (Vector Laboratories, # H-1200). 
Confocal images were acquired on LSM-510 (Carl Zeiss 
Microimaging Inc., Germany) equipped with Plan-Apochromat 
63x/1.4 oil immersion objective, ZEN2009 software (Carl Zeiss 
Microimaging Inc., Germany) and with appropriate configura-
tions for multiple color acquisition. For quantitative and compar-
ative imaging, identical image acquisition parameters were used.

BrdU proliferation assay. Cells cultured on coverslips were 
incubated with 10 μM BrdU (Sigma, B5002) for 6 hours before 
fixation with 4% formaldehyde. After DNA denaturation in 
2 M HCl for 30 minutes, cells were washed in PBS and incubated 
with mouse monoclonal antibody against BrdU (APbiotech, 
RPN20AB, 1:1,300) and stained as described above. Images were 
acquired on a widefield fluorescence microscope AxioObserver 
(Carl Zeiss Microimaging Inc., Germany) equipped with Plan 
Apochromat 20x/0.8 objective, camera Coolsnap HQ (Roper 
Scientific, Germany) and Metamorph software (Universal 
Imaging Corporation Ltd., Great Britain).

Senescence associated-β-galactosidase assay. Staining for 
SA-β-gal activity was performed at day 12 using Senescence 
β-Galactosidase Staining Kit (Cell Signaling Technology, # 
9860) following manufacturer’s protocol. Images were cap-
tured by fluorescence microscope Zeiss Axioplan 2 (Carl Zeiss 
Microimaging Inc., Germany) equipped with Plan Neofluar 
20x/0.5 objective, color camera Infinity X and Deltapix software 
(both Deltapix, Denmark).

SDS-PAGE and western blotting. Cells were harvested into 
Laemmli SDS sample lysis buffer (50 mM Tris pH 6.8; 100 mM 
DTT; 2% SDS; 0.1% bromphenol blue; 10% glycerol) supple-
mented with a cocktail of protease inhibitors Complete Mini, 
EDTA-free (Roche Diagnostics, # 04693159001) and a cock-
tail of phosphatase inhibitors PhosSTOP (Roche Diagnostics, 
# 04906845001), sonicated and centrifuged at 16,000x g for 
10 minutes. Protein concentration was estimated by the BCA 

The understanding of heterochromatin biology including 
SAHF formation has advanced rapidly in recent years; however, 
it is also evident that many outstanding questions remain to be 
answered. Relevant to our present study, examples of such ques-
tions may include: (1) the potential existence of distinct SAHF 
structures, only one of which displays the typical DNA/DAPI-
defined foci, and their impact on gene expression; (2) what is 
the contribution, if any, of oxidative stress in general, and high 
oxygen tension or other artificial conditions to SAHF formation, 
activation of the p16ink4a-pRb pathway and cellular immortaliza-
tion versus senescence; (3) potential distinct biological functions 
of heterochromatin, including effects on DDR, under various 
pathological conditions such as aging or cancer progression. On 
a positive note, one potential avenue to personalized treatment, 
based on genetic profiles, DDR and heterochromatin states, could 
be to modulate chromatin modifications such as methylation or 
acetylation, to synergize with endogenous DNA damage signaling 
that occurs in most tumors,72 and/or with standard-of-care geno-
toxic therapies, to selectively sensitize and eliminate tumor cells.

Materials and Methods

Chemicals. Hydroxyurea (Sigma, # H8627) and doxorubicin 
(Sigma, # D1515) were dissolved in H

2
O. Etoposide (Sigma, 

# E1383) was diluted in DMSO. Recombinant toxin from H. 
ducreyi was prepared by Dr. Frisan (Karolinska Institutet, 
Stockholm, Sweden). Preparation of CdtA, CdtB and CdtC sub-
units and reconstitution of the active holotoxin (HdCDT) was 
previously described in references 47 and 75.

Cell cultures. Normal human fibroblasts BJ and MRC-5 
(both from ATCC and at population doublings between 27 
and 37) were cultured in Dulbecco’s modified Eagle’s medium 
(D-MEM, Invitrogen, # 31966) supplemented with 10% foetal 
bovine serum (FBS, Invitrogen, # 10270-106) and penicillin/
streptomycin (Invitrogen, # 15140122). Cells were kept at 37°C 
under 5% CO

2
 atmosphere and 95% humidity. Neonatal Human 

Epidermal Keratinocytes (HEKn; Invitrogen, # C-001-5C) were 
cultured in EpiLife Medium (Invitrogen, # M-EPI-500-CA) 
supplemented with HKGS Kit (Invitrogen, # S-001-K) at popu-
lation doublings between four and ten. HEKn were kept in a 
humidified atmosphere of 5% CO

2
 and 3% O

2
 at 37°C. To reach 

replicative senescence, MRC-5 cells were passaged until popula-
tion doubling 48, while BJ cells required longer cultivation, until 
population doubling 86 under similar culture conditions.

Induction of premature cellular senescence in vitro. In pilot 
experiments, cells were treated with various concentrations of 
individual drugs to select best concentration leading to senes-
cence. 600 μM hydroxyurea, 10 μM etoposide and 100 ng/ml 
doxorubicin were chosen as the most suitable for routine admin-
istration to reach senescence in the majority of cells within the 
given cell population. Culture medium with fresh additives was 
changed every 72 h. The 100% activity of bacterial toxin from H. 
ducreyi was estimated as the lowest cytopathic dose that caused 
complete irreversible G

2
/M block of ‘reference’ HeLa cell strain 

24 hours after intoxication.42 For induction of senescence we 
used ‘balanced’ toxin dilutions to get optimal ratio of surviving 
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formaldehyde-fixed, de-paraffinized tissue sections were stained 
overnight with rabbit polyclonal antibody against histone H3 
trimethylated at lysine 9 (H3K9Me3, Milipore, # 07-442, 
1:1,000) and for one hour with secondary antibody Alexa Fluor® 
488 goat anti-rabbit (Invitrogen, #A11034, 1:500). Samples 
were mounted into Vectashield Mounting Medium with DAPI 
(Vector Laboratories, # H-1200). Data on expression of SA-β-
gal on frozen sections, and γH2AX, HP1γ and p16ink4a on the 
paraffin sections were available from our previous study using 
immunoperoxidase-based analysis.48 The newly obtained immu-
nofluorescence images for DAPI and H3K9Me3 were acquired 
as described above, and examples of the results are presented in 
Figure 5.

Data analysis and statistics. Percentage of BrdU positive cells 
was determined by counting cells in 35 random fields (approxi-
mately 500 cells) for each coverslip. Percentage of SAHF posi-
tive cells (based on DAPI staining) and number of γH2AX foci 
per cell were counted from at least 200 cells for each coverslip. 
Data analysis was performed in ImageJ (version 1.43u, Wayne 
Rasband, National Institutes of Health, USA) as described in ref-
erence 77, graphs were generated by Prism 5 (GraphPad Software, 
Ja Jolla, CA USA). The results shown are averages (with 95% 
confidence interval, tested by unpaired t-test) of a minimum of 
three independent experiments.
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method (Pierce Biotechnology Inc., # 23225). 0.01% bromphe-
nol and 100 mM DTT were added to lysates before separation 
in 15% polyacrylamide gels by SDS-PAGE (20 μg of protein 
was loaded per lane). Proteins were electrotransferred onto nitro-
cellulose membrane (LI-COR, 926-31092) using semidry 
transfer followed by staining with Ponceau S to verify transfer 
and equal loading. Staining with mouse monoclonal antibody 
against p16ink4a (Sigma, # P0968, 1:130) and mouse antibody 
against alpha-tubulin (Sigma, T6199, 1:10,000) was performed 
overnight. Detection was performed by goat anti-mouse IRDye 
800CW antibody (LI-COR, # 926-32210) using Odyssey 
Imaging System equipped with Odyssey software (LI-COR, 
Nebraska, USA). Alpha-tubulin was used as a marker to ensure 
equal loading.

Vectors and viral infections. The following lentiviral vec-
tors were used: expression vector pCDH-CMV-MCS-EF1-Puro 
(System Biosciences, # CD510B-1) empty or with H-RasV12 insert, 
packaging vectors pMD2G (Addgene, # 12259) and psPAX2 
(Addgene, # 12260). Lentiviral gene transfer was performed as 
described in reference 78. The infected population was selected 
using 2 μg/ml puromycin (Sigma, # P7255) for 72 hours.

Human tissue specimens and immunohistochemistry. The 
paraffin blocks of archival tissue specimens of normal human 
colon, urinary bladder, skin and series of colon adenomas 
(n = 38) and carcinomas (n = 44), and urinary bladder tumors 
(n = 19, including nine cases of Ta lesions and ten cases of T1 
lesions) were described previously in reference 48. Samples of 
frozen tissues of human adenomas (n = 14) were stored at -80°C. 
All samples were originally collected at the University hospitals 
in Aarhus and Copenhagen, under ethical approval received 
from a local Medical Research Ethics Committee in Denmark. 
The diagnoses were independently verified by two experienced 
pathologists according to the established criteria of classification 
recommended by the World Health Organization. The samples 
of the majority of the tissues (except the 14 cryopreserved ade-
noma specimens) were fixed in buffered formalin, embedded in 
paraffin wax and the tissue sections examined by routine histo-
pathology methods and by immunohistochemistry, as reported 
previously in reference 48 and 53. For immunohistochemistry, 
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Supplemental Figure S1. Examples of SA-β-gal activity in MRC-5, BJ and HEKn 

promoted to senescence by various stimuli. Cells were assayed for SA-β-gal activity at 

day 12 after senescence induction.  

 

Supplemental Figure S2. SAHF are absent in cancer cell lines irrespective of the 

presence of elevated heterochromatinization markers. UMSCC-2, HN-5, T24, HCT116, 

and Hacat cells were stained for SAHF (DAPI), H3K9Me3 and HP1γ, as indicated. 

MRC-5 cells transduced with H-rasV12 to senescence (day 12) are shown as a SAHF-

positive control.  

 

Supplemental Table S1. MRC-5, BJ and HEKn cells were scored for markers of 

proliferation (percentage of cells incorporating BrdU) and DNA damage (average number 

of γH2AX foci per cell) at proliferating (Control) and senescent state (day 12) induced by 

different stimuli, as indicated. 

 

Supplemental Table S2. Semiquantitative assessment of heterochromatinization markers 

detected by DAPI, H3K9Me3 and HP1γ staining, respectively, in several human cell 

lines, as indicated. MRC-5 induced to senescence by H-RasV12 lentiviral transduction are 

shown as a positive control for SAHF formation. (-) no SAHF formation; (+) low, (++) 

moderate, or (+++) high expression. 

 







Supplementary Table 1 
 
Cell type  Insult  % BrdU‐positive cells  No. of γH2AX foci/cells 

H‐RasV12  11  3 

Empty vector  16  1 

Hydroxyurea  4  6 

Control  16  1 

Etoposide  0  8 

DMSO  16  1 

Doxorubicin  0  9 

Control  17  1 

HdCDT  6  2 

Control  18  1 

Late Passage  2  6 

MRC‐5 

Control  21  2 

H‐RasV12  6  4 

Empty vector  31  1 

Hydroxyurea  1  11 

Control  35  2 

Etoposide  0  11 

DMSO  29  1 

Doxorubicin  0  12 

Control  32  2 

HdCDT  9  4 

Control  29  1 

Late Passage  2  3 

BJ 

Control  24  1 

H‐RasV12  5  2 

Empty vector  20  0 

Hydroxyurea  2  4 

Control  23  1 

Etoposide  0  10 

DMSO  17  1 

Doxorubicin  0  7 

Control  29  1 

HdCDT  0  3 

HEKn 

Control  23  1 
MRC‐5, BJ and HEKn cells were scored for markers of proliferation (percentage of cells 
incorporating BrdU) and DNA damage (average number of γH2AX foci per cell) at 
proliferating (Control) and senescent state (day 12) induced by different stimuli, as 
indicated.  



Supplementary Table 2 

 

Semiquantitative assessment of heterochromatinization markers detected by DAPI, H3K9Me3 and 
HP1γ staining, respectively, in several human cell lines, as indicated. MRC‐5 induced to senescence by 
H‐RasV12 lentiviral transduction are shown as a positive control for SAHF formation. (‐) no SAHF 
formation; (+) low, (++) moderate, or (+++) high expression.   

  Cell type 

SAHF markers  UMSCC‐2  HN‐5  T24  HCT116  Hacat 
MRC‐5  
H‐RasV12 

DAPI foci  ‐  ‐  ‐  ‐  ‐  +++ 
H3K9Me3  ‐  +++  ++  +  +++  +++ 
HP1γ  ‐  +++  +++  ‐  ++  +++ 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The permanent proliferation arrest, distended 
morphology and other phenotypic features characteristic 
of cellular senescence can be triggered by telomere 
attrition (replicative senescence) and various stresses 
such as activated oncogenes or genotoxic treatments 
(premature senescence). Physiological relevance of 
cellular senescence is apparent from its emerging roles 
in aging, in tumor pathogenesis as an inducible barrier 
to tumor progression, and in response to radiotherapy 
and chemotherapy [1]. Mechanistically, senescence 
induction and maintenance involve the major tumor 
suppressor pathways of pRB and p53, and persistent 
signaling of the DNA damage response (DDR) 
machinery [1]. An integral part of DNA damage 
signaling and senescence is the activation of a complex 
cytokine network [1,2] including proinflammatory 
species IL-6 and IL-8 and reorganization/multiplication 
of a specific nuclear compartment, PML nuclear bodies 
(PML NBs) [1,3]. Despite the critical roles of 
promyelocytic leukemia protein (PML), the structural 
component of PML NBs, in PML NBs assembly, tumor 
suppression, and stabilization and activation of p53 after 
various stresses, the molecular basis of PML regulation 
and its interplay with the senescence-associated 
secretory cytokine network are not well understood. A 
new study [4] now sheds light on the involvement of 
PML NBs in cellular senescence evoked by a spectrum 
of genotoxic drugs including clinically used 
chemotherapeutics, and provides important mechanistic 
insights into regulation of PML expression, causal 
relationship with cytokine signaling, and surprising lack 
of dependence on p53.  
 
Relevant findings preceding this study include the 
recent demonstration of cytokine signaling pathways 
involved in drug-evoked senescence [5],  and the fact 
that chemotherapy-induced senescence can occur in 
neighboring  cells  through so-called ‘bystander’  effects  
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[6]. The new work by Hubackova and colleagues [4] 
now shows that exposure of human normal and cancer 
cells to genotoxic drugs including those used to treat 
human malignancies such as camptothecin and 
etoposide, at concentrations evoking senescence and 
achievable in tissues during chemotherapy, resulted in 
enhanced formation of PML NBs, elevated PML 
transcript levels and activated JAK/STAT signaling 
indicative of cytokine involvement. As both endo-
genous PML transcript levels and PML promoter-driven 
luciferase activity were suppressed by chemical 
inhibition or RNAi-mediated knock-down of JAK1 
kinase, the data reveals a key role of JAK1-controlled 
signaling in PML transcription induced by genotoxic 
stress. Furthermore, in contrast to oncogene-induced 
senescence where PML expression is controlled by p53, 
the experiments of Hubackova et al. with both p53-
negative cells and regulatable dominant-negative allele of 
p53 showed that JAK1-regulated transcription of PML in 
response to genotoxic drugs is p53-independent [4].  
 
Considered within the context of other data in the field, 
these new results [4] help us better understand the 
interplay of PML with cytokine signaling in drug-
induced and ‘bystander’ senescence, phenomena highly 
relevant for aging, cancer biology and treatment 
response. 
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Figure 1. Model of PML and cytokine signaling in drug‐induced and ‘bystander’ senescence. Cytokine
secretion  and  autocrine/paracrine  signaling  triggered  by  the  DDR machinery  upregulate  PML  expression  and
formation of PML NBs, collectively leading to cellular senescence, both directly and through ‘bystander’ effects.  
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