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1. Abstract  

Our genetic material is continually challenged by varieties of factors and processes 
that represent enormous threat to our ability to transmit genetic information to our 

offspring and to our survival as well. Cells possess many mechanisms capable of 
detecting and repairing damaged DNA, collectively known as DNA damage response 
(DDR). DDR activities must be tightly regulated in a spatiotemporal and DNA lesion-
specific manner to optimize repair and prevent alterations in DNA during normal 
cellular processes. Defects in DNA repair drive genomic instability and may ultimately 
lead to cancer and neurodegenerative diseases.  

This work is a compilation of 4 projects focused on molecular mechanisms of DNA 
damage response and assembly of multiprotein signalling and repair complexes at 
sites of DNA damage. 

We identified nuclear pore component NUP153 as a novel factor specifically required 
for 53BP1 nuclear import and DDR. We showed that NUP153 knockdown prevents 
53BP1 from entering the nuclei in newly forming daughter cells, which translates to 
decreased IR-induced 53BP1 foci formation, delayed DNA repair, impaired survival 
after IR and exacerbates replication stress-induced DNA damage. 

Furthermore, we identified ubiquitin-activating enzyme UBA1 as the apical E1 enzyme 
required for response to IR and replication stress in human cells. We showed that 
inhibition of UBA1 activity impaired formation of ubiquitin conjugates at the sites of 
DNA damage, and recruitment of the downstream components of the DSB response 
pathway, 53BP1 and BRCA1, to such IR-induced foci. 

Moreover, we documented that both normal and cancer cells exposed to bacterial 
toxin activate DNA damage signalling and posses hallmarks of cellular senescence. 
Our data add bacterial intoxication to other established pathophysiological causes of 
cellular senescence. 

Finally, we showed distinct cell type and cancer stage associated patterns of 
activated DNA damage response and heterochromatin markers in testicular tissues 
and all major stages of testicular germ cell tumour pathogenesis.  

Overall, our publications provide novel mechanistic insights into the molecular 
machinery of DNA damage response and genome integrity maintenance, as well as 
further illustration of the pathophysiological significance of the DDR. 
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Abstrakt 

Náš genetický materiál je neustále vystavován působení mnoha faktorů a procesů, 
které představují enormní hrozbu pro naši schopnost přenášet genetickou informaci 

potomkům i pro naše vlastní přežití. Buňky mají mnoho mechanismů schopných 
detekovat a opravovat poškozenou DNA, souborně označovaných jako buněčná 
odpověď na poškození DNA (DDR). Aby došlo k optimalizaci oprav poškozené DNA a 
k potlačení jejích změn během normálních buněčných procesů,  musí být DDR striktně 
regulována v čase i prostoru. Defekty v opravě DNA vedou ke genomové nestabilitě 
a v konečném důsledku až k rozvoji nádorových a neurodegenerativních onemocnění. 

Tato práce je kompilací výsledků čtyř projektů zaměřených na molekulární 
mechanismy buněčné odpovědi na poškození DNA a vytváření multiproteinových 
signalizačních a opravných komplexů v místech poškození DNA. 

Identifikovali jsme protein NUP153, který je součástí jaderného póru, jako nový faktor 
nezbytný pro jaderný import proteinu 53BP1 a buněčnou odpověd na poškození DNA. 
Ukázali jsme, že potlačení exprese NUP153 brání akumulaci proteinu 53BP1 v jádře 
nově utvářených dceřinných buňek, což vede k omezení akumulace proteinu 53BP1 
v místech poškozené DNA indukovaných ionizujícím zářením, ke zpomalení oprav 
poškozené DNA, ke zvýšení citlivosti buněk k ionizujícímu záření a ke zhoršení 
poškození DNA způsobeného replikačním stresem. 

Dále jsme identifikovali ubikvitin aktivující enzym UBA1 jakožto apikální E1 enzym 
nezbytný pro odpověď lidských buněk na ozáření a replikační stres. Ukázali jsme, že 
utváření konjugátů ubikvitinu v místech poškozené DNA závisí na proteinu UBA1 a 
jeho aktivitě. Potlačení exprese proteinu UBA1 zabrání akumulaci proteinů 53BP1 a 
BRCA1 v místech poškozené DNA indukovaných ionizujícím zářením. 

V další práci jsme doložili, že jak normální, tak i nádorové buňky vystavené působení 
bakteriálního toxinu aktivují buněčnou odpověď na poškození DNA a vykazují 
charakteristické příznaky buněčného stárnutí, tzv. senescence. Naše data tak přidávají 
bakteriální intoxikaci mezi již dobře ustanovené patofyziologické faktory schopné 
vyvolat buněčnou senescenci. 

V poslední předkládané práci jsme dokumentovali rozdílnou aktivaci buněčné 
odpovědi na poškození DNA a vytváření heterochromatinu v rozdílných buněčných 



	  10	  

typech a nádorových stádiích u testikulárních tkání a ve všech hlavních fázích 
patogeneze rakoviny testikulárních zárodečných buněk. 
 
V souhrnu naše publikace popisují nové molekulární mechanismy buněčné odpovědi 
na poškození DNA a udržování genomové integrity a také dokumentují 

patofyziologický význam DDR. 
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2. Aims of the study 

This work aims to contribute to understanding of the molecular mechanisms of DNA 
damage response in mammalian cells in general and formation of multiprotein 

signalling and repair complexes at sites of DNA damage in particular. Formation of 
these complexes is orchestrated by many different posttranslational modifications of 
proteins involved. While the role of phosphorylation is relatively well understood, 
functions of ubiquitylation and SUMOylation are not that clear. Therefore we 
performed high content microscopy siRNA-based screen among proteins involved in 
ubiquitylation and SUMOylation in order to:  

- identify novel regulators of DNA damage response  

- characterize their role in the signalling and repair processes on damaged chromatin. 

 



	  12	  

3. Introduction 

Every cell in our body has to cope with omnipresent factors that give rise to damage 
in cellular structures and genetic information in particular. Many of such factors come 

from environmental sources, for instance UV and ionizing radiation and genotoxic 
chemicals, but also products and processes of cell metabolism including ROS and 
spontaneous chemical reactions (mainly hydrolysis) can be harmful to DNA. It was 
estimated that human cell has to deal with over 10,000 DNA lesions per day to 
counteract endogenous sources of DNA damage1. In order to maintain genetic 
information intact, several DNA repair pathways that more or less efficiently restore 
DNA have evolved. The choice of pathway for repair of particular lesion depends on 
cell cycle stage and structural type of DNA damage. There are various types of DNA 
lesions (Figure 1), among which the most prominent are DNA crosslinks, bulky 
chemical adducts, thymidine dimers, single strand breaks (SSBs) and double strand 
breaks (DSBs), the latter being considered the most severe form of DNA damage in 
eukaryotic cells. 

 

Figure 1. Different DNA repair pathways are employed to repair different types of DNA damage. 

BER – base excision repair, HR – homologous recombination, NHEJ – non-homologous end 

joining, NER – nucleotide excision repair, MMR – mismatch repair. Modified from reference2. 

 

To prevent the propagation of mutations that could lead to genome instability and 
cancer, it is essential to detect and repair damaged DNA before DNA replication and 
cell division. This is enabled by signal transduction cascade known as DNA damage 
response. From the moment that broken or aberrant DNA is recognized within the cell, 
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mechanisms are set in motion to attract proteins and complexes to the site of lesion 
that amplify the initial damage-recognition signal, suppress ongoing DNA replication 
and transcription, start the repair of the lesions, and eventually signal the completion 
of the repair process3. On the other hand, too severe or irreparable DNA damage is 
also recognized by DDR leading to permanent cell cycle arrest (cellular senescence) or 

cell death by apoptosis4.  DDR, as a very complex process with many outcomes, 
needs to be tightly controlled and regulated to ensure proper functions. A number of 
proteins and complexes participate in DDR and many different types of 
posttranslational modifications orchestrate their proper spatiotemporal assembly and 
activation. Following chapters will summarize recent knowledge regarding the function 
of posttranslational modifications in DDR with emphasis on ubiquitylation and 
SUMOylation. 

 

3.1. Ubiquitylation 

Not only small chemical groups like phosphate or methyl group, but even whole 
protein molecules can be reversibly conjugated to substrates. Apparently, large and 
variable surface of the protein mark enables broader spectrum of consequences with 
impact on activity, intracellular localization, stability or interactions with other proteins 
both in positive or negative ways.  

The first identified protein modifier was ubiquitin, a small, highly conserved 
polypeptide, consisting of 76 amino acids5-7. In human genome, ubiquitin is encoded 
by four genes and is expressed in a form of polyubiquitin (genes UBB and UBC) or 
protein fused with ribosomal subunits L40 or S27a (genes UBA25 or RPS27A, 
respectively)8-11. All ubiquitin precursor proteins are cleaved by specific endoproteases 
in order to release ubiquitin molecules capable of conjugation12. Active ubiquitin 
contains diglycine motif at C-terminus (Gly75-Gly76) and through its Gly76 is 
conjugated to ε-amino group of target protein lysine via isopeptide bond. Another 

possible site for ubiquitin attachment is α-amino group of N-terminal target protein 

residue13, 14. The first identified protein modified by ubiquitin was histone H2A15, 16. 
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3.1.1. Ubiquitin chains 

Ubiquitin can be conjugated to target proteins as a monomer (monoubiquitylation) or 
as ubiquitin chains (polyubiquitylation) that vary in length and linkage type (Figure 2), 
which is possible due to 7 internal lysine residues (Lys6, Lys11, Lys27, Lys29, Lys33, 
Lys48, Lys63) on ubiquitin surface17 and N-terminal methionine, the latter generating 
linear ubiquitin chains18-20. Different ubiquitin linkages result in various conformations 
of ubiquitin chain and create a range of molecular signals in the cell. For example, 
Lys48-linked ubiquitin chains mark the target protein for degradation by 26S 
proteasome, while Lys63-linked chains exert non-proteolytic functions implicated in 
diverse biological processes such as protein trafficking, receptor endocytosis, 
signalling activation and DNA damage response21. Chains formed by conjugation of a 
single type of lysine residue in sequential ubiquitin molecules are homotypic, whereas 
those linked through several distinct lysines in the ubiquitin moieties are mixed-linkage 
chains17.  

 

Figure 2. Schematic models of possible types of protein ubiquitylation. 

 

3.1.2. Mechanism of ubiquitylation 

Ubiquitin carboxyl termini are attached to other proteins generally through E1-E2-E3 
multienzyme cascades (Figure 3). At the beginning of the ubiquitin cascade, the 
ubiquitin-activating enzyme (E1) binds ATP and ubiquitin and catalyzes C-terminal 
adenylation of ubiquitin molecule. In the next step, the catalytic cysteine in E1 attacks 
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ubiquitin-adenylate to form thioester bond between E1 and ubiquitin. Fully loaded E1 
binds two molecules of ubiquitin, one noncovalently in the form of adenylate and one 
via covalent bond. Eventually, E1 engages one of many available ubiquitin-conjugating 
enzymes (E2) to transfer ubiquitin from E1 to catalytic cysteine of E2 through reaction 
referred to as transesterification. Finally, interaction of an ubiquitin-loaded E2 enzyme 

with an ubiquitin ligase (E3) and a target protein leads to conjugation of ubiquitin to 
the substrate protein. Formation of ubiquitin chains is further promoted by action of 
E4 factors that serve as adaptor proteins and cooperate with E3 ligases22. 

 

Figure 3. Schematic overview of the ubiquitylation cascade. Ubiquitin-activating enzyme (E1) is 

loaded with two molecules of ubiquitin (U), one at its adenylation domain as adenylate (AMP) 
and the other linked to Cys at its active site as a thioester. The activated ubiquitin is transferred 

to Cys in the ubiquitin-conjugating enzyme (E2) active site. Ubiquitin ligase (E3) facilitates 

transfer of ubiquitin and directs specificity towards substrate protein.  

 

3.1.3. Ubiquitin-activating enzymes 

In humans, there are two ubiquitin-activating enzymes - UBA1 (also known as UBE1)23 
and UBA6 (or UBE1L2)24-26. The other six members of the UBA family activate other 
ubiquitin-like modifiers22. UBA1 and UBA6 are distantly related proteins (they are 40% 
identical). UBA1 exists in two isoforms due to two translation starts on UBA1 mRNA23. 
The isoform UBA1a has molecular weight of 117 kDa and is localized almost 
exclusively in the nucleus. On the other hand, UBA1b missing the first 39 amino acids 
including NLS is localized in the cytoplasm. Both isoforms differ in the level of 
phosphorylation - the cytoplasmic isoform UBA1b is phosphorylated to low extent 
(below 5%), while around 95% of nuclear UBA1a is phosphorylated on at least four 
residues27. It was shown that UBA1a is phosphorylated in the nucleus in order to 
promote specific interactions with different nuclear ubiquitin-conjugating enzymes27. 
Defect in the UBA1 gene causes X-linked spinal muscular atrophy, a 
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neurodegenerative lethal infantile disease with manifestation of hypotonia, areflexia, 
and multiple congenital contractures28.  

The second enzyme capable of ubiquitin activation that was recently described is 
UBA624-26. In addition to activation of ubiquitin, UBA6 is also able to activate another 
ubiquitin-like modifier FAT1024 and is uniquely responsible for loading ubiquitin to 
USE1, so far the only known UBA6-specific E2 enzyme25. Deletion of UBA6 gene in 
the mouse results in embryonic lethality, however mice that lack FAT10 are viable, 
suggesting that the essential functions of UBA6 are not linked to FAT10 activation24. 

 

3.1.4. Ubiquitin-conjugating enzymes 

Ubiquitin-conjugating enzymes are characterized by presence of conserved ubiquitin-
conjugating (UBC) domains, which are generally about 150 amino acids long. UBC 
domain contains catalytic cysteine participating in formation of thioester bond 
between E2 and ubiquitin29. In humans, there are at least 30 ubiquitin-conjugating 
enzymes30. Some E2 enzymes contain insertions in their UBC domain or extensions at 
amino or carboxy termini. Such sequences, characteristic for each E2, participate in 
differential recognition and binding to a subset of ubiquitin ligases31. 

 

3.1.5. Ubiquitin ligases 

The final step of the ubiquitylation cascade is performed by coordinated actions of 
ubiquitin-conjugating enzymes together with 600 - 1000 different ubiquitin ligases29, 32, 

33. There are two classes of ubiquitin ligases (HECT and RING), based on domain 
structure and mechanism of reaction catalysis (Figure 4). Approximately 60 HECT 
family E3s transfer ubiquitin from E2 to cysteine in the HECT domain of the E3 before 
attaching it to the substrate34. The name of HECT domain comes from E6AP 
(Homology to E6AP C-Terminus), first HECT E3 identified, regulating protein levels of 
BLK kinase35.  
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Figure 4. Schematic representations of HECT and RING classes of ubiquitin ligases. RF – RING 
finger, RBX – RING finger protein, CUL – cullin, SKP – S-phase kinase associated protein 1, 

FBX – F-box protein 

 

Most of E3s, however, contain RING finger domain or a structurally related U-box and 
act as matchmakers, bringing substrate and charged E2 together and activating the 
E2 to ligate ubiquitin to lysine in the substrate29. RING finger is defined as a small (40 – 
60 amino acid) domain that contains 8 cysteine/histidine residues that coordinate two 
zinc atoms with consensus sequence CX(2)CX(9-27)CX(1-3)HX(2)C/HX(2)CX(4-
48)CX(2)C, where X indicates intervening amino acid residues followed by spacing in 
numbers, C and H correspond to cysteine and histidine, respectively34. RING domain 
of E3 directly binds ubiquitin-loaded E2 in a position suitable for transfer of ubiquitin 
to target protein36. RING finger ubiquitin ligases can be single subunit E3s in which 
RING finger is surrounded by protein-interacting motifs. A number of RING finger E3s 
exist as homodimers or heterodimers where the RING finger and potentially other 
surrounding regions serve as the site of dimerisation and enhance or direct the E3 
activity. For a number of heterodimeric RING ubiquitin ligases, only one RING finger 
functionally interacts with E2 (for example BRCA1-BARD1 or MDM2-MDMX 
complexes). The most complex RING finger E3s are multisubunit E3s, which include 
the cullin RING family (CRF), the anaphase promoting complex/cyclosome (APC/C) 
and the Fanconi anemia E3 complex (FANC). In CRFs, a cullin protein serves as a 
scaffold to assemble multiple E3 subunits, including a small RING finger protein 
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(RBX1), adaptor protein, such as SKP1 in the SCF or elongin B-elongin C in CRL2, 
and substrate targeting proteins like F-box protein for the SCF complex, VHL and 
SOCS box proteins for the CRL234. There is no general consensus site for 
ubiquitylation, although the binding sites for E3s on target proteins can be highly 
specific and often dictate the sites for ubiquitylation34. Proteins may be targeted by 

multiple E3s and, conversely, E3s can have multiple substrates, including themselves. 
Moreover, different E3s can recognize the same or different sites on proteins and 
single E3 can have multiple ways to recognize target proteins34. 

 

3.1.6. Deubiquitylating enzymes 

The human genome encodes approximately 79 deubiquitylating enzymes (DUBs) that 
are predicted to be active and which oppose the function of E3 ligases37. The DUBs 
can be subdivided into five families: ubiquitin C-terminal hydrolases (UCHs), ubiquitin-
specific proteases (USPs), ovarian tumor proteases (OTUs), Josephins and 

JAB1/MPN/MOV34 metalloenzymes (JAMMs). The former three families of DUBs are 
cysteine proteases, whereas the latter two are zinc metalloproteases38. Generally, 
there are three activities of DUBs. First, generation of free ubiquitin from ubiquitin 
precursors (see chapter 3.1.) requires DUB activity. Second, DUBs-mediated cleavage 
of ubiquitin chains attached to substrate proteins leads to reversal of ubiquitin-based 
signalling or to protein stabilization by rescue from proteasomal or lysosomal 
degradation. Third, DUBs can edit the form of ubiquitin modification by trimming 
ubiquitin chains38. The interactions of DUBs with ubiquitin or ubiquitin chains are 
mediated by set of ubiquitin-binding domains (UBD), including the zinc finger 
ubiquitin-specific protease domain (ZnF-UBP), the ubiquitin-interacting motif (UIM) 
and the ubiquitin-associated domain (UBA), which typically binds ubiquitin with low 
affinity39.  
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3.2. SUMOylation 

In addition to posttranslational modification by ubiquitin itself, 17 other ubiquitin-like 
(UBL) proteins have been identified in humans22. UBLs have a structural fold similar to 
ubiquitin, but use their own specific conjugation machineries, are recognized by 
diverse UBL-binding domains and have distinct effect on their target proteins17, 22. One 
of the most studied UBL so far is a small ubiquitin-like modifier (SUMO). SUMO 
proteins represent highly conserved protein family identified in yeast, worms, flies and 
vertebrates40-42. In yeast (S. cerevisiae and S. pombe)43, 44 and invertebrates (C. 
elegans)42, there is only one gene for SUMO protein, while vertebrates have four 
distinct genes coding for SUMO1, SUMO2, SUMO3 and SUMO445. However, it 
remains unclear whether SUMO4 is processed and conjugated to cellular proteins46, 47. 
SUMO2 and SUMO3 are often referred to as SUMO2/3 because they share 97% 
amino acid identity and cannot be distinguished by antibodies. By contrast, SUMO1 
shares only 50% identity to SUMO2/3, and 18% to ubiquitin (Figure 5), but their 
secondary structures are very similar48. All SUMO proteins carry an unstructured 
stretch of 10 – 25 amino acids at their N-termini that is not found in ubiquitin or any 
other UBLs. The formation of SUMO chains is the only function assigned to these N-
terminal extensions. 

 

Figure 5. Amino acid sequence alignment of human SUMOs, ubiquitin and S. cerevisiae SMT3. 
Processed using Clustal W software. 

 

3.2.1. SUMOylation machinery 

Similarly to ubiquitin conjugation, SUMO molecule is attached to substrate proteins 
through C-terminal glycine. In order to expose this glycine, SUMO precursors have to 
be processed by SUMO-specific proteases (SENPs). Members of the SENP family 
differ in activity towards different SUMO proteins, in their activity in maturation and 
isopeptide cleavage, and in their predominant localization (reviewed in references 49-

51). The first step of SUMOylation is the activation of mature SUMO by E1, which is 
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mediated by heterodimer complex SAE1/SAE2 (SUMO activating enzyme). SUMO 
molecule is than transferred to Cys93 of SUMO conjugating enzyme UBC9 (E2). 
Although UBC9 can directly interact with some SUMO substrates and transfer SUMO 
to substrate acceptor lysine residues, E3 SUMO ligases often facilitate this process at 
least by two mechanisms. They can recruit UBC9-SUMO thioester and substrate into 

complex to promote specificity or in case of substrates that directly interact with 
UBC9, they can enhance conjugation by stimulating the ability of UBC9 to discharge 
SUMO to substrate22, 48. 

The substrate specificity in the SUMO pathway has remained an enigma due to the 
fact that this pathway relies on a single E2 enzyme and only a few E3 enzymes have 
been identified48. In contrast to ubiquitin conjugating enzymes, UBC9 has unique 
ability among E2 enzymes to directly recognize and bind substrate proteins. UBC9 
binds a short amino acid motif with consensus sequence ΨKXD/E (Ψ represent 

hydrophobic and X any amino acid) in a substrate molecule and catalyses formation of 
a covalent bond between SUMO and acceptor lysine residue. In addition, residues on 
UBC9 surface also suppress the lysine pKa to increase the rate of catalysis52. In 
humans, known SUMO ligases include Protein Inhibitors of Activated STAT (PIAS) 
family members such as PIAS1, PIAS3, PIASxα, PIASxβ and PIAS4. These E3s 

contain a SP-RING domain and are thought to function analogously to ubiquitin RING 
ligases. The SP-RING domain coordinates a single zinc ion and works in conjunction 
with PIAS carboxy-terminal domain to activate E2-SUMO thioester during SUMO 
conjugation. RanBP2, another SUMO E3, contains a distinct type of an E3 ligase 
domain that is unrelated to either  RING or HECT domains. RanBP2 is a component of 
nuclear pore complex and interacts directly with SUMO-modified Ran GTPase-
activating protein 1 (RanGAP1) in a stable complex with UBC953, 54. Polycomb group 
(PcG) proteins form large multiprotein complexes (PcG bodies) that are involved in 
gene silencing. The human PcG member Pc2 has been described as the third class of 
SUMO E3 ligases55. 

 

3.2.2. SUMO chains 

N-terminus of SUMO2/3 proteins contains Lys11 within SUMO consensus motif VKTE, 
and indeed SUMO2/3 was shown to form polySUMO2/3 chains56, a feature that is not 
apparent in case of SUMO1. However, SUMO1 can be conjugated to the end of 
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SUMO2/3 chains, which terminates chain growth and results in formation of mixed 
chains57.  

 

3.3. Spatiotemporal dynamics of DDR protein accumulation at DNA double 
strand breaks 

To ensure efficient signalling and proper repair of DNA damage, relocation of DDR 
proteins to the sites of DNA breaks must be executed at the right time and in the right 
place. This is facilitated by stepwise induction of posttranslational modifications after 
DNA damage. The following chapters will summarize the currently accepted model of 
DDR factor assembly around the DNA DSB and formation of microscopically 
detectable structures called “foci”. 

 

3.3.1. PolyADP-ribosylation 

PolyADP-ribosylation (PARylation) refers to formation of negatively charged polymers 
of ADP-ribose on target substrates by the action of polyADP-ribose polymerases 
(PARP). In the context of DDR, PARylation is considered to be the earliest modification 
detectable locally at sites of DNA damage, but is rapidly removed by the action of 
PAR glycohydrolase (PARG)58, 59. PARP proteins comprise a large family broadly 
distributed among eukaryotes, but surprisingly do not exist in S. cerevisiae and S. 

pombe60. In mammalian cells, the bulk of PAR production around DNA lesions is 
catalyzed by PARP1. In response to genotoxic stress, PARP1 relocalizes to sites of 
DNA damage61, 62, where it promotes recruitment of various repair factors. For 
instance, PARP1-dependent recruitment of MRE11 and NBS1, components of the 
DNA DSB sensor complex MRN (consists of MRE11, RAD50 and NBS1), was 
reported61. Other examples include PAR-dependent recruitment of the single strand 
break (SSB) repair factor XRCC163 and chromatin modifier APLF64, 65. Interestingly, 
PARP1 can be autoPARylated and such modification stimulates PARP1 dissociation 
from DNA damage sites, probably due to electrostatic repulsions between DNA and 
PAR chains62. 
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3.3.2. Phosphorylation 

Phosphorylation is a posttranslational modification by phosphate group added to 
target protein serine, tyrosine, and threonine residues by action of kinases. More than 
ten years ago, phosphorylation was described as the first DNA damage-induced 
posttranslational modification66 (Figure 6). However, there is increasing evidence that 
recruitment of the MRN complex and activation of ataxia telangiectasia mutated 
kinase (ATM) follow after PARylation-dependent processes at DSBs61.  

 

Figure 6. Initiation of DNA damage response around DNA double strand break via polyADP-

ribosylation and phosphorylations. M – MRE11, R – RAD50, N – NBS1 
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Activated ATM kinase, the master regulator of DDR, phosphorylates several hundreds 
of substrates67 including histone variant H2AX on serine residue 139 (Ser139 
phosphorylated H2AX is designated γH2AX) and initiates the DNA damage response 

cascade66, in particular through recruitment of a large adaptor protein MDC1 via two 
BRCT (BRCA1 C-terminus) domains68, 69. Moreover, histone H2AX is constitutively 
phosphorylated on Tyr142 by WSFT kinase and dephosphorylation of Tyr142 by EYA 
phosphatase is required for efficient recruitment of MDC1 protein following DNA 
damage. Such regulatory mechanism was proposed to be involved in decision 

between DNA repair and apoptosis70, 71. Constitutive phosphorylation of MDC1 by 
casein kinase 2 (CK2) promotes spreading of γH2AX signal on chromatin via 

recruitment of ATM through NBS1, which can bind both ATM and CK2-
phosphorylated MDC172, 73. Furthermore, MDC1 itself is an ATM substrate and two 

ATM-phosphorylated TQXF motifs within MDC1 serve as a binding site for ubiquitin 
ligase RING finger protein 8 (RNF8)74-76. Phosphorylation can also signal to remove 
proteins from DSB sites. For example, autophosphorylation of DNA-PK kinase was 
reported to induce conformational change that abolishes its interaction with Ku 
protein leading to dissociation of DNA-PK from DNA damage sites77, 78. Termination of 
DNA damage-induced phosphorylations after successful repair is mediated by various 
phosphatases79, including PP2, PP4 and p53-regulated WIP180. 

 

3.3.3. Ubiquitylation-dependent accumulation of DDR factors 

Ubiquitylation events around DSB are initiated by RING-type ubiquitin ligase RNF8; its 
recruitment to IR-induced foci is dependent on γH2AX and MDC1, but not on NBS1, 

53BP1 or BRCA174-76. FHA domain at the RNF8 N-terminus is required for RNF8 

accumulation at damage sites, indicating that RNF8 recruitment is regulated by 
phospho-dependent interactions (Figure 7). Indeed, the RNF8 FHA domain specifically 
recognizes ATM-phosphorylated TQXF motifs of MDC1. Mutation of these sites 
disrupts interaction with RNF876 and phenocopies RNF8 knockdown-associated 
phenotype including impaired formation of ubiquitin conjugates and 53BP1 foci75. 
RING domain of RNF8 binds ubiquitin-conjugating enzyme UBE2N (also known as 
UBC13), and this complex is then able to catalyze formation of Lys63-linked ubiquitin 
chains. Search for the substrates of RNF8-UBE2N activity revealed that both H2AX 
and H2A histones are ubiquitylated in response to IR74, 76. In particular, γH2AX 

ubiquitylation is RNF8-, UBE2N-, and MDC1-dependent74, and it has been shown that 
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specifically H2AX diubiquitylation is the main product of RNF8 activity74. This 
simplistic view has been challenged by recent findings showing that RNF8 can also 
form Lys48-linked ubiquitin chains and target various proteins involved in DDR to 
proteasomal degradation81, 82. 

 

Figure 7. Ubiquitylation-dependent recruitment of DDR factors to the sites of DNA double 

strand breaks. 

 

3.3.3.1. RNF168 

The mechanism behind biological function of diubiquitylated H2AX in response to 
DNA damage was, at least partially, elucidated by finding that recruitment of RING 
finger protein 168 (RNF168) to DSBs is dependent on RNF8 and its ubiquitylation 
activity83, 84. RNF168, an ubiquitin ligase itself, also cooperates with UBE2N83, 84. In 
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addition to its RING domain, RNF168 contains two ubiquitin-binding domains called 
motif interacting with ubiquitin (MIUs). RNF168 accumulates around DSBs within 
minutes after DNA damage and its recruitment depends on MDC1, UBE2N and RNF8, 
but not on 53BP1 or BRCA183, 84, indicating that RNF168 acts downstream of MDC1 
and RNF8 to promote accumulation of BRCA1 and 53BP1 at DSBs. This model is 

supported by additional findings. First, MDC1 and RNF8 IR-induced foci formation is 
not abolished by RNF168 depletion, while BRCA1 and 53BP1 is83, 84. Second, time-
lapse microscopy data point to stepwise recruitment of three ubiquitin ligases. It was 
shown that RNF8 accumulates at DSBs, followed by RNF168 and subsequently by 
BRCA183. These data, together with finding that RNF168 accumulation at DSBs is 
entirely dependent on RNF8 RING domain activity and intact MIU domains of RNF168, 
suggest that RNF8 creates binding sites for RNF168 recruitment83, 84. RNF168 is able 
to ubiquitylate H2A in vitro83, 84 and is necessary for formation of ubiquitylated H2A at 
DNA damage foci83. RNF8 and RNF168 therefore cooperate to catalyze ubiquitylation 
of H2AX around DSBs. RNF8 initiates H2AX ubiquitylation, followed by ubiquitylation-
mediated recruitment of RNF168 that amplifies ubiquitin signalling at DNA damage 
sites to the level that enables recruitment of downstream signalling and repair 
proteins. 

Physiological importance of RNF168 is documented by the fact that mutations in 
RNF168 gene were found in RIDDLE syndrome, a novel human immunodeficiency and 
radiosensitivity disorder84, 85. Cells derived from RIDDLE patient display an abolished 
formation of ubiquitin conjugates, 53BP1 and BRCA1 IR-induced foci, while MDC1 
and NBS1 foci remain unaffected85. Both mutations identified in RNF168 associated 
with RIDDLE syndrome result in formation of premature stop codons and RNF168 
gene product deficient in MIU domains, thereby unable to accumulate at DSBs84. 

 

3.3.3.2. HERC2 

In addition to RNF8 and RNF168, another ubiquitin ligase was found to accumulate at 
DSBs where it promotes ubiquitylation of histones and probably other substrates. 
HERC2 is a giant HECT-type ubiquitin ligase that is phosphorylated on Thr4827 by 
ATM after DNA damage. Phosphorylated HERC2 is then bound by FHA domain of 
RNF886. RNF8 is able to dimerize and this feature enables simultaneous interaction of 
RNF8 with both MDC1 and HERC2, thus recruiting HERC2 to the DNA damage sites 
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(Figure 8). It is not completely clear, due to extreme size of the HERC2 protein, 
whether ubiquitin ligase activity of HERC2 is required for RNF8 to promote 
ubiquitylation of H2A-type histones86. HERC2 is also involved in regulating protein 
levels of RNF16886 and BRCA187. Interestingly, BRCA1 ubiquitylation and subsequent 
degradation was shown to be dependent on HERC2 catalytic Cys4762 within HECT 

domain on HERC2 C-terminus87. This suggests that BRCA1 ubiquitylation is carried 
out by a mechanism typical for HECT-type ubiquitin ligases. 

Figure 8. Mechanism of HERC2 recruitment to DSBs and HERC2-facilitated ubiquitylation. 

 

3.3.3.3. BRCA1 complexes 

Histones ubiquitylated by the RNF8/RNF168 pathway mark the sites of DNA damage 
for important downstream factors 53BP1 and BRCA1. BRCA1 (breast and ovarian 
cancer susceptibility protein 1) is absolutely required for DNA damage response and 
DNA repair through homologous recombination (HR). Essential role of BRCA1 is also 
documented by the fact that BRCA1 loss results in susceptibility to cancer88-90. BRCA1 
gene encodes a tumour suppressor protein containing RING finger domain at its N-
terminus and tandem BRCT domains in the C-terminal region. The BRCA1 RING 
domain interacts with the RING domain of BARD1 (BRCA1 associated RING domain 
protein 1), forming a heterodimer with ubiquitin ligase activity91, 92. However, the 
functions of BRCA1/BARD1 as ubiquitin ligase and its substrates in DDR are not 
completely characterized. BRCA1/BARD1 heterodimers are the core components of 
three distinct BRCA1 complexes that are formed via binding of BRCA1 BRCT domain 
to phosphorylated residues of Abraxas, BACH1 or CtIP93-95. Recruitment of all BRCA1 
complexes to the sites of DNA damage is dependent on posttranslational 
modifications. For instance, recruitment of BRCA1-C (BRCA1, BARD1 and CtIP) 
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complex to DNA double strand breaks is mediated by direct interaction of CtIP with 
NBS196. The BRCA1-C complex mediates extensive DSB end resection to allow 
subsequent HR repair97 that is restricted to S and G2 phases of the cell cycle. 
Mechanism that underlies accumulation of BRCA1-C complex at DSB and thereby 
resection of DSBs only in particular phases of the cell cycle is a cell cycle-regulated 

phosphorylation of CtIP by CDK2 kinase98. Phosphorylated Ser327 of CtIP represents 
a binding site for BRCA1 BRCT domain99. Therefore a major function of the BRCA1-C 
complex is the prolongation of CtIP DSB end resection activity to generate ssDNA of 
sufficient length for subsequent HR repair.  

On the other hand, the BRCA1-A complex including BRCA1, BARD1, Abraxas, 
RAP80, BRCC45, BRCC36 and NBA1 is recruited to DSBs through interaction of 
RAP80 tandem UIMs with ubiquitin chains on histones generated by RNF8/RNF16894, 

100, 101. Nevertheless, the role of BRCA1 in this pathway is not completely elucidated. 
Recently, an unexpected function of this complex in terms of competition with other 
BRCA1 complexes was described, based on the following observations. RAP80 
depletion leads to increased rate of DSB end processing, enrichment of CtIP, BACH1 
and RAD51 at DSB and increased frequency of HR. Most importantly, such excess of 
HR activity subsequently translates to massive chromosomal rearrangements102, 103. 
This suggests that the BRCA1-A complex, by competing for BRCA1, suppresses the 
activity of the BRCA1-C complex and implicates fine-tuning of BRCA1 activity for DSB 
end resection and HR in genome integrity maintenance. In addition to the role of 
BRCA1 in DSB end resection, BRCA1 is also required for another step in HR. Single 

stranded DNA generated by end resection is firstly coated by RPA protein, which is 
replaced by RAD51 under guidance of BRCA2 later on. RAD51 filaments then search 
for homologous region in a sister chromatid that is used as a template for repair later 
on104. BRCA1 is essential for the retention of BRCA2 and RAD51 at DSB sites. The 
recruitment of BRCA2 is mediated through BRCA1-PALB2-BRCA2 complex, in which 
PALB2 acts as a linker105. However, the mechanism underlying BRCA1-PALB2-BRCA2 
recruitment to DSB is not clear. 

 

3.3.3.4. 53BP1 

53BP1 (tumor suppressor p53-binding protein 1) is another important mediator of 
DNA damage response, whose retention at DSB sites requires RNF8/RNF168-
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mediated ubiquitylation of histones, and, as discussed below, needs also additional 
posttranslational modifications including methylation and SUMOylation. There is no 
enzymatic activity associated with 53BP1 and the protein may simply act as a 
recruitment platform for other DDR proteins106. Like BRCA1, 53BP1 contains tandem 
BRCT domains at its C-terminus. Upstream of the BRCT domains, the 53BP1 protein 

contains tandem tudor domains107, which have been shown to bind methylated 
lysines, a feature that is discussed below. Tudor domain together with 53BP1 
oligomerization region and nuclear localization signal (NLS) represent a part of minimal 
53BP1 sequence required for formation of 53BP1 IR-induced foci108, 109. The N-
terminal part of 53BP1 contains numerous SQ/TQ ATM consensus sites, many of 
which are phosphorylated following IR110, 111 and some of which have already well 
characterized roles in DDR. For example, phosphorylated Ser25 of 53BP1 facilitates 
interaction between 53BP1 and PTIP, another DDR mediator protein112. 
Phosphorylation of 53BP1 at Ser1219 has been implicated in DDR signalling and 
G2/M arrest following IR111. An essential role of 53BP1 in genome stability is 
documented by the fact that depletion of 53BP1 even in the absence of exogenous 
DNA damage, results in increased levels of chromatid gaps, breaks and exchanges as 
well as aneuploidy and tetraploidy113. 53BP1-deficient mice display growth retardation, 
immune deficiency, are sensitive to radiation and cancer-prone113, indicating that 
53BP1 is involved in DNA repair. Indeed, 53BP1 tudor domains are reported to 
stimulate in vitro activity of DNA ligase IV/XRCC4, a complex acting in NHEJ114. 
Recent report suggests that 53BP1 is required for processing of DSBs that are 
repaired with late kinetics, presumably those present in heterochromatin115. Possible 
explanation of 53BP1’s role in DNA repair comes also from another report116 showing 
that 53BP1 influences chromatin mobility around DNA damage sites that increases 
possibility for two DNA ends to be rejoined. 53BP1 also increases the rate of other 
end-joining processes in which DNA ends are not in close proximity, like class switch 
recombination117, 118 and long-range V(D)J recombination119, again probably due to 
influencing mobility of chromatin. It is likely that the same mechanism is exploited by 
53BP1 during NHEJ in heterochromatin. The 53BP1 protein was also implicated in 
checkpoint activation, as modest defects in G2/M checkpoint were observed only 
after low doses of IR (3 Gy) but not following higher doses (9 Gy)120, 121 in 53BP1-
depleted human cell lines. In addition, partial intra-S-phase checkpoint defects have 
been found in human cell lines with downregulated 53BP1121. Role of 53BP1 in 
checkpoint activation is also illustrated by results from 53BP1-/- MEFs, in which minor 
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S-phase checkpoint defects and prolonged accumulation of cells in G2 after IR were 
observed113. Strikingly, while all above reported defects on intra-S-phase and G2/M 
were modest, data from chicken DT 53BP1-/- cell line show no checkpoint defect 
after low dose (2 Gy) of IR122. These differences may reflect the fact that the role of 
53BP1 in checkpoint regulation is partially redundant with other DDR factors and can 

be detected only in certain cell types, after only some doses of genotoxic insults, 
and/or be more prominent in mammals compared with birds. 

 

3.3.3.5. 53BP1 foci formation after DNA damage 

As discussed above, 53BP1 accumulation at sites of DNA damage requires upstream 
phosphorylation of histone H2AX, sequential histone ubiquitylation by RNF8, RNF168 
and HERC2 ubiquitin ligases and histone methylation. Dimethylation of histone H4 on 
Lys20 (H4K20me2) in particular, is known to be critical for recruitment of 53BP1123, 124, 
however the mechanism of 53BP1 recruitment to DNA lesions is not completely 

understood as overall level of H4K20me2 does not seem to increase following DNA 
damage. It was speculated that DNA damage exposes methylated H4K20 previously 
buried within chromatin, but experimental data for such model are lacking. However, 
interesting observation has been made recently, as Pei and colleagues by induction of 
single DSB combined with chromatin immunoprecipitation showed that, indeed, 
H4K20 methylation increases locally upon induction of DSB125. Moreover, they found 
histone methyltransferase MMSET to accumulate at sites of DSBs and to be 
responsible for the local increase of H4K20 methylation (Figure 9). At molecular level, 
MMSET is phosphorylated at Ser102 by ATM, and is subsequently bound by BRCT 
domain of MDC1125. Since BRCT domain of MDC1 binds also γH2AX, MDC1 can form 

multimers and DNA damage increases MDC1 multimerisation126, 127, authors propose a 
model in which different molecules within MDC1 multimers at DSBs bind γH2AX and 

MMSET separately125. 
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Figure 9. Mechanism of MMSET retention at DSB and MMSET-mediated H4K20 methylation. 

  

Altogether, this study125 shed some light on the role of methylation in 53BP1 foci 
formation following DNA damage. Nevertheless, one essential question still remains 
unanswered. How does histone ubiquitylation promote accumulation of 53BP1 at sites 
of DSB? 53BP1 has no ubiquitin-binding domain and also none of so far identified 
53BP1 binding partners possesses ubiquitin-binding capacity. Alternatively, it is 
possible that histone ubiquitylation mediated by RNF8/RNF168/HERC2 is 
accompanied with local structural changes in chromatin that renders methylated 
H4K20 more accessible for 53BP1 tudor domain128. A conceptually new mechanism 
comes from two recent studies that show that RNF8-mediated ubiquitylation 
facilitates recruitment of a AAA-ATPase VCP (valosin-containing protein) together with 
its ubiquitin-binding adaptors UFD1 and NPL4 to sites of DNA damage129, 130. ATPase 
activity of VCP at DNA damage sites then promotes release of Polycomb protein 
L3MBTL1 from chromatin129. L3MBTL1, like 53BP1, also binds methylated H4K20 
histone, but with higher affinity (KD ∼6 µM) than 53BP1 (KD ∼20 µM)84, 131, therefore 

L3MBTL1 release mediated by VCP allows 53BP1 to bind methylated H4K20 and 
accumulate at DSBs (Figure 10). Another recent publication82 identified a tudor domain 
containing demethylase JMJD2A, a protein able to bind to methylated H4K20, as a 
second RNF8/RNF168 substrate and showed that JMJD2A/B are degraded after IR in 
order to expose methylated H4K20 for binding by 53BP1. Importantly, formation of 
53BP1 foci can be rescued in RNF8- and RNF168-depleted cells by combined 
knockdown of JMJD2A/B, further confirming that JMJD2A/B are RNF8/RNF168 
downstream targets and their degradation is required for efficient recruitment of 
53BP182. 
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Figure 10. Mechanism of VCP-facilitated recruitment of 53BP1 around DSB. 

 

Despite tremendous progress in understanding the mechanism of 53BP1accumulation 
at DSBs has been made recently, new questions emerged as usually. Firstly, what is 
the role of RNF168 and Lys63-polyubiquitin chains in this process? While Meerang 
and colleagues130 showed that RNF168 knockdown does not influence VCP 
recruitment, Aks and colleagues129 showed impaired accumulation of VCP in RIDDLE 
cells lacking functional RNF168. Secondly, does RNF8 directly ubiquitylate L3MBTL1 
or another, so far unidentified ubiquitin ligase is responsible for L3MBTL1 
ubiquitylation and subsequent release from chromatin? Finally, is release and 
subsequent degradation of JMJD2A/B promoted by VCP in the same way as 
L3MBTL1 is? 
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3.3.4. SUMOylation 

Number of studies implicated the SUMOylation pathway in DNA repair particularly in 
yeast but also in mammals (reviewed in references 132, 133). However, involvement of 
SUMOylation in DSB response until 2009 remained elusive. Two studies 134, 135 provide 
evidence that SUMOylation and its functional interplay with ubiquitylation coordinates 
recruitment of DDR proteins RNF168, 53BP1 and BRCA1. Namely, they showed rapid 
recruitment of enzymes operating at all levels of the SUMOylation cascade (SAE1, 
UBC9, PIAS1 and PIAS4) together with SUMO1 and SUMO2/3 conjugates to the sites 
of DSBs generated by IR, laser or genotoxic drugs134, 135. Using RNAi and fluorescence 
microscopy, SUMO E3 ligases PIAS1 and PIAS4 were documented to be responsible 
for SUMOylation at DSBs. Depletion of PIAS4 impaired accumulation of SUMO1 and 
SUMO2/3 conjugates and recruitment of 53BP1, while PIAS1 knockdown blocked 
only accumulation of SUMO2/3 at DSBs134, 135. Furthermore, depletion of PIAS1 and 
PIAS4 impaired recruitment of BRCA1, ubiquitylation at DSB and ubiquitylation of H2A 
and H2AX. Both groups134, 135 showed that BRCA1 is SUMOylated in PIAS1 and 
PIAS4-dependent manner, which in turn leads to its increased ubiquitin ligase activity. 
Such data identify BRCA1 as a SUMO-regulated ubiquitin ligase (SRUbL), and open a 
question whether SUMOylation could regulate also activities of RNF8 and RNF168. 
Since recruitment of RNF8 to DSBs was unaffected by PIAS1/4 downregulation, yet 
RNF8 could not ubiquitylate DSBs134, 135, suggesting that it may be inactive in the 
absence of PIAS1/4 (Figure 11). Moreover, Galanty and colleagues also showed that 
53BP1 is SUMOylated after IR and PIAS4-dependent SUMOylation of 53BP1 affects 
its retention at DSBs. Importance of PIAS1 and PIAS4 is highlighted by the fact that 
cells lacking these SUMO ligases show defects in DSB repair and enhanced sensitivity 
to DNA damage generated by IR134 or genotoxic drug cisplatin135. 

Figure 11. Crosstalk between ubiquitylation and SUMOylation at DSBs. 
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4. List of used methods 

Cell culture 

Immunofluorescence 

Immunoblotting 

Immunoprecipitation 

Plasmid and siRNA transfection 

siRNA-based high content microscopy screen 

Image analysis 

Clonogenic survival assay 

Cell fractionation 

Ionizing irradiation 

Laser microirradiation 
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6. Linking of publications 

Publications #1 and #2 are direct outcomes of a siRNA-based screen for novel factors 
involved in DNA damage response to IR. In publication #1 we present entire results of 

the screen together with characterization of the strongest hit NUP153 and its role in 
DDR.  

Publication #2 focuses on UBA1, a second hit from the screen, and defines its role in 
DDR and specifically in ubiquitylation-governed recruitment of DDR mediators to the 
sites of DSBs. 

While my primary screening project was in preparation phase (library design, arrays 
printing and readout optimization), I was also involved in two additional projects 
(publications #3 and #4) that are highly related to the subject of my PhD research. In 
both studies, detection of DNA damage and activation of DNA damage response was 
essential experimental part of the work.  

Publication #3 documents that human cells exposed to bacterial toxin developed 
persistently activated DNA damage signalling, chromosomal aberrations 
(micronucleation) and other hallmarks of cellular senescence like large flat cell 
morphology, senescence-associated β-galactosidase activity, expansion of PML 

bodies and expression of several cytokines. 

Publication #4 is a systematic analysis of activated DNA damage response and 
heterochromatin in foetal and adult human testicular tissues and in all major stages of 
testicular germ cell tumorigenesis. 

Overall, while the publications #1 and #2 provide novel mechanistic insights into the 
molecular machinery of DNA damage response and genome integrity maintenance, 
publications #3 and #4 further illustrate the pathophysiological significance of the 
DDR. 
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7. Discussion 

The overall aim of this work was to contribute to understanding of posttranslational 
modifications in DNA damage, particularly ubiquitylation-governed recruitment of DNA 

damage mediator proteins to sites of DNA double strand breaks. Our work was 
initiated by siRNA-based high-content microscopy screen to identify potential 
candidates for new regulators in DNA damage response.  

7.1. Nucleoporin NUP153 guards genome integrity by promoting nuclear 
import of 53BP1. 

We have performed siRNA-based screen for genes whose down-regulation prevents 
proper accumulation of DNA damage response proteins at sites of DNA double strand 
breaks induced by ionizing radiation. IR-induced foci formation of 53BP1 was chosen 
as a readout for the screen due to the fact that i) 53BP1 is one of the downstream 
mediators in the response to DSBs, therefore defects in many upstream signals can 
translate into abrogated 53BP1 foci formation; ii) 53BP1 foci formation is a robust 
readout, since numbers of 53BP1 foci in non-stressed cells are relatively low (usually 
between 0 – 3 foci per cell depending on cell type, cultivation conditions and cell cycle 
stage) and increase dramatically (usually 10 – 20 foci per cell) after IR with dose of 2 
Gy that was used in the screen; and iii) the mechanism of 53BP1 foci formation was 
not completely understood at the beginning of the study (and still there are many 
unresolved issues remaining).  

Similar genome-wide screens for endogenous occurrence of 53BP1 foci previously 

identified important regulators of DNA damage response76, 83 therefore proving the 
feasibility of the method for our aims. Since we were interested mainly in the role of 
posttranslational modifications in 53BP1 foci formation, we targeted the library to 
genes whose products are involved in ubiquitylation, SUMOylation and other 
posttranslational modifications by small proteins modifiers. Therefore siRNAs targeting 
E1, E2, E3 enzymes, deubiquitylating enzymes, SENPs as well as proteins containing 
defined interaction domains like ubiquitin- and SUMO-binding domain, zinc fingers, F-
box domain were included in the custom-designed library, resulting in 1346 genes in 
total, each targeted by 2 independent siRNAs. To get information about the strength 
of the phenotype in regard to 53BP1 foci formation that can be expected from the real 
hit, siRNAs targeting known regulators MDC1 and RNF168 were included as positive 
controls in the assay. Non-targeting siRNAs and areas without any siRNA represented 
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negative controls. To minimize the number of false positive results, only those genes, 
which had both siRNAs scores in a range of the positive controls, were considered as 
hits. By applying such stringent criteria we identified two hits, NUP153 and UBA1 that 
were selected for further characterization of their roles in DNA damage response. Low 
number of positive hits can be in principle due to following causes: i) There are no 

additional hits among targets in the library; nevertheless this option seems to be 
unlikely. ii) Conditions for down regulation of particular proteins were not ideal to 
observe strong phenotype, due to suboptimal quality of some arrays, inefficient 
siRNAs or high protein stability. Since we used only one concentration of siRNAs and 
one time point after transfection, performing the end-point assay at multiple time 
points after transfection could have potentially uncovered more hits. On the other 
hand, increasing time from transfection to end-point requires to plate fewer cells 
which may lead to less homogeneous plating. iii) Our criteria for hits were too 
stringent. However, by decreasing the stringency of our criteria we could potentially 
identify more real hits but at the same time this would also inevitably increase the 
number of false possitive hits. iv) We cannot exclude the possibility that functionally 
redundant protein substituted function of unknown target that was successfully 
downregulated in our screen and would otherwise score. In addition to our positive 
controls MDC1 an RNF168, two known factors required for 53BP1 foci formation, 
RNF8 and UBE2N, were identified in our screen, proving that design of the screen was 
sensitive and specific enough for the chosen readout.  

Identification of NUP153 in the screen as one of the strongest hits was rather 

unexpected. The reason why NUP153 was included in the library is the presence of a 
NPL4 family zinc finger domain in the NUP153 protein. NPL4-type zinc fingers usually 
posses ubiquitin-binding capacity136-138, however recent data indicate that this is not 
the case of NUP153139. Instead, NUP153 zinc fingers were shown to have a role in 
nuclear envelope breakdown via the recruitment of a coatomer complex COPI140. 
Based on the reports from yeast experimental systems, nuclear pore complex (NPC) 
and nucleoporins have been already implicated in the maintenance of genome 
integrity, nevertheless, the direct evidence in mammals was missing. For example, in 
budding yeast, NUP84 together with Slx5/Slx8 ubiquitin ligase facilitate recruitment of 
damaged DNA for repair to the vicinity of nuclear pores141. Another example is the 
finding that under replication stress, budding yeast checkpoint kinase Mec1 
phosphorylates NPC components to release NPC-gated actively transcribed genes, 
thus preventing topological tensions that could lead to formation of DNA breaks142.  
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Nevertheless, the role of NUP153 in DDR described in our study appears to be distinct 
from above mentioned examples. The observation that in both unstressed and 
irradiated NUP153-depleted cells bulk of 53BP1 protein is localized in the cytoplasm, 
as documented by immunofluorescence analysis and cellular fractionation assays, 
suggests that NUP153 regulates 53BP1 nucleocytoplasmic trafficking. Two possible 

mechanisms, not mutually exclusive, could explain cytoplasmic accumulation of 
53BP1. Firstly, NUP153 depletion could increase the rate of 53BP1 nuclear export, or 
secondly, knockdown of NUP153 could reduce 53BP1 import. As treatment with 
leptomycin B, a chemical inhibitor of CRM1-mediated export, did not affect nuclear 
localization of 53BP1 (data not shown), rather defects in nuclear import of 53BP1 or 
increased CRM1-independent export rate of 53BP1 seem to be responsible for 
cytoplasmic 53BP1 accumulation in NUP153-depleted cells. More detailed insight 
was provided by time-lapse experiments using GFP-tagged 53BP1. We found that 
53BP1 is almost exclusively localized to nucleus during interphase, while in mitosis it 
is excluded from chromatin and rapidly re-accumulates in nucleus immediately after 
nuclear membrane is reconstituted in newly formed daughter cells. We observed that 
GFP-53BP1 could not be properly imported to the nucleus in new daughter cells 
depleted of NUP153 and remained in the cytoplasm for the most part of interphase. 
Moreover, time-lapse experiments also excluded the theoretical possibility that 53BP1 
is gradually “leaking” from nucleus to cytoplasm in interphase NUP153-depleted cells. 
Transition through mitosis was necessary to observe 53BP1 in cytoplasm, even in 
cells with NUP153 level sufficiently reduced. Another striking feature of the NUP153 
depletion in regard to DDR is its specificity towards 53BP1. 53BP1 was the only 
protein from many of tested DDR components whose nuclear accumulation was 
dramatically abolished after NUP153 knockdown, suggesting that NUP153 depletion 
does not impair global transport function of nuclear pore complexes. This conclusion 
is in agreement with the report143 on nucleocytoplasmic transport under conditions of 
NUP153 knockdown. Using Rev-GFP-glucocorticoid receptor reporter system the 
authors showed that nuclear import and export rates were unaffected in cells depleted 
of NUP153. The same study also showed that the core NPC structure remains intact 
after depletion of NUP153. Altogether, these results underpin our observations that 
the 53BP1-NUP153 interaction is specific and the NUP153 knockdown-associated 
phenotype in context of DDR is largely due to effects on 53BP1, rather than a general 
alteration of nucleocytoplasmic trafficking. Impaired formation of 53BP1 foci at sites of 
DNA damage translates into delayed repair of DNA damage after IR and sensitizes 
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cells to IR. The 53BP1 protein was reported to be involved in the cellular response to 
DNA damage arising from progression of underreplicated DNA through mitosis144. 
Indeed, we were able to document that also this type of DNA damage is dramatically 
pronounced in cells where 53BP1 localizes to cytoplasm due to NUP153 knockdown. 
In agreement with our conclusions, another group, whose results were published later 

than our study, also noticed involvement of NUP153 in the DNA damage response 
and activation of DNA damage checkpoints145.  

 

7.2. Ubiquitin activating enzyme UBA1 is required for cellular response to DNA 
damage. 

Ubiquitylation was already established as an essential regulator of the DDR 
network146. While the roles of many components of ubiquitylation pathway have been 
described, including ubiquitin-conjugating enzyme UBE2N and ubiquitin ligases RNF8, 
RNF168, HERC2, BRCA175, 76, 83, 84, 86, 100, 101 just to name the best characterized ones, 
identification and function of an apical ubiquitin-activating enzyme in DNA damage 
response has not been reported. Due to these facts and given that only UBA1 from 
UBA family scored in our screen for DNA damage response factors, we decided to 
investigate roles of ubiquitin-activating enzymes in DNA damage response in general 
and functions of UBA1 in particular. Since only two enzymes, UBA1 and UBA6, of 
UBA family have so far been reported to posses an ubiquitin-activating activity and 
other UBA family members activate other ubiquitin-like modifiers, we focused only on 
the potential role of UBA1 and UBA6 in DDR. Validation experiments identified UBA1 
and excluded UBA6 as the E1 enzyme required for accumulation of 53BP1 protein at 

DNA damage sites. The robust DDR-deficiency phenotype observed under conditions 
of UBA1 depletion, comparable to RNF8 knockdown, suggests little, if any 
redundancy from UBA6 or possibly other protein with E1 activity. Moreover, we were 
able to complement the depleted endogenous UBA1 protein with ectopically 
expressed GFP-UBA1 fusion in order to restore formation of 53BP1 foci after IR, 
suggesting that the observed phenotype is not caused by off-target effects of used 
siRNAs. At a molecular level, numerous upstream steps are required for 53BP1 
accumulation at DNA damage sites (see chapter 3.3.3.5.). Consistent with the role of 
UBA1 in ubiquitylation, formation of ubiquitin-conjugates at DNA damage sites, 
detected by FK2 antibody that recognizes mono- and poly-ubiquitylated proteins but 
not free ubiquitin, was abrogated after UBA1 knockdown, while IRIF-formation of 
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upstream markers γH2AX and MDC1 was not affected. We conclude that under 

conditions of UBA1 knockdown, histones and other substrates at IRIFs are not 
sufficiently ubiquitylated to recruit downstream factors such as 53BP1.  

One characteristic feature of known components of the DSB-associated ubiquitylation 
pathway, like RNF8, RNF168, HERC2 and BRCA1 is their accumulation at sites of 
DNA damage 75, 76, 83, 84, 86, 100, 101. Therefore we investigated potential recruitment of 
UBA1 to DNA damage sites generated by IR or laser microirradiation. First, 
endogenous UBA1 showed predominantly nuclear localization, without any detectable 
accumulation at DNA damage sites. Second, we validated these results by monitoring 
GFP-UBA1 localization in U2OS cells. GFP-UBA1 showed no accumulation to IRIFs or 
microirradiation generated DNA damage sites. Despite being functionally required for 
formation of 53BP1 IRIFs, UBA1 did not show accumulation at DNA damage sites, a 
feature that does not contradict a contribution of a protein to the DSB response. An 
example of analogous scenario is CHK2 kinase that becomes phosphorylated and 
activated by ATM exclusively at DSBs, but still remains mobile and also does not 
accumulate at DNA damage sites147. 

In contrast to UBA1 (and GFP-UBA1), GFP-UBA6 showed mainly cytoplasmic 
localization, again with no recruitment to DNA damage sites. Apparent cytoplasmic 
localization of UBA6 is consistent with a recent study148 and per se does not exclude 
UBA6 from a potential role in the nucleus. There are at least two possible scenarios 
that should be taken into account. First, UBA6 might rapidly shuttle between nuclear 
and cytoplasmic compartments with steady state enrichment in cytoplasm. Second, 
UBA6 might load ubiquitin to an ubiquitin-conjugating enzyme in the cytoplasm and 
the loaded E2 might then translocate to the nucleus and together with some E3 
enzyme modify nuclear substrate. Although a potential role of cytoplasmic UBA6 in 

DDR could exist, our data exclude it at least in regard to formation of 53BP1 foci after 
IR. We exploited a recently identified small molecule chemical inhibitor PYR-41149 to 
complement our experiments based on siRNA-mediated knockdown. Consistent with 
UBA1 depletion, chemical inhibition of UBA1 abolished accumulation of downstream 
DDR factors 53BP1 and BRCA1 in IRIFs, while upstream DDR markers γH2AX and 

MDC1 remained unaffected. Moreover, impaired recruitment of downstream DDR 
factors translated into delayed DNA repair as documented by persistence of γH2AX 

signal in irradiated cells pre-treated with PYR-41. This indicates that inhibition of 
UBA1 activity by preventing accumulation of DSB response proteins, whose 
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accumulation and DNA-repair associated function require local ubiquitylation, has 
important functional consequences in DNA repair. 53BP1 forms, in addition to IRIFs, 
also so-called 53BP1 bodies in otherwise unstressed G1-phase cells, as a result of 
transition of unresolved DNA replication intermediates through mitosis. Our 
experiments showed that UBA1 activity is required for 53BP1 bodies formation and/or 

maintenance. Overall, we conclude that UBA1 activity is essential for formation of 
both 53BP1 foci induced by exogenous stimuli as well as for formation and/or 
maintenance of the spontaneously induced 53BP1 bodies that reflect cellular 
response to replication stress.  

From a broader perspective, our present data point to UBA1 as a potential target in 
cancer therapy. Experimental knockdown of several proteins participating in the DSB-
evoked ubiquitylation cascade sensitizes cells to radiation or genotoxic drugs; 
therefore it seems justified to consider small chemical inhibitors such as PYR-41 used 
in our study, as a candidate chemotherapeutic drug. It is possible that inhibition of 
UBA1, an enzyme involved in diverse cellular processes, may be too toxic as a 
treatment strategy. There are at least two lines of evidence that encourage 
consideration of UBA1 as a potential therapeutic target. First, inhibition of 
proteasome, another pleiotropic key factor in diverse cellular processes, is proving 
useful in treatment of human cancer150. Second, a novel small chemical UBA1 inhibitor 
PYZD-4409 has successfully been used in treatment of mouse leukaemia and multiple 
myeloma, without any overt toxicity to normal tissues or normal hematopoietic cells151. 
While the latter study did not focus on DDR, and rather documented changes in 

endoplasmic reticulum-associated stress, our data suggest that chemical inhibition of 
UBA1 might be worthy of consideration as candidate sensitizer in combination with 
chemo- or radiotherapy.   

 

7.3. Bacterial intoxication evokes cellular senescence with persistent DNA 
damage and cytokine signalling. 

In this publication, we studied response of normal and cancer human cell lines 
exposed to toxin from Haemophilus ducreyi. H. ducreyi is a Gram-negative bacteria 

producing potent toxin from the family of cytolethal distending toxins (CDTs)152. The 
key novel finding of our study is that human cells that survive the acute intoxication 
phase after CDT treatment undergo premature cellular senescence, a permanent cell 
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cycle arrest. Our work adds CDT among other documented inducers of senescence, 
like oncogenes153, genotoxic drugs154 and replication stress155. A common feature 
shared by all types of cellular senescence reported to date is the persistent DNA 
damage signalling156. Previous reports monitored induction of DNA damage and 
activation of DNA damage response for 48 h after HdCDT intoxication157, 158. We 

therefore extended periods of time after HdCTD intoxication up to 6 days and showed 
that toxin-induced activation of DNA damage signalling, documented by γH2AX, 

53BP1 and phosphorylated CHK2 on Thr68, persists within time-course of our 

experiments. Clastogenic activity of HdCDT was also documented by increased 
number of fragmented nuclei with formation of micronuclei, suggesting that 
chromosomal breakage and missegregation of chromosomal fragments occurred 
during mitosis. Cell cycle arrest was documented by activation of ATM-p53-p21 and 
Rb-p16 pathways leading to stabilization of CDK inhibitors p21WAF1/CIP1 and p16INKa in 
both cancer and normal cell lines. Such cellular responses were indicative of possible 
DNA damage-induced cellular senescence. Therefore, we also investigated other 
markers of cellular senescence, such as increased senescence associated β-

galactosidase activity and induction of PML bodies. Since both of them were 
dramatically increased in HdCDT-intoxicated cells on day 6, these signs, together with 
distension of cellular shape, were indicative of senescence onset.  

Senescent cells often produce broad spectrum of cytokines, including IL-6 and IL-8159, 

160, consistent with our observation that both IL-6 and IL-8 were dramatically 
upregulated in U2OS and BJ cells treated by HdCDT. This prompted us to investigate 
in more detail the spectrum of cytokines expressed by senescent cells induced by 
HdCDT intoxication. Using RT-PCR array we analyzed mRNA levels of common 
cytokines in BJ cells 8 days after HdCDT intoxication. One of the highly induced 
cytokines was IL-24, a cytokine with growth- and tumour-suppressive properties161. 
As IL-24 was also highly expressed in drug-induced senescent cells154 it is tempting to 
speculate that IL-24 is a part of general cellular response to genotoxic stress. 
Altogether our data underscore the activation of cytokine network in senescent cells 

as a general feature associated with the development of senescence phenotype. 
Overall, our study provides novel insights into the late cellular effects of HdCDT 
intoxication, which might contribute to the pathogenicity of CDT-producing bacteria. 
Indeed, it was shown that CDT produced by Helicobacter hepaticus was not required 
for induction of chronic hepatitis per se but was essential for the induction of 
dysplastic proliferative lesions that further developed into cancer162. So far the only 
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bacterium classified as human carcinogen is Helicobacter pylori, but also other 

bacteria such as Salmonella typhi have been implicated in oncogenesis163. We believe 
that our study contributes to understanding of potential genotoxic and tumorigenic 
effects of chronic bacterial infections. 

 

7.4. Heterochromatin marks HP1γ, HP1α and H3K9me3, and DNA damage 

response activation in human testis development and germ cell tumours. 

Heterochromatin represents a more condensed functional compartment of chromatin, 
often late replicating and transcriptionally inactive. Besides constitutive 
heterochromatin comprising telomeres or pericentromeric regions, facultative 
heterochromatin, defined by chromatin modifications rather than association with any 
specific DNA sequences, exists. Facultative heterochromatin is more variable in terms 
of cell cycle stage, cell type, differentiation stage and it has been implicated in aging 
and cancer156, 164. H3K9me3 epigenetic mark is the most characteristic for 
heterochromatin165 and creates landing platform for members of HP1 protein family.  
HP1α, HP1β and HP1γ specifically bind to H3K9me3 through their conserved N-

terminal chromodomain and serve as mediators for recruitment of other proteins 
implicated in gene silencing and heterochromatin formation166.  

Given the unique features of germ cells and testicular germ cell tumorigenesis 
including i) shared precursor lesion called carcinoma in situ (CIS)167, ii) selective 
silencing of Rb expression in germ cells and germ cell tumours except teratomas168, iii) 
exceptionally low DDR activation169-171 and the lack of any such study on human testes 
and tumours so far, we performed systematic analysis of heterochromatin and DNA 
damage signalling markers in foetal and adult human testicular tissues and in all major 
stages of testicular germ cell tumour pathogenesis. Our analysis revealed several 
important phenomena with potential significance for andrology and cancer biology, as 
discussed below. From a general point of view our results showed differences in the 
pattern of heterochromatin markers during development and tumorigenesis in the 
human testes. Strikingly, three heterochromatin markers do not always correlate with 
one another in the same cell type or tumour stage, which is consistent with recent 
reports documenting separate biological roles of HP1 proteins165, 172. In prenatal 
development, dominant features were high expression of heterochromatin protein 
HP1γ and concomitant DDR activation documented by γH2AX marker in a large 
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subset of foetal germ cells. While HP1γ marker remained prominent in a majority of 

adult spermatogonia, HP1α and H3K9me3 were moderately expressed throughout 

development and adult spermatogenesis. The only exception from this pattern was 
observed in meiotic stages in adult spermatocytes, including more pronounced 
heterochromatinization and strong focal γH2AX staining. The latter is consistent with 

ongoing physiological DNA breakage during meiotic recombination. Weak concordant 
expression of HP1α and H3K9me3 throughout normal development contrasted with a 

very strong staining of HP proteins and H3K9me3 in the CIS lesions. Despite 
pronounced heterochromatinization in CIS lesions, no DDR activation was observed, 
consistent with previous reports169, 171. Such finding is surprising and sharply contrasts 
with overall very good correlation between the commonly highly expressed γH2AX 

marker and high expression of the HP1 proteins and H3K9me3 in early lesions of 
somatic cancers173. Enhanced heterochromatin markers are commonly associated 
with cellular senescence and with only low proliferation rate in the early lesions found 
in other human tissues156, 174. Therefore it is unexpected that cells with such a high 
degree of heterochromatinization can proliferate as documented by our parallel 
analysis of proliferation markers cyclin A and Ki67, and previous report on proliferation 
in testicular CIS175. Interestingly, in both mouse genetic models and human cultured 
cells, high degree of heterochromatinization required functional Rb for 
heterochromatin to form properly176, 177. As Rb expression is transcriptionally silenced 
already in foetal gonocytes, CIS and all stages of testicular oncogenesis except 
teratomas168, 178, our present data indicate that commonly accepted requirement of Rb 

pathway for heterochromatinization does not apply to CIS lesions. This major 
functional difference probably reflects the origin of CIS from germ cells, as opposed to 
somatic cells in other tissues. Finally, uniquely high expression of HP1γ in seminoma, 

in contrast to relatively even and moderate expression of all three heterochromatin 

markers in embryonal carcinomas and teratomas supports the concept of two 
transformation routes among testicular germ cell tumours. In this concept, one 
separate route leads from CIS to seminoma, while the other one from CIS to non-
seminoma, including embryonal carcinoma and teratoma179. 
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8. Conclusions 

Specific aims of this work were to identify novel factors of cellular response to IR and 
characterize their role in DNA damage response. To this end, we identified two 

upstream factors required for 53BP1 IRIFs formation and characterized their roles in 
DDR, with the emphasis on response to DNA double strand breaks and replication-
induced DNA lesions, two types of DNA damage that are involved in human 
physiology and disease.  

Firstly, our work implicates the nuclear pore component NUP153 for the first time in 
DDR and maintenance of genome integrity through proper localization of the 53BP1 
protein. Our data showed that NUP153 is required for proper accumulation of 53BP1 
in nuclei of newly forming daughter cells. Under conditions of NUP153 knockdown, 
53BP1 cannot enter nuclei and this translates into defects in DDR, including 
decreased 53BP1 IRIFs formation, delayed DNA repair, increased sensitivity to IR and 
enhanced replication stress-induced DNA damage. 

Secondly, we identified the ubiquitin-activating enzyme UBA1, as the apical E1 
enzyme required for 53BP1 IRIFs formation. We showed that UBA1 is essential for IR-
induced accumulation of ubiquitin conjugates around DNA damage sites, a function 
that cannot be compensated by the second ubiquitin-activating enzyme UBA6. At 
molecular level, while depletion of UBA1 or inhibition of UBA1 activity does not affect 
γH2AX and MDC1 IRIF formation, ubiquitylation around DSBs is abolished and 

downstream DDR mediators, like 53BP1 and BRCA1, do not accumulate at sites of 
DNA damage leading to delayed DNA repair. 

Furthermore, our study showed that both normal and cancer cells exposed to 
bacterial toxin that survive acute intoxication phase develop hallmarks of cellular 
senescence. Characteristic phenotype manifested several markers of cellular 
senescence, including persistently activated DNA damage response, enhanced β-

galactosidase activity, expansion of promyelocytic leukaemia nuclear compartments 
and induced expression of senescence associated cytokines, especially IL-6, Il-8 and 
IL-24. Together with chromosomal aberrations, documented by increased 
micronucleation, our data support the genotoxic and potentially oncogenic effects of 
bacterial toxins. 
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Finally, our systematic study of activated DNA damage response and heterochromatin 
in foetal and adult human testicular tissues and all major stages of testicular germ cell 
tumorigenesis provided several striking findings. The most intriguing phenotype was 
observed in CIS cells. CIS lesions are exceptional among early human cancerous 
lesions due to exceptionally high heterochromatinization formed in the absence of 

DDR signalling, Rb expression or senescence and compatible with high proliferation 
rate. 

In conclusion, the results obtained during this Ph.D. project contribute to better 
understanding of the molecular basis of genome integrity surveillance in mammalian 
cells. Our data and their publications in recognized international journals should help 
exploit this new knowledge in biomedicine, as is also illustrated by the topics covered 
in this work, including response to ionizing radiation, severe bacterial infections, germ-
cell physiology and cancer. 
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10. Publications 



Nucleoporin NUP153 guards genome integrity by
promoting nuclear import of 53BP1

P Moudry1,2, C Lukas2, L Macurek1, B Neumann3, J-K Heriche3, R Pepperkok3, J Ellenberg3, Z Hodny1, J Lukas*,2 and J Bartek*,1,2,4

53BP1 is a mediator of DNA damage response (DDR) and a tumor suppressor whose accumulation on damaged chromatin
promotes DNA repair and enhances DDR signaling. Using foci formation of 53BP1 as a readout in two human cell lines, we
performed an siRNA-based functional high-content microscopy screen for modulators of cellular response to ionizing radiation
(IR). Here, we provide the complete results of this screen as an information resource, and validate and functionally characterize
one of the identified ‘hits’: a nuclear pore component NUP153 as a novel factor specifically required for 53BP1 nuclear import.
Using a range of cell and molecular biology approaches including live-cell imaging, we show that knockdown of NUP153
prevents 53BP1, but not several other DDR factors, from entering the nuclei in the newly forming daughter cells. This translates
into decreased IR-induced 53BP1 focus formation, delayed DNA repair and impaired cell survival after IR. In addition, NUP153
depletion exacerbates DNA damage caused by replication stress. Finally, we show that the C-terminal part of NUP153 is required
for effective 53BP1 nuclear import, and that 53BP1 is imported to the nucleus through the NUP153–importin-b interplay. Our data
define the structure–function relationships within this emerging 53BP1-NUP153/importin-b pathway and implicate this
mechanism in the maintenance of genome integrity.
Cell Death and Differentiation advance online publication, 11 November 2011; doi:10.1038/cdd.2011.150

The cellular DNA damage response (DDR) machinery serves
as a biological barrier against accumulation of genetic
changes associated with aging, and guards against neurode-
generative and immunodeficiency disorders and cancer.1 The
proximal DDR kinases ATM, ATR and DNA-PK have a central
role in response to various DNA lesions including DNA double
strand breaks (DSBs), in part by phosphorylating histone
H2AX (gH2AX) and its sensor MDC1, which in turn coordi-
nates recruitment of signaling and repair factors to DNA
damage foci.1–4 These foci include 53BP15,6 whose retention
at the DSB-flanking chromatin requires histone ubiquitylation
by E3-ubiquitin ligases RNF8, RNF168 and HERC2, SUMOy-
lation by the PIAS4/UBC9 complex, and histone methylation
by MMSET and SET8 methyltransferases.1–3,7 Apart from the
role of 53BP1 in telomere maintenance, cell cycle checkpoints
and DNA repair by non-homologous end joining of
DSBs,2,3,5,6 53BP1 is also involved in response to viruses,8

and contributes to replication stress responses by protecting
under-replicated genomic loci in G1 phase of the cell cycle.9,10

Trafficking across the nuclear membrane occurs through
nuclear pore complexes (NPCs), large channels consisting of
over 30 nucleoporins (NUPs). The central channel of NPC is
filled with hydrophobic phenylalanine-glycine (FG) repeats
contained in many NUPs, which mediate mostly low-affinity
interactions with nuclear transport factors. NUP153 is also an
FG-repeat containing NUP, but contains a high-affinity site for
importin-b.11,12 NUP153 localizes on the nucleoplasmic face
of the nuclear pore and is required for assembly of the nuclear
basket and import of a subset of nuclear proteins.13 NUP153
also facilitates nuclear export of mRNA and ribonucleoprotein
particles14,15 and may have additional functions within the
nucleus.16–19

Here, we performed an siRNA screen for novel factors
involved in ionizing radiation (IR)-induced DDR foci formation,
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combining custom-designed siRNA microarrays with high-
content microscopy.20,21 We chose to validate and character-
ize one of the identified factors, NUP153, and document its
requirement for nuclear localization of 53BP1. Intriguingly,
53BP1 emerged as thus far the only genome caretaker whose
nuclear import requires NUP153 and we therefore set out to
investigate the NUP153–53BP1 crosstalk and its significance
for the DDR.

Results

NUP153 is involved in nuclear import of 53BP1. By
knocking down 1346 genes involved in the ubiquitin-
proteasome system and genes encoding zinc-finger
proteins in human U2OS and HeLa cell lines, respectively,
we aimed at identifying novel factors required for proper
assembly of 53BP1 into radiation-induced foci. The lists of all
targeted genes and the respective scores obtained in the
screen are presented in Supplementary Tables 1 and 2, and
the lists of 10 top-scoring genes (‘hits’) in U2OS and HeLa
cells are provided in Tables 1 and 2, respectively. The fact
that the known DSB regulators MDC1, RNF8 and RNF168
scored prominently in either cell type support the biological
relevance of both our overall screening strategy and the
additional top-scoring hits (Tables 1 and 2). Although their
precise roles within the DDR machinery remains to be
elucidated, it is noteworthy that among the top-scoring hits
are proteins implicated in signal transduction and regulatory
pathways operating through protein modifications, such as
ubiquitylation (ANAPC10 and ANAPC4 components of
the APC/C ubiquitin ligase, UBA1 ubiquitin activating
enzyme and ASB18 – a candidate substrate-recognition

component of the SCF-like ECS ubiquitin ligase complex),
phosphorylation (MAP3K3 kinase involved in modulation of
several key transcription factors) and acetylation (ATXN7, a
component of the SAGA acetyl transferase complex).

One of the strongest hits that scored in both cellular
backgrounds was NUP153 (Tables 1 and 2), whose down-
regulation reduced nuclear accumulation of 53BP1 and
impaired formation of 53BP1 foci in cells exposed to IR
(Figure 1a). Data mining of a previous genome-wide screen
analyzing spontaneous DDR foci20 identified only two addi-
tional genes among the 26 tested NPC components (NUP93
and SEC13L1) whose knockdown resulted in partially
cytoplasmic 53BP1 in a fraction of cells (Supplementary
Table 3). In the presented screen of U2OS cells, the impact of
NUP153 knockdown on IR-induced 53BP1 focus formation
was the most robust, almost as pronounced as the knockdown
of MDC1 and RNF168, two known regulators of 53BP1
retention at damaged chromatin that have no known relation-
ship to the nuclear pore and were used here as positive
controls (Figure 1b).20

The suppression of 53BP1 nuclear accumulation and focus
formation was validated by two independent siRNAs to
NUP153 (Figures 1c and d), reproduced in HeLa cells
(Supplementary Figure S1A) and observed up to 8 h after IR
(Supplementary Figure S1B). Biochemical fractionation con-
firmed that although total levels of 53BP1 remained un-
changed in NUP153-depleted cells, 53BP1 partially
redistributed to the cytoplasm after NUP153 knockdown
(Figure 1e). To look more closely at 53BP1 localization in
NUP153-depleted cells, we acquired images on confocal
microscope (Figure 1c). In the efficiently NUP153-depleted
cells, 53BP1 localized in the cytoplasm and also around the
nucleus, presumably in nuclear pores. The latter localization

Table 1 Screen for suppressors of IR-induced 53BP1 focus formation; 10 top-scoring genes – U2OS cell line

Gene name Gene symbol Highest Z-score Average Z-score

Ring finger protein 168 RNF168 �2.11 �1.86
Ring finger protein 8 RNF8 �2.10 �2.10
Mediator of DNA-damage checkpoint 1 MDC1 �1.99 �1.47
Nucleoporin 153kDa NUP153 �1.93 �1.71
Ubiquitin-like modifier activating enzyme 1 UBA1 �1.92 �1.55
Target of myb1 (chicken) TOM1 �1.80 �1.33
Anaphase promoting complex subunit 10 ANAPC10 �1.79 �1.17
Cyclin T2 CCNT2 �1.55 �1.17
Ataxin 7 ATXN7 �1.54 �1.19
Mitogen-activated protein kinase kinase kinase 3 MAP3K3 �1.54 �1.03

Table 2 Screen for suppressors of IR-induced 53BP1 focus formation; 10 top scoring genes – HeLa cell line

Gene name Gene symbol Highest Z-score Average Z-score

Ring finger protein 168 RNF168 �2.22 �0.50
Mediator of DNA-damage checkpoint 1 MDC1 �1.88 �0.66
Ring finger protein 8 RNF8 �1.50 �1.07
Nucleoporin 153kDa NUP153 �1.34 �0.97
Anaphase promoting complex subunit 4 ANAPC4 �1.15 �0.76
Golgi associated, gamma adaptin ear containing, ARF binding protein 3 GGA3 �0.93 �0.59
Cingulin CGN �0.92 �0.80
Ring finger protein 121 RNF121 �0.78 �0.66
BTB (POZ) domain containing 2 BTBD2 �0.75 �0.74
Ankyrin repeat and SOCS box-containing 18 ASB18 �0.72 �0.60
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pattern likely also explains residual amounts of 53BP1 in the
nuclear fraction after NUP153 knockdown (Figure 1e),
whereas the appearance of a sizable fraction of 53BP1 in
the cytoplasmic fraction (Figure 1e) is consistent with the

subcellular distribution observed by fluorescence microscopy.
The partial distribution between the cytosolic and nuclear
fractions seen by immunoblots may partly also reflect the fact
that individual cells within the siRNA-treated population

siCON siNUP153 #4

53BP1

NUP153

siCON

γTUB

siNUP153

#6

100 8 20

#5

NUP153
MDC1
RNF168

Rank

Z
-s

co
re

53BP1

si
C

O
N

si
N

U
P

15
3 

#5
si

N
U

P
15

3 
#6

53BP1

U2OS + siNUP153 #5

GFP-NUP153* MERGE

- 
IR

+
 IR

 (
2 

G
y 

1h
)

53BP1

NUP153

LAM B2

αTUB

siCON
siNUP153 #5

WCE

+
+

+ +
+ +

C CN N
0 500 15001000

-1

-2

170 kDa

Figure 1 NUP153 is required for efficient formation of 53BP1 foci. (a) Representative fields from the siRNA arrays showing U2OS cells grown on control or NUP153-
targeting siRNAs and immunostained for 53BP1 1 h after 2 Gy of IR. (b) Scatter plot of Z-scores derived from the RNAi screen for 53BP1 foci formation factors in U2OS cells.
The plotted values show the area of the decreased 53BP1 foci per cell. The positions of two NUP153 siRNAs are indicated (red). MDC1 (blue) and RNF168 (green) are positive
controls. (c) U2OS cells were treated with the indicated siRNAs, incubated for 3 days, subjected to IR (2 Gy) and 1 h later immunostained for 53BP1. (d) Immunoblot of cell
lysates from (c). Remaining protein levels of NUP153, normalized to loading control (g-tubulin), are indicated (bottom). (e) Cytosolic, nuclear and whole-cell extracts (C, N and
WCE, respectively) were probed with indicated antibodies (see Materials and Methods for details of 53BP1 migration pattern). (f) U2OS cells were treated with the NUP153-
targeting siRNA (siNUP153 no. 5), transfected with the expression plasmid for RNAi-resistant GFP-NUP153*, irradiated as in (c) and immunostained for 53BP1. Nuclei were
stained with DAPI. Arrowheads mark cells expressing GFP-NUP153*. Scale bars, 10 mm

NUP153-dependent nuclear import of 53BP1
P Moudry et al

3

Cell Death and Differentiation



showed diverse extent of NUP153 depletion, with consequent
variable impact on 53BP1 subcellular localization. In other-
wise unperturbed cells, NUP153 knockdown selectively
affected nuclear localization of 53BP1, with only modest
effects on BRCA1 in subset of cells (Supplementary Figure
S2A) and no effects on DDR factors, such as MDC1, NBS1,
Rad51 and TopBP1. Finally, 53BP1 nuclear accumulation and
formation of spontaneous and IR-induced 53BP1 foci were
rescued by expression of siRNA-resistant GFP-NUP153*,
confirming the specificity of the observed phenotype
(Figure 1f).

Immunofluorescence analysis revealed that the IR-induced
nuclear focus formation of BRCA1, MDC1, gH2AX and
RNF168 was not affected by knockdown of NUP153,
suggesting that loss of NUP153 specifically had an impact
on the localization and foci formation of 53BP1 (Figure 2a).
This result is consistent with a report showing that NUP153
knockdown does not impair global transport function of
NPC.22 Time-lapse microscopy using a stable U2OS cell line

expressing GFP-53BP110 uncovered that NUP153 knock-
down impaired reentry of 53BP1 into the nucleus at the time of
mitotic exit and reassembly of the nuclear envelope
(Figure 2b). Although a fraction of 53BP1 eventually entered
the nucleus, the bulk of 53BP1 remained in the cytoplasm for
most of the cell cycle (our unpublished observation).
Together, these data suggest that NUP153 is required for
nuclear import of 53BP1.

Knockdown of NUP153 delays DSB repair and impairs
cell survival. To test the significance of NUP153
knockdown on DNA repair, we exposed siRNA-treated cells
to a moderate dose of IR (2 Gy) and followed the MDC1
nuclear DSB foci in time. The number of nuclei with more
than five MDC1 foci detected early (1 h) after IR was very
similar in control, NUP153- and RNF168-deficient cells (93%,
91% and 98%, respectively). However, although in control
cells MDC1 progressively dissociated from DSBs (consistent
with ongoing DNA repair), knockdown of NUP153 and
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RNF168 (the upstream regulator of 53BP1 used here as a
positive control) caused persistence of the MDC1 foci even at
the time points when the control cells returned to the pre-
damage values (Figures 3a and b; and see Supplementary
Figure S1C for siRNA efficiency). We detected only modest
changes in the cell cycle profile in NUP153-silenced cells
(Supplementary Figure S2B), indicating that indirect effects
of cell cycle position were unlikely to account for
the observed effects on DNA repair. Consistent with the
impaired resolution of repair foci, we found that NUP153
knockdown impaired the long-term survival of U2OS cells
exposed to IR (Figure 3c).

Depletion of NUP153 enhances DNA damage caused by
replication stress. In addition to the delayed DSB repair
and decreased survival after IR, depletion of NUP153

reduced the intensity of 53BP1 nuclear bodies in otherwise
unstressed G1 cells (Supplementary Figure S1D). As these
nuclear compartments have been associated with
shielding DNA lesions arising from unresolved replication
intermediates,9,10 we hypothesized that cytoplasmic
sequestration of 53BP1 may also undermine cellular
responses to replication stress. Indeed, NUP153-depleted
cells in which 53BP1 was retained in the cytoplasm showed
increased fraction of nuclei with elevated number of gH2AX
foci after treatment with low doses of aphidicolin, an inhibitor
of DNA polymerases a and d (Figures 4a and b), consistent
with the notion that 53BP1 participates in protecting cells
against replication stress. We note that NUP153 depletion
reduced, but not completely eliminated, accumulation of
53BP1 in G1 nuclear bodies (Supplementary Figure S1D); it
is therefore possible that additional factors whose nuclear
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import is regulated by NUP153 cooperate with 53BP1 to
protect genomic loci affected by replication stress.

The C-terminus of NUP153 is required for 53BP1 nuclear
import. To determine which domains of NUP153 are
necessary for nuclear import of 53BP1, we performed a
functional complementation experiment using full-length
and previously described NUP153 mutants22 in which the
C-terminal part containing the FG repeats, central zinc finger
domain or both were deleted (Figure 5a). As reported, the
N-terminal part of NUP153 is required for incorporation into
NPC.23 Among the tested NUP153 variants, only the
fragment containing the intact N and C termini (NþC) was
able to fully rescue 53BP1 nuclear accumulation in cells
depleted of endogenous NUP153 (Figure 5b), indicating that
the internal zinc-finger domain of NUP153 is not required for
nuclear import of 53BP1. Instead, these experiments
suggested that 53BP1 nuclear import could be mediated
via the C-terminus of NUP153, whose FG repeats are known
to interact with importin-b.11,12

Disruption of importin-b transport pathway blocks
nuclear import of 53BP1. To test whether importin-b is
involved in 53BP1 nuclear import, we took advantage of
previous reports showing that overexpression of the N-
terminal and C-terminal part of NUP153 inhibits transportin-1
and importin-b-mediated transport, respectively.24 We
expressed these fragments in U2OS cells and assayed their
impact on 53BP1 localization. Although the N-terminal
fragment of NUP153 did not affect 53BP1 localization, cells
overexpressing the C-terminal fragment showed a
predominantly cytoplasmic 53BP1 (Figure 6a). Consistent
with published results, we observed interaction of the NUP153
C-terminal fragment with importin-b (Supplementary Figure
S3A) and also an interaction of endogenous NUP153 with
importin-b protein (Supplementary Figure S3B). Thus,
overexpression of the C-terminal part of NUP153 appears to
generate a dominant negative effect on nuclear import of
53BP1, indicating that accumulation of 53BP1 in the nucleus
may rely on the importin-b pathway.

Next, we asked to which extent the nuclear import of 53BP1
is dependent on importin-b and transportin-1, respectively.
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siRNA-mediated knockdown of importin-bwas relatively toxic,
likely because importin-b is essential for nuclear import of a
large number of cargoes;25 nevertheless, its depletion
resulted in nuclear exclusion of 53BP1 in a fraction of cells
(Figure 6b) within the time frame of the experiment. In
contrast, knockdown of transportin-1 had no effect on 53BP1
localization (Figure 6b). Nuclear import of proteins is also
dependent on Ran GTPase.26 Indeed, knockdown of Ran
resulted in a detectable cytoplasmic 53BP1 in the majority of
cells, analogous to knockdown of importin-b (Figure 6b).
Efficiency of transportin-1 and importin-b knockdown, respec-
tively, was confirmed by immunoblotting (Supplementary
Figure S3C).

Finally, we focused on potential physical interactions
among the key proteins implicated by the above results in
the nuclear import of 53BP1. Indeed, we were able to co-
immunoprecipitate endogenous 53BP1 with GFP-NUP153,
but not with a control unrelated NUP GFP-NUP35 (Figure 6c),
and, vice versa, GFP-NUP153, but not GFP-NUP35, with
endogenous 53BP1 (Figure 6d), suggesting specificity of the
observed interaction. Moreover, we found an interaction
between endogenous 53BP1 and endogenous importin-b
(Figure 6e). The latter interaction was detectable regardless

of whether NUP153 was knocked down in the analyzed cells
or not (Figure 6e), a result that is consistent with the current
models of importin-b forming its complexes with cargo
proteins (here 53BP1) in the cytosol, prior to the interaction
of such importin-b/cargo complex with the NPC.27 These
results further support the role of the NUP153/importin-b
pathway in nuclear import of 53BP1.

Discussion

The results presented in this article can contribute to the better
understanding of the genome maintenance machinery in
mammalian cells in two ways. First, we provide in full our data
from a high-content siRNA-based microscopy screen to
identify potential novel regulators of radiation-induced as-
sembly of DDR factors at DSB sites, as monitored by 53BP1
focus formation in two human cancer cell lines. This data set
(Supplementary Tables 1 and 2) complements other recent,
genome-wide siRNA screens for factors involved in sponta-
neous20 or radiation-induced28 foci formation by 53BP1, and
we present these results as an information resource. Second,
as discussed below in more detail, our results revealed a
novel, hitherto unrecognized level of regulation of 53BP1:
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through the NUP153-mediated nuclear import as a pathway
required for proper localization of 53BP1 and the maintenance
of genome integrity.

From a wider perspective, our findings of the 53BP1-
NUP153/importin-b pathway as an important aspect of the
DDR network add to an emerging evidence of subcellular
trafficking as an integral part of genome surveillance. Such
evidence encompasses ATM-regulated nuclear export29 and
import,30 as well as the import of essential genome care-
takers, such as the FANCD2, RAD51 or BRCA1 repair
proteins,31–33 ribonucleotide reductases,34 DNA damage-
regulated transcription factors,35 the ATM-activator protein
Aven36 or p53 tumor suppressor.37

Although our overall understanding of the role(s) for
mammalian NUPs and NPCs in genome maintenance is still
in its infancy, significant advances in this research area have
already been made based on experiments with yeast models.
For example, damaged DNA was shown to be recruited for
repair to nuclear pores through an interplay between the
Nup84 complex and the Slx5/Slx8 SUMO-dependent ubiquitin
ligase of the budding yeast.38 Most recently, the budding
yeast checkpoint kinases Mec1 and Rad53 that are critical for
the maintenance of genomic stability under DNA replication
stress conditions were shown to target the nuclear pore-
coupled machinery responsible for mRNA export from actively
transcribed genes.39 The topological tension created by NPC-
tethered mRNAs under replication stress becomes neutra-
lized through phosphorylation of several inner-basket NUPs
by the DDR kinases, thereby protecting the stability of
replication forks and allowing recovery from such potentially
hazardous conditions that could otherwise seriously under-
mine genome integrity.39 Although very inspiring, these
emerging links between NUPs and various aspects of DNA
damage checkpoints and repair appear to be distinct from the
role discovered in our present study, of NUP153 in the nuclear
import, and consequently the function of 53BP1 in DDR of
mammalian cells.

In terms of a potential patho-physiological relevance of our
present findings, it is noteworthy that the function of NUP153
was required for proper cellular responses to both DSBs (here
induced by IR) and replication stress, and thereby for critical
cell fate decisions including cell survival. This further indicates
the significance of the 53BP1-NUP153/importin-b pathway in
tumorigenesis and response to genotoxic treatment modal-
ities that are commonly used in clinical oncology. As
oncogene-evoked replication stress is a feature shared by
many transforming oncogenes, and 53BP1 foci form ‘sponta-
neously’ in such cellular models and early lesions of human
tumors in vivo,40,41 the NUP153-53BP1 mechanism contri-
butes to the DDR-mediated anti-cancer barrier.42 Further-
more, the significance of our present results for potential
treatment outcome reflects the key role of 53BP1 in response
to IR, but also to other treatment modalities, such as cisplatin-
based chemotherapy or targeted treatment by inhibitors of
PARP, another important DDR component, particularly in
subset of tumors defective in the BRCA1/2 tumor suppressors
and DNA repair factors.1 Two recent studies showed that
BRCA1-deficient cancer cells can improve their overall
genomic stability and even become resistant to cisplatin43

and PARP inhibitors44 by partial reversal of their defect in

homologous recombination DNA repair, through loss of
53BP1.43,44 The level, and possibly also subcellular localiza-
tion (regulated by NUP153), of 53BP1 might therefore serve
as a useful predictive marker to guide clinical decisions about
the choice of appropriate personalized treatment of subsets of
cancer patients in the not too distant future.

Last but not least, a very intriguing feature of the 53BP1-
NUP153/importin-b pathway described here is its selectivity,
in contrast to nuclear import of other DDR factors that also
assemble at DSB sites, such as MDC1 or NBS1, for example.
Such a degree of specificity of the NUP153-mediated pathway
for 53BP1 indicates that other proteins associated with DNA
damage-modified chromatin require distinct mechanisms for
nuclear import. It will be rewarding to dissect these mechan-
isms and assess their potential roles in preventing diseases
associated with genome instability.

Materials and Methods
Screen for 53BP1 regulators. A custom-designed siRNA library (Ambion,
Austin, TX, USA; silencer select siRNAs) comprising of 1346 targets involved in
ubiquitin–proteasome system (see Supplementary Table 4 for used siRNA
sequences), SUMO regulators and zinc-finger proteins were used as described.20

Briefly, U2OS or HeLa cells were seeded on the siRNA arrays, incubated for 3 days,
irradiated with two Gy, immunostained 1 h later with an antibody to 53BP1 and
analyzed for 53BP1 nuclear foci. Each gene was targeted by two independent
siRNAs and only the cases where both siRNAs showed the same phenotype were
considered as hits.

Image acquisition, image analysis and Z-score calculation. Image
acquisition of the siRNA arrays was performed on a wide-field fluorescence
microscope (Zeiss Axiovert 200, Zeiss, Jena, Germany) equipped with a motorized-
stage, � 20 air objective (PlanApochromat 20� /0.8, Zeiss), CCD camera
(Coolsnap HQ, Roper Scientific, Ottobrunn, Germany) operated by Metamorph
software (version 6.2r6; Molecular Devices, Sunnyvale, CA, USA). The number of
53BP1 foci per nucleus was determined by automated routine using free software
ImageJ (http://rsb.info.nih.gov/ij/). The nuclei were detected using the Hoechst
signal, the average number of 53BP1 foci per nucleus was determined for each
frame, and the values normalized to the average number of foci in nuclei exposed to
the non-targeting controls within the given siRNA microarray. Impact of each siRNA
on 53BP1 foci formation was determined according to its Z-score: Z¼ (X�m)/s
(where X is the raw score, s is the S.D. of the population and m is the mean of the
population).

Cell culture. Human U2OS and HeLa cell lines were cultured in Dulbecco’s
Modified Eagle’s medium supplemented with 10% foetal bovine serum (Invitrogen,
Carlsbad, CA, USA) and penicillin/streptomycin (Sigma-Aldrich, St.Louis, MO, USA)
in a humidified atmosphere of 5% CO2 at 37 1C.

Plasmids and antibodies. The plasmid for GFP-NUP153 (pEGFP-NUP153)
was described previously.17 To generate siRNA-insensitive GFP-NUP153* mutant,
silent mutations were introduced into the siNUP153 no. 5 target sequence in the
NUP153 coding region using the QuikChange II Site-Directed Mutagenesis Kit
(Stratagene/Agilent Technologies, Santa Clara, CA, USA). Plasmid transfections
were performed using FuGENE 6 (Roche, Mannheim, Germany) according to the
manufacturer’s instructions. Antibodies used in this study included mouse
monoclonal antibodies to gH2AX (Millipore, Billerica, MA, USA), BRCA1, GFP
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), MDC1 (Sigma-Aldrich), NBS1
(GeneTex, Irvine, CA, USA) and NUP153 (Abcam, Cambridge, UK); rabbit
polyclonal antibodies to 53BP1, RAD51, TopBP1 (Santa Cruz Biotechnology),
53BP1 (Millipore), MDC1 (Abcam) and RNF168;28 and goat polyclonal antibody to
g-tubulin (Santa Cruz Biotechnology). Note that some but not all antibodies to
53BP1 recognize a triplet of bands on western blots (see Figure 1e) that likely
represent modified versions of the protein. Importantly, the cellular staining signal
obtained with these antibodies selectively disappeared after siRNA-mediated
knockdown of 53BP1 (data not shown), also supporting the notion that the three
western blot bands represent modified 53BP1.

NUP153-dependent nuclear import of 53BP1
P Moudry et al

8

Cell Death and Differentiation

http://rsb.info.nih.gov/ij/


RNA interference. All transient siRNA transfections were performed using
Lipofectamine RNAiMAX (Invitrogen) and oligonucleotides with siRNA duplexes
purchased from Ambion. siRNA used: negative control siRNA no. 1 (s229084),
siNUP153 no. 1,22 siNUP153 no. 4 (s19374), siNUP153 no. 5 (s19375), siNUP153
no. 6 (s19376), siRNF168 (ID no. 126171), siIMP-b (s7919), siTNPO1 (s7933) and
siRan (ID no. 120462).

Immunofluorescence and immunoblotting. Cells cultured on glass
coverslips were fixed in 4% formaldehyde for 15 min at RT, permeabilized 5 min with
0.2% (v/v) Triton X-100 in PBS and incubated with primary antibodies for 60 min at RT.
Following washing step, the coverslips were incubated with goat anti-rabbit or goat anti-
mouse Alexa Fluor 488 or Alexa Fluor 568 (Invitrogen) secondary antibodies for 60 min
at RT and mounted using Vectashield mounting reagent with DAPI (Vector
Laboratories, Burlingame, CA, USA). Image acquisition was done using a confocal
microscope LSM510 (Zeiss) as described previously.10,20 The analysis of cell lysates
by gel electrophoresis under denaturing conditions, followed by immunoblotting was
performed as described.45 Briefly, whole cell extracts were separated by 6 or 10%
SDS-PAGE and transferred to nitrocellulose membranes (GE Healthcare, Little
Chalfont, UK). The membranes were blocked with 5% (w/v) dry milk in 0.1% (v/v)
Tween-20 in PBS and probed with the primary antibodies listed above, followed by
HRP-labeled secondary antibodies (Vector Laboratories and Santa Cruz
Biotechnology) and visualized using ECL detection reagents (GE Healthcare).

Clonogenic survival assay. Sensitivity to IR was determined by transfecting
U2OS cells with control and NUP153-targeting siRNA for 72 h followed by irradiation
(2 and 4 Gy) and plating in increasing cell densities on a six-well plate. Colonies
were allowed to grow for 10 days, fixed in 70% ethanol and stained with 1% crystal
violet in ethanol. Colonies of450 cells were counted, and the surviving fraction was
calculated and normalized to untreated control.

Cellular fractionation. Cytoplasmic proteins were extracted from U2OS cells
by incubating in buffer A (1 mM HEPES, 10 mM KCl, 1.5 mM MgCl2, 0.5 mM DTT,
0.1% Triton X-100) at 41C for 10 min and spinning down at 5000� g for 2 min at 41C.
Nuclear fraction was obtained by extraction of remaining pellet in SDS sample buffer.

Immunoprecipitation. Cells were subjected to mild sonication in ice-cold
extraction buffer (PBS pH 7.4, 1% Triton X-100, 2 mM EDTA, 1 mM EGTA, 0.5 mM
DTT, 1 mM NaF, 25 mM b-glycerolphosphate, 1 mM Na3VO4, protease inhibitors).
Cell extracts were clarified by 10 min centrifugation 20 000� g at 41C. Antibodies
were bound to protein A/G resin (Thermo Fischer Scientific, Rockford, IL, USA) and
incubated with normalized cell extracts at 41C for 3 h. Immunoprecipitates were
extensively washed and eluted by SDS sample buffer.
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Introduction

Maintenance of genome integrity is critical for proper embryonic 
and fetal development as well as tissue homeostasis, including 
prevention of premature aging. The molecular machinery that 
underlies the genome integrity surveillance and DDR is con-
stantly challenged by environmental factors such as UV and ion-
izing radiation or genotoxic chemicals, but also by endogenous 
products of cellular metabolism, such as reactive oxygen species.1 
All these factors can cause DNA damage, which, if left unre-
paired, could result in accumulation of genetic changes associ-
ated with aging and possibly lead to severe neurodegenerative or 
immunodeficiency disorders or cancer.1 The DDR machinery 
that prevents such potentially life-threatening genetic changes is 
a network of hierarchically organized pathways that orchestrate 
DNA repair with cell cycle checkpoints, chromatin remodelling, 
transcriptional and other cellular responses that are regulated 

the cellular DNA damage response (DDR) machinery that maintains genomic integrity and prevents severe pathologies, 
including cancer, is orchestrated by signaling through protein modifications. protein ubiquitylation regulates repair of 
DNA double-strand breaks (DSBs), toxic lesions caused by various metabolic as well as environmental insults such as 
ionizing radiation (IR). Whereas several components of the DSB-evoked ubiquitylation cascade have been identified, 
including RNF168 and BRCA1 ubiquitin ligases, whose genetic defects predispose to a syndrome mimicking ataxia-
telangiectasia and cancer, respectively, the identity of the apical e1 enzyme involved in DDR has not been established. 
Here, we identify ubiquitin-activating enzyme UBA1 as the e1 enzyme required for responses to IR and replication 
stress in human cells. We show that siRNA-mediated knockdown of UBA1, but not of another UBA family member 
UBA6, impaired formation of both ubiquitin conjugates at the sites of DNA damage and IR-induced foci (IRIF) by the 
downstream components of the DSB response pathway, 53Bp1 and BRCA1. Furthermore, chemical inhibition of UBA1 
prevented IRIF formation and severely impaired DSB repair and formation of 53Bp1 bodies in G1, a marker of response 
to replication stress. In contrast, the upstream steps of DSB response, such as phosphorylation of histone H2AX and 
recruitment of MDC1, remained unaffected by UBA1 depletion. overall, our data establish UBA1 as the apical enzyme 
critical for ubiquitylation-dependent signaling of both DSBs and replication stress in human cells, with implications for 
maintenance of genomic integrity, disease pathogenesis and cancer treatment.

Ubiquitin activating enzyme UBA1 is required 
for cellular response to DNA damage
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mainly at the level of posttranslational protein modifications.2,3 
The latter include a plethora of dynamic phosphorylation, acety-
lation, poly-ADP-ribosylation, methylation, sumoylation, ned-
dylation and ubiquitylation events as well as the reversal of these 
processes, performed by a large number of enzymes supported by 
various cofactors and mediators.2,3

Possibly the most toxic type of DNA lesions are DNA double 
strand breaks (DSBs) that occur in DNA exposed to ionizing 
radiation, clastogenic chemicals, and other insults, including 
replication stress.1-3 DSBs are recognized by a trimeric protein 
complex of MRE11, RAD50 and NBS1 (MRN) that, apart from 
sensing the lesion and providing additional functions, recruits 
ATM kinase to the broken DNA.1 Activated ATM phosphory-
lates histone γH2AX on serine 139 (γH2AX) on chromatin 
flanking the DSB, thereby providing a platform for accumulation 
of another ATM substrate and important DDR mediator pro-
tein, MDC1.4 Phosphorylated MDC1, in turn, recruits enzymes 
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of this convenient “biomarker,” to examine which of the two 
candidate E1 enzymes, if any, is required for 53BP1 recruitment 
to IR-induced DSBs. As can be seen from the examples of data 
shown in Figure 1A, siRNA-mediated UBA1 knockdown (by 
two different siRNAs) blocked formation of 53BP1 foci, while 
knockdown of UBA6 performed in parallel experiments did not 
interfere with the recruitment of 53BP1 to DSBs. Notably, UBA1 
knockdown abolished 53BP1 foci formation to an extent com-
parable with knockdown of RNF8 (Fig. 1B), the E3 ubiquitin 
ligase well established as critical for this pathway.5,6 As docu-
mented by the efficiency of the respective knockdowns of UBA1 
and UBA6 monitored by immunoblotting, the observed selec-
tive requirement of UBA1 over UBA6 could not be attributed 
to a more efficient depletion of the former E1 enzyme (Fig. 1C). 
Specifically, the residual amounts of UBA1 and UBA6 proteins 
were estimated to be 7% and 6%, respectively (Fig. 1C). In addi-
tion, this experiment also showed that the abundance of 53BP1 
was not dramatically affected by either UBA1 or UBA6 knock-
downs. Finally, the specificity of the observed phenotype was 
confirmed by a complementation experiment in which human 
cells expressing GFP-tagged, siRNA-resistant UBA1*protein par-
tially regained the ability to form 53BP1 foci after IR, while such 
UBA1-depleted cells expressing GFP-tagged UBA6 remained 
unable to form 53BP1 foci after irradiation (Fig. 1D). Altogether, 
these results suggested an essential role of UBA1 in IR-induced 
foci formation by 53BP1.

Formation of ubiquitin conjugates at DSBs depends on 
UBA1. Next, we asked whether upstream regulators of 53BP1 
are also affected by UBA1 knockdown. To address this ques-
tion, we analyzed the formation of γH2AX, the priming event 
reflecting local phosphorylation of histone H2AX by ATM, 
as the proximal substrate in response to IR in this pathway.3,16 
In addition, we also assessed recruitment of mediator of DNA 
damage response (MDC1) to IRIFs.4 Both, phosphorylation of 
H2AX (γH2AX marker) and the recruitment of MDC1 to the 
sites of DNA damage remained unaffected after knockdown of 
either UBA1 or UBA6 (Fig. 2A). Since UBA1 is an E1 enzyme 
that initiates the ubiquitylation cascade, we hypothesized that 
UBA1 knockdown would reduce accumulation of ubiquitin con-
jugates at IRIFs. Indeed, IR-induced accumulation of ubiquity-
lated substrates, detected by the widely used FK2 antibody that 
recognizes mono- and poly-ubiquitylated proteins but not free 
ubiquitin, was abrogated after UBA1 knockdown, to an extent 
similar to that seen after knockdown of RNF8 (Fig. 2B). As the 
ubiquitin ligase RNF8 is required for the DSB-induced ubiqui-
tylation pathway,10 this result indicated that under conditions of 
UBA1 depletion, histones and likely other substrates at IRIFs 
were not ubiquitylated to a “threshold level” that is required for 
this pathway to operate and successfully engage downstream fac-
tors such as 53BP1 (Fig. 2B). In contrast to depletion of UBA1, 
siRNA-mediated knockdown of UBA6 did not impact the extent 
of protein ubiquitylation at IRIFs, as indicated by the unaffected 
immunofluorescence signal obtained with the FK2 antibody 
(Fig. 2B and C).

Overall, we conclude from these results that UBA1 is dis-
pensable for the upstream events of γH2AX formation and 

of ubiquitylation machinery, namely the ubiquitin ligase RNF8 
in complex with the ubiquitin-conjugating enzyme UBC13.5,6 
This initiates the first round of histone ubiquitylation, resulting 
in recruitment of the ubiquitin ligase RNF168 and attachment of 
K63-linked ubiquitin chains to histones, and additional proteins, 
surrounding the DSB. Extensive histone ubiquitylation regulates 
recruitment of other DDR mediators—BRCA1, an ubiquitin 
ligase itself, and 53BP1 protein, both involved in orchestrating 
downstream events aiming at repair of the DSB.7,8 In addition, 
recent evidence strongly suggests that apart from the K63-linked 
ubiquitylations that serve signaling and protein interaction pur-
poses, also the K48-ubiquitylations that mark some proteins in 
the vicinity of DSB for proteasome-mediated degradation also 
represent an integral part of the DDR.9 Overall, the emerging 
view is that the (de)ubiquitylation machinery plays a crucial role 
in DDR in general, and in response to DSBs in particular.10 It is 
therefore apparent that better understanding of the dynamic pro-
tein modifications by (de)ubiquitylation associated with DNA 
damage is a prerequisite for mechanistic elucidation of a range of 
severe pathologies, and a potential route to innovative treatment 
strategies of such DDR-related diseases.

Ubiquitylation is a reversible posttranslational modification 
based on activation and transfer of ubiquitin to substrate by a 
three-step reaction. First, ubiquitin is adenylated by ubiquitin-
activating enzyme (E1), followed by transfer to ubiquitin-con-
jugating enzyme (E2) and attachment to target protein that is 
facilitated by ubiquitin ligase (E3). In humans, there are two 
ubiquitin-activating enzymes, UBA1 11 and UBA6,12-14 while 
other members of the UBA family are involved in activation 
of other ubiquitin-like modifiers, such as SUMO, NEDD4 or 
ISG15.15 In addition to activation of ubiquitin, UBA6 is also able 
to activate another ubiquitin-like modifier FAT10 12 and is essen-
tial for charging of ubiquitin conjugating enzyme USE1 both in 
vitro and in vivo.13 Although in vivo data are missing for other 
E2 enzymes, in vitro results indicate at least partly distinct pref-
erences for E2 charging by UBA1 and UBA6.12,13 On the other 
hand, and most relevant to our present study, both UBA1 and 
UBA6 are, at least under in vitro conditions, capable of ubiqui-
tin loading to UBC13, an E2 enzyme involved in formation of 
ubiquitin conjugates around DSB sites.12 Whereas the identity 
and roles of E2 and E3 enzymes in formation of IR-induced foci 
(IRIFs) around DSBs are relatively well understood, the involve-
ment of any E1 enzyme in this process has not been studied so 
far. In order to fill this gap in our knowledge about modifications 
and dynamic interplay of DDR proteins on damaged chroma-
tin, we decided to investigate the relative contributions, if any, of 
UBA1 vs. UBA6 to the DSB-evoked ubiquitylation cascade, to 
pinpoint the currently unclear first step of this biologically very 
significant pathway.

Results

Selective requirement for UBA1, but not UBA6 in formation of 
53BP1 foci. One of the key downstream steps of DSB response 
that depend on the local ubiquitylations is the recruitment of 
53BP1 to DSB-flanking modified chromatin.2 We took advantage 
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(negative data not shown). Second, to validate these results by 
an alternative approach, we transfected human U2OS cells with 
GFP-tagged UBA1, and examined potential accumulation of this 
ectopic UBA1 at the microirradiation-generated localized DNA 
damage sites. Similarly to the behavior of the endogenous UBA1, 
we did not observe any enrichment of GFP-UBA1 signal at sites 
of DNA damage decorated by γH2AX (Fig. 3B). Interestingly, 
upon pre-extraction of the cells, a procedure that is commonly 
used to visualize chromatin-accumulated DDR factors at DSBs, 
the GFP-UBA1 signal was completely lost, while γH2AX was 
largely preserved (Fig. 3B). These results indicate that UBA1 is 
neither recruited to the DNA damage sites nor bound to chroma-
tin, a conclusion further supported by the fact that GFP-UBA1 
did not accumulate to the IR-induced foci (Fig. 3C).

To extend the comparison of UBA1 with UBA6, we also 
examined the basic spatiotemporal behavior of UBA6 in response 
to radiation. In contrast to mostly nuclear localization of UBA1 
(and GFP-UBA1), the GFP-UBA6 fusion protein localized 
mainly to the cytoplasm (Fig. 3D). Furthermore, GFP-UBA6 
did not show any detectable recruitment to IR-induced DNA 
damage sites that were visualized by accumulation of 53BP1 

recruitment of MDC1 that depend on ATM-mediated phosphor-
ylation but not on ubiquitylations. Furthermore, UBA1 but not 
UBA6 is essential for the local chromatin ubiquitylation events 
at IRIFs, a prerequisite for the ensuing downstream steps along 
the cascade, here exemplified by accumulation of the DSB repair 
factor 53BP1.

UBA1 is not recruited to DNA damage sites. Given that the 
key known components of the DSB-associated ubiquitylation 
pathway, the ubiquitin ligases RNF8, RNAF168, HERC2 and 
BRCA1 all accumulate at the sites of DNA damage,1,5-8,10 we 
wished to examine whether the E1 component of this cascade 
identified here, the UBA1 protein, shows a similar pattern. Two 
experimental approaches were used to address this issue. First, 
immunofluorescence staining of endogenous UBA1 protein 
revealed that UBA1 is mainly localized to the nucleus but did not 
show any preferential accumulation at the sites of DNA damage 
generated by laser microirradiation (Fig. 3A), a method widely 
used to visualize recruitment of DDR factors to DSBs.5-8,17,18 
Consistent with the laser microirradiation data, we also did not 
observe any accumulation of endogenous UBA1 at the IRIFs that 
form at the sites of DNA damage generated by ionizing irradiation 

Figure 1. UBA1 but not UBA6 is required for 53Bp1 foci formation. (A) U2oS cells were transfected with indicated siRNAs, irradiated by 2 Gy and 1 h 
later stained with 53Bp1 antibody. Scale bar 10 μM. (B) Quantification of images from (A). Cells with >5 53Bp1 foci were counted. At least 200 cells were 
scored in each experiment. n = 3, p-value < 0.005 is indicated by * (C) Lysates from (A) were analyzed by immunoblot. Remaining fractions of UBA1 and 
UBA6 proteins after downregulation are indicated below. (D) U2oS cells expressing GFp-tagged siRNA resistant UBA1* or UBA6 were transfected with 
indicated siRNAs and processed as in (A). Cells with >5 53Bp1 foci were counted. At least 200 cells were scored in each experiment. (n = 3, p-value = 
0.014).
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Figure 2. UBA1 knockdown impairs formation of ubiquitin conjugates at DSB. U2oS cells were transfected with indicated siRNAs, irradiated by 2 Gy, 
fixed 1 h later and stained with MDC1 and γH2AX (A), 53Bp1 and FK2 (B) or MDC1 and FK2 antibodies. Scale bars = 15 μM.
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impaired (Fig. 4B, right parts). Interestingly, UBA1 inhibition 
by PYR-41 for 2 h did not cause complete disappearance of the 
existing BRCA1-positive nuclear structures under unperturbed 
cell growth conditions, suggesting that persistence of such “con-
stitutive” nuclear domains with focal accumulation of BRCA1 
was not “acutely” dependent on ongoing UBA1 activity (Fig. 4B, 
left parts).

Given that recruitment of both 53BP1 and BRCA1 is required 
for efficient DSB repair,2,3 our results raised the possibility that 
treatment of cells with the UBA1 inhibitor would delay or pre-
vent repair of radiation-induced DNA damage. To test this pre-
diction, we pre-treated human U2OS cells by PYR-41, irradiated 
the cells with a dose of 2 Gy and scored the irradiated cells for 
persistence of ongoing DNA damage signaling by monitoring the 
γH2AX damage marker at several time points. In control mock-
treated cells, γH2AX rapidly decreased as expected, consistent 
with ongoing DNA repair after IR (Fig. 4C). In sharp contrast, 
the γH2AX signal remained virtually unchanged in the majority 
of the irradiated cells treated with PYR-41 during the time course 
of the experiment (Fig. 4C). Overall, these data support the con-
clusion that the activity of UBA1 is required for IRIF formation 
and DSB repair, and that the chemical inhibitor PYR-41 blocks 
IRIF-formation of those DSB response proteins whose accumula-
tion, and DNA repair-associated function at DSB sites requires 
local signaling by ubiquitylation.

Inhibition of UBA1 activity impairs formation of 53BP1 
bodies in G

1
 cells. Recent work in our laboratory and else-

where led to a discovery of so-called 53BP1 bodies in otherwise 

(Fig. 3D). Collectively, these results document that neither UBA1 
nor UBA6 show detectable accumulation at sites of DNA dam-
age, and that UBA1, but not UBA6 localizes primarily to the cell 
nucleus, a pattern consistent with the observed selective require-
ment of the former E1 enzyme for the DNA damage response.

Chemical inhibition of UBA1 blocks formation of IRIFs 
and impairs DSB repair. To complement the above-mentioned 
experiments based on siRNA-mediated depletion or ectopic 
overexpression, we next exploited the recently identified small-
molecule chemical inhibitor of UBA1, termed PYR-41.19 Human 
cells pre-treated with PYR-41 did not show any increase of spon-
taneous DNA damage, as the numbers of γH2AX foci in PYR-
41-exposed cells were not elevated above the background levels 
seen in the absence of the inhibitor in non-irradiated cells (Fig. 
4A). In fact, we observed a slight decrease in the number of spon-
taneous 53BP1 “foci” in otherwise unstressed cells (Fig. 4A), a 
phenomenon whose significance is addressed in more detail in 
the next section of the Results. In addition, pre-treatment with 
PYR-41 blocked formation of nuclear 53BP1 foci after IR, while 
formation of γH2AX foci remained unaffected (Fig. 4A). Faced 
with these results, we hypothesized that analogous to 53BP1, 
localization of other DDR factors whose recruitment to DSB 
sites requires ubiquitylation, would be also blocked by the UBA1 
inhibitor. Consistent with our hypothesis, formation of IRIFs 
by the upstream factor MDC1 was unaffected by PYR-41 treat-
ment, while radiation-induced foci formation ability of BRCA1, 
a DNA repair protein and tumor suppressor whose recruitment 
to IRIFs is dependent on histone ubiquitylation, was strongly 

Figure 3. UBA1 localizes to nucleus but it is not recruited to DSBs. (A) U2oS cells were microirradiated and stained with UBA1 and γH2AX antibodies. 
(B) U2oS cells transfected with GFp-UBA1 were microirradiated, fixed in formaldehyde with or without pre-extraction (as indicated) and stained with 
γH2AX antibody. U2oS cells transfected with GFp-UBA1 (C) or GFp-UBA6 (D) were irradiated (2 Gy) and 1 h later stained with 53Bp1 antibody. Scale 
bars 10 μM.
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replication stress.18 Here, we examined potential requirement for 
UBA1 in the formation and/or maintenance of the G

1
 53BP1 

bodies under normal growth conditions. To this end, we treated 
otherwise unstressed U2OS cells with DMSO (mock) or UBA1 
inhibitor PYR-41 and then counted numbers of 53BP1 bodies 
in cyclin A-negative (G

1
-phase) cells using the Olympus ScanR 

unstressed G
1
 cells, as a result of transition of unresolved DNA 

replication intermediates through mitosis.18,20 Importantly, in the 
context of this study, the 53BP1 bodies also contained ubiquitin 
conjugates detectable by the FK2 antibody and other hallmarks 
of ubiquitin signaling, and their origin and properties make 
these structures candidates for a convenient surrogate marker of 

Figure 4. Chemical inhibition of UBA1 blocks formation of 53Bp1 and BRCA1 foci, and impairs DSB repair kinetics. U2oS cells were pre-treated with 
vehicle or 35 μM pYR-41 for 2 h, irradiated and 1 h later stained with 53Bp1 and γH2AX (A) or 53Bp1 and FK2 (B) antibodies. Scale bars 10 μM. (C) U2oS 
cells pre-treated with vehicle or 35 μM pYR-41 for 2 h were irradiated and in indicated time-points scored for γH2AX.
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to replication stress. The robust DDR-deficiency phenotypes 
observed here upon siRNA-mediated depletion of UBA1 or 
chemical inhibition of its enzymatic activity strongly suggest 
that there is little, if any, redundancy from any other UBA 
enzyme in this regard. This conclusion is also consistent with 
evidence of other members of the UBA family being implicated 
in modifications other than ubiquitylation15 and with a distinct 
subcellular compartmentalization of UBA1 vs. UBA6, mainly 
in the cell nucleus and cytosol, respectively according to Lee 
et al. and the present study. While apparent cytosolic localiza-
tion per se does not exclude a potential nuclear role of a protein, 
due to rapid subcellular trafficking between the nucleus and the 
cytoplasm that is common for many proteins, and also affected 
by DNA damage signaling (our unpublished data), the role of 
UBA6 in DDR seems unlikely given the lack of relevant DDR 
phenotypes upon UBA6 knockdown in our present experiments. 
Furthermore, in our recent high-throughput siRNA screen for 
regulators of 53BP1,22 only UBA1, but not other UBAs, scored 
as a “hit” required for formation of ionizing radiation-induced 
53BP1 foci. Considering the available evidence, we propose that 
the E1 enzyme critical for DDR-associated ubiquitylation signal-
ing in human cells is UBA1, a role that is schematically depicted 
in the simplified model shown in Figure 5C.

Many proteins, including several E3 ubiquitin ligases such as 
RNF168, RAD18 or BRCA1, accumulate at sites of DSBs.2,10,23 

imaging system. In DMSO-treated cells, the average number of 
53BP1 bodies per G

1
-cell was 2.5, which is consistent with the 

previous report in reference 18, while the number of 53BP1 bod-
ies was significantly decreased to 0.4 per G

1
 cell under conditions 

of UBA1 inhibition (Fig. 5B).
We conclude from these results that, in addition to its essential 

role in the formation of 53BP1 foci induced by exogenous geno-
toxic insults such IR, UBA1 activity, and therefore ubiquitylation 
itself, is required for formation and/or maintenance of the spon-
taneously induced 53BP1 bodies that reflect the cells’ response to 
replication stress.

Discussion

Protein modification by ubiquitylation emerges as one of the key 
signaling modes within the cellular DDR network,2,10 yet the 
identity of the UBA enzyme involved in DDR has remained elu-
sive. In this study, we compared the two most relevant members 
of the UBA family, UBA1 and UBA6, both implicated in protein 
ubiquitylation and interaction with the E2 enzyme UBC13,12 to 
test whether either could represent the E1 component of the ubiq-
uitylation cascade that is required for proper cellular response 
to genotoxic stress. Our data identify UBA1 and exclude UBA6 
as the critical enzyme that is essential for the formation of radi-
ation-induced foci, timely DNA repair as well as for response 

Figure 5. Inhibition of UBA1 impairs 53Bp1 bodies. (A) U2oS cells were treated with DMSo or 35 μM pYR-41 for 2 h and stained with 53Bp1 and cyclin A 
antibodies. (B) Quantification of 53Bp1 bodies in G1 cells (cells negative for cyclin A) examined in (A). At least 500 cells were analyzed in each experi-
ment. (n = 3, p-value = 0.014). (C) Schematic model of a selective requirement for UBA1 in foci formation by 53Bp1 and BRCA1 in response to DNA 
damage.
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issue, considering that both radiotherapy and various classes 
of chemotherapy drugs kill tumor cells through DNA damage 
overload,1,31,32 mostly involving DSBs that, as we show in this 
study, evoke a cellular response involving the activity of UBA1. 
Strategies currently under evaluation in both preclinical settings 
and clinical trials mainly exploit inhibition of DDR kinases or 
DNA repair proteins for selective sensitization of cancer cells to 
genotoxic treatments, as well as personalized treatment based 
on selective DNA repair defects in cancer cells.1,31,33,34 As experi-
mental knockdown of several proteins that participate in the 
DSB-evoked ubiquitylation cascade sensitize cells to radiation 
or genotoxic drugs,5-8 it seems justified to consider small chemi-
cal inhibitors such as PYR-41, used in our present work, as a 
candidate chemotherapeutic. Depletion of UBA1 in human cells 
causes reduced proliferation,35 and one could argue that inhibi-
tion of UBA1, an enzyme implicated in diverse cellular processes, 
may well be too toxic as a treatment strategy. On the other hand, 
there are reasons to propose that the concept of UBA1 as a ther-
apeutic target should not be entirely dismissed. Thus, interfer-
ence with other pleiotropic cellular processes, such as proteasome 
inhibition by bortezomib, for example, are proving useful in 
treatment of some forms of human cancer.36 Furthermore, a new 
small chemical inhibitor of UBA1 has recently been successfully 
used in preclinical treatment of mouse leukemia and multiple 
myeloma, without any overt toxicity to normal tissues or normal 
hematopoietic cells.37 While the latter study did not examine any 
potential link of UBA1 inhibition with DDR, and rather focused 
on changes in endoplasmic reticulum-associated stress, our pres-
ent data suggest that small-molecule inhibitors of UBA1 might 
also be worthy of consideration as candidate sensitizers in combi-
nation with standard-of-care chemo- or radiotherapy.

Materials and Methods

Cell culture. Human U2OS cell line was cultured in Dulbecco’s 
modified Eagle’s medium supplemented with 10% fetal bovine 
serum (PAA) and penicillin/streptomycin (Sigma) in a humidi-
fied atmosphere of 5% CO

2
 at 37°C.

Plasmids and RNA interference. The cDNA for UBA1 
was obtained from OriGENE and cloned into pEGFP-C1 vec-
tor through BamHI and BglII sites. The cDNA for UBA6 was 
provided by J.W. Harper (Harvard Medical School) and cloned 
into pEFP-C1 vector through XhoII and SacII sites. To gener-
ate siRNA-insensitive GFP-UBA1* mutant, silent mutations 
were introduced into the siUBA1 (s599) target sequence in the 
UBA1 coding region using the QuikChange II Site-Directed 
Mutagenesis Kit (Stratagene). Plasmid transfections were per-
formed using FuGENE 6 (Roche) according to the manufac-
turer’s instructions. All siRNA transfections were performed 
using Lipofectamine RNAiMAX (Invitrogen) by two subsequent 
transfections in 2-d intervals. siRNAs were purchased from 
Ambion: siCON-negative control siRNA #1 (ID#4390843), 
siUBA1 #1-(ID s599), siUBA1 #2 sequence: (sense): 5'-GCG 
UGG AGA UCG CUA AGA Att-3' (antisense): 5'-UUC UUA 
GCG AUC UCC ACG Ctt-3', siRNF168 (ID #126171), siUBA6 
#1 and UBA6 #2 were described previously in reference 13.

Therefore, it was intriguing to see in our present study that UBA1, 
despite being functionally required for the focal accumulation 
of the downstream factors 53BP1 and BRCA1 at the damage 
sites, was not itself bound to chromatin and did not detectably 
accumulate at either IRIFs or the laser microirradiation sites. 
On the other hand, such lack of local recruitment to chromatin 
does not itself contradict a potentially important contribution of 
a protein to the DSB response. One example of a conceptually 
analogous scenario is the CHK2 kinase, which becomes phos-
phorylated, and hence activated, by the upstream kinase ATM 
exclusively at the DSBs; however, it remains very mobile even 
under genotoxic stress conditions and also does not accumulate 
at the damage sites.17 Some of the DSB-associated events, such 
as enzyme-substrate interactions, are only very transient, and 
both CHK2 and UBA1 seem to exemplify these very dynamic 
events. Furthermore, the E2 enzyme UBC13 that is also critical 
for the DSB-associated ubiquitylation cascade2,10 shows only very 
weak interaction with the DSB-flanking chromatin, and given 
that UBA1 mediates ubiquitin loading onto several E2s with dif-
ferent functions, the observed mobility and lack of high-affinity 
recruitment to DNA damage sites are consistent with a pleiotro-
pic enzymatic role of UBA1 in mammalian cells.

From a broader perspective, the DDR machinery in gen-
eral, and the components of the DSB signaling pathway in 
particular, are important to avoid multiple disorders, including 
severe neurodegeneration and cancer.1 For example, the ubiq-
uitin ligase RNF168 that operates downstream of UBA1 in 
the DSB response cascade has been associated with a complex 
human disorder whose severity may depend on the extent of the 
genetic defect.24,25 In fact, gross homozygous deletion within the 
RNF168 gene has recently been linked to a devastating form 
of this syndrome that mimics the better known, and more fre-
quently occurring ataxia-teleangiectasia (A-T) disorder.24 While 
the A-T patients are also more likely to develop cancer, it has so 
far been impossible to judge any cancer predisposition among 
patients suffering from defects of RNF168 due to paucity of the 
latter disease. On the other hand, several components of the DSB 
pathway, including ATM, NBS1, 53BP1 and BRCA1, to name 
just the best-studied examples, are established tumor suppressors 
whose loss or hypomorphic germline and somatic mutations con-
tribute to various forms of familial and sporadic cancer, respec-
tively.1,26 Furthermore, the entire DDR network orchestrated by 
signaling from the apical kinases ATM and ATR has been found 
constitutively activated in early human lesions from a wide spec-
trum of tumor types as well as cell diverse models of activated 
oncogenes, as an intrinsic protective response against oncogene-
induced replication stress and tumor progression.27-29 While the 
precise functional impact of the reported ATR/ATM-mediated 
phosphorylation of UBA1 on residue T662 in response to DNA 
damage remains to be established,30 the common occurrence 
of “spontaneous,” treatment-independent DSBs during onco-
genesis27-29 and the importance of DSB-linked ubiquitylation10 
indicate that UBA1 is also an important element of the overall 
anti-tumor barrier function of the DDR network.

Last but not least, our present data also raise questions about 
UBA1 as a potential target in cancer treatment. This is a relevant 
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10% SDS-PAGE and transferred to nitrocellulose membranes 
(GE Healthcare). The membranes were blocked with 5% (w/v) 
dry milk in 0.1% (v/v) Tween-20 in PBS and probed with the pri-
mary antibodies listed above, followed by HRP-labeled secondary 
antibodies (Vector Laboratories and Santa Cruz Biotechnology) 
and visualization using ECL detection reagents (GE Healthcare).

Irradiation and microirradiation. Irradiation was delivered 
by an X-ray generator T-200 (Wolf-Medizintechnik); 200 kV; 14 
mA; 0.4 mm Th; dose rate 0.5 Gy/min. Laser microirradiation 
to generate DSBs in defined nuclear volumes was performed as 
described previously in reference 17.
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Chemicals and antibodies. UBA1 inhibitor19 PYR-41 was 
obtained from Calbiochem and used at 35 μM concentra-
tion. Antibodies used in this study included mouse monoclo-
nal antibodies to γH2AX (Millipore), BRCA1 (Santa Cruz 
Biotechnology), mono- and poly-ubiquitylated proteins (FK2, 
Enzo Life Sciences); and rabbit antibodies to 53BP1, cyclin A and 
-tubulin (Santa Cruz Biotechnology), MDC1 (Abcam), UBA1 
(Cell Signaling) UBA6.13

Immunofluorescence. Immunofluorescence staining was 
performed as described in reference 38. Cells cultured on glass 
coverslips were fixed in 4% formaldehyde for 15 min at RT, 
permeabilized 5 min with 0.2% (v/v) Triton X-100 in PBS 
and incubated with primary antibodies for 60 min at RT. 
Following washing step, the coverslips were incubated with goat 
anti-rabbit or goat anti-mouse Alexa Fluor 488 or Alexa Fluor 
568 (Invitrogen) secondary antibodies for 60 min at RT and 
mounted using Vectashield mounting reagent with DAPI (Vector 
Laboratories). Where indicated, cells were pre-extracted before 
fixation in cold pre-extraction buffer (0.5% Triton X-100, 20 
mM HEPES pH 7.4, 50 mM NaCl, 3 mM MgCl

2
 and 1 mM 

PMSF) for 10 min on ice.
Immunoblotting. Gel electrophoresis and immunoblotting 

techniques were performed essentially as described in refer-
ence 39. In brief, whole-cell extracts were separated on 6% or 
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Introduction

Haemophilus ducreyi, a Gram-negative coccobacillus causing the
sexually transmitted disease chancroid, produces a potent toxin
(HdCDT) from the family of cytolethal distending toxins (CDTs) [1].
CDTs are a subgroup of bacterial proteins secreted by facultative
pathogenic strains of gram-negative bacteria, such as Escherichia
coli, Campylobacter jejuni, Helicobacter hepaticus, Shigella dysen-
teriae and Actinobacillus actinomycetemcomitans [2–7]. The func-
tional toxin is a tripartite complex in which CdtB is the active sub-

unit possessing an intrinsic DNase I-like activity, while CdtA and
CdtC subunits are required for the delivery of CdtB into the host cell
[8–10]. The cells exposed to CDTs have been shown to arrest in the
G1 and/or G2 phases of the cell cycle, or undergo apoptosis,
depending on the cell type [11–14]. The CDT-induced cell-cycle
arrest resembles the checkpoint response to ionizing radiation,
characterized by activation of the ataxia telangiectasia mutated
(ATM) kinase and ATM-dependent induction of the tumour sup-
pressor p53, phoshorylation of histone H2AX and re-localization of
the DNA repair proteins such as Mre11 and Rad50 to the sites of
DNA double-strand breaks (DSBs) [10, 13, 15]. Although there 
is currently no direct proof that CDTs are involved in pathogenicity
of their hosts (for a review see [16]), all the above mentioned data
obtained with cell culture models should be considered as a warn-
ing sign that this type of toxins might be involved in serious
pathologies including cancer development.
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We and others have recently found that in early stages of
human cancer development, the DNA damage response (DDR)
machinery, including the ATM-Chk2-p53 pathway, is constitu-
tively activated and serves as an inducible barrier against acti-
vated oncogenes and tumour progression [17–19]. The biolog-
ical impact of the activated DDR barrier in human premalignant
lesions and cellular models varies according to cell types and
specific oncogenic insult, however the predominant cell fates
induced by such oncogenic stress are either cell death (often
apoptosis) or a long-term cell-cycle arrest state known as cellu-
lar senescence [20, 21]. Among the hallmarks of the senes-
cence phenotype are permanent withdrawal from proliferative
state yet with preserved metabolic activity, large flat cellular
morphology, altered gene expression profile, activated DNA
damage signalling, resistance to apoptosis and increase of
‘markers’ such as acidic �-galactosidase activity, and expansion
of the promyelocytic leukaemia (PML) cellular bodies [22]. The
persistent DNA damage checkpoint signalling, including the
ATM-p53-p21 axis, appears to be critical for both the establish-
ment and maintenance of the senescence phenotype, and it is
shared by all types of cellular senescence reported to date [22].
Another apparently universal feature of senescence is the
enhanced expression and secretion of pro-inflammatory
cytokines, recently causally implicated in both replicative and
oncogene-induced senescence [23–25].

From a broad biological perspective, cellular senescence plays
important roles in fundamental processes such as stem cell and
tissue homeostasis and ageing, and it has been implicated in
pathogenesis of a range of devastating disorders including cancer
[22]. Notably, whereas enhanced senescence may promote the
organismal ageing and some ageing-related pathologies such as
atherosclerosis or arthritis, it seems to play a dual role in tumori-
genesis, by possibly creating a tumour-promoting microenviron-
ment fuelled by the secreted cytokines [20, 21], while blocking the
proliferation of nascent cancer cells themselves, the latter role
consistent with the anti-oncogenic barrier provided by the acti-
vated DDR mentioned above [23–25]. The sources of elevated
DNA damage in tumour cells encompass oncogene-induced repli-
cation stress, telomere attrition and oxidative stress that all evoke
endogenous DNA lesions including DSBs, thereby also contribut-
ing to enhanced genetic instability [19]. Chronic bacterial infec-
tions have also been implicated in tumorigenesis, as exemplified
by the established role of Helicobacter pylori in gastric cancer [26,
27]; however, whether bacterial intoxication is related to cellular
senescence or genetic instability is unknown.

Based on the concept of DDR activation in response to onco-
genic stress [26, 27], and intrigued by the emerging evidence of
acute DNA damage evoked by the bacterial CDTs [10, 13, 15], we
argued that such biological parallel between these two pathophys-
iological scenarios might extend beyond the early DNA damage
 signalling and induction of apoptosis. To test this working hypoth-
esis, we designed the present study to examine the longer-term
 consequences of CDT exposure on multiple human cell types,
both normal and transformed, with particular emphasis on the
duration of the DDR signalling, potential evidence for features of

genetic instability, production of pro-inflammatory cytokines and
possible establishment of premature senescence as a cellular fate
for cells that survive the acute phase of bacterial intoxication. As
documented below by the results of these analyses, the data we
obtained appear to support our hypothesis that bacterial intoxica-
tion may represent a genome-destabilizing and cellular senes-
cence-inducing process.

Materials and methods

Toxin preparation and treatment

Preparation of recombinant H. ducreyi CdtA, CdtB and CdtC subunits and
reconstitution of the active holotoxin (HdCDT) was previously described
[28, 29]. The 100% activity of toxin preparation was estimated as the low-
est cytopathic dose that caused complete irreversible G2/M block of ‘refer-
ence’ HeLa cell strain 24 hrs after intoxication. We used ‘balanced’ toxin
dilutions to get optimal ratio of surviving cells with distended morphology
to dead cells; i.e. 30% activity was used for HeLa and U2-OS cell lines, and
70% activity for normal WI-38, IMR-90 and BJ fibroblasts, which were less
sensitive (see [30]). The medium was routinely changed 24 hrs after a 
single HdCDT-treatment.

Cell culture

Human IMR-90, BJ, WI-38, HeLa and U2-OS cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% foetal calf
serum (Gibco, Invitrogen, Carlsbad, CA, USA) and peni-
cillin/streptomycin (Sigma, Saint Louis, MO, USA) in a humidified atmos-
phere of 5% CO2 at 37�C. The U2-OS-derived cell line with tetracycline-
repressible expression of the dominant-negative p53 mutant (p53DD)
[31] was grown in the same medium, further supplemented with
puromycin, G418 and tetracycline (Sigma).

Immunofluorescence microscopy

For immunofluorescence microscopy, control or HdCDT-treated cells 
cultured on the cover slips were fixed in 4% paraformaldehyde at RT for 
15 min., then permeabilized for 10 min. with 0.2% Triton X�100, washed
and blocked for 30 min. in 10% foetal calf serum. Incubation with primary
antibodies was for 60 min. at RT: rabbit anti�53BP1 (1:1000, Santa Cruz
Biotechnology, Santa Cruz, CA, USA, sc-22760), mouse anti-�H2AX
(1:500, Millipore, Billerica, MD, USA, #05–636), rabbit anti-P-Chk2 (Thr68)
(1:300, Cell Signalling Technology, Danvers, MD, USA, #2661), mouse
anti-PML (1:300, sc-966). Following a wash, the cover slips were incu-
bated with goat anti-rabbit or anti-mouse Alexa Fluor 488 or Alexa Fluor
568 (1:1000, Molecular Probes, Invitrogen) secondary antibodies at RT for 
60 min. Finally, nuclei were stained with DAPI (Sigma) and cover slips were
mounted using anti�fading mounting reagent (Vectashield, Vector
Laboratories, Burlingame, CA, USA). Images were captured by fluores-
cence microscope (Leica DMRXA, Wetzlar, Germany) equipped with digital
camera or Olympus Soft Imaging Solutions GMBH using OSIS Scan® soft-
ware (Münster, Germany).
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BrdU proliferation assay

For BrdU incorporation, cells were incubated with 10 �M BrdU (Sigma)
before fixation with 4% paraformaldehyde. After DNA denaturation in 2 M
HCl for 30 min., cells were incubated with mouse anti-BrdU antibody (1:200,
Amersham, GE Healthcare, UK, clone BU-1) and stained as described above.

Cell lysates and Western blotting

The cells were washed twice with PBS and lysed in 100 mM Tris-HCl buffer
(pH 8.0) containing 140 mM NaCl, 1% Triton X-100, 1 mM ethylenedi-
aminetetraacetic acid, 0.5 mM EGTA, 0.1% sodium deoxycholate, 0.1%
SDS, protease and phosphatase inhibitors (cocktail from Roche
Diagnostics, Meyland, France) followed by sonication and centrifugation at
10,000 � g for 5 min. at 4�C. Supernatants were subjected to SDS-PAGE
and proteins transferred onto nitrocellulose membranes. Membranes were
blocked with 5% milk or bovine serum albumin in PBS containing 0.1%
Tween-20 and probed with the following antibodies: rabbit anti-p53
(1:1000, a gift from B. Vojtesek, DEP, Brno, Czech Republic), rabbit anti-P-
p53 (Ser15) (1:1000, Cell Signalling Technology, #9138), mouse anti-p21
(1:1000, DCS-60, [32]), rabbit anti-p16 (1:1000, sc-759), mouse anti-Rb
(1:1000, Pharmingen, BD Biosciences, San Chose, CA, USA, #554136),
mouse anti-GAPDH (1:1000, Gene Tex Inc., Irvine, CA, USA, #30666),
GAR-HRP and GAM-HRP (1:10000, Bio-Rad Laboratories, Hercules, CA,
USA). Antigens were then visualized by chemiluminescence using an X-ray
film or a FUJIFILM LAS-3000 (Tokyo, Japan) and Aida Image Analyzer 
software (Straubenhardt, Germany).

Estimation of cellular senescence in vitro

Senescence associated-�-galactosidase assay (SA-�-gal) was performed
according to [33] with modifications described in [34]. Images were cap-
tured by fluorescence microscope (Leica DMRXA) equipped with digital
camera and contrast of images was adjusted in Adobe Photoshop software.

Quantitative PCR

Total DNA-free RNA was extracted using TRI Reagent (Sigma) and purified
with TURBO DNA-free kit (Ambion, Applied Biosystems, Carlsbad, CA,
USA). Reverse transcription was generated with High Capacity RNA-to-
cDNA Kit (Applied Biosystems). PCR reactions were performed with Power
Sybr Green Master Mix (Applied Biosystems) on Applied Biosystems 7300
Real Time PCR System with following primers: for interleukin (IL)-6 as for-
ward 5	-GAT GAG TAC AAA AGT CCT GAT CCA-3	 and 5	-CTG CAG CCA
CTG GTT CTG T-3	 as reverse; for IL-8 as forward 5	-GCC AGG ATC CAC
AAG TCC T-3	 and 5	-TGG TGG CTA ATA CTT TTT CCA CT-3	 as reverse; for
IL-24 as forward 5	-CGG AGA GCA TTC AAA CAG TTG-3	 and 5	-TGG TCT
AGA CAT TCA GAG CTT GTA G-3	 as reverse; and for GAPDH as forward
5	-GTC GGA GTC AAC GGA TTT GG-3	 and 5	-AAA AGC AGC CCT GGT GAC
C-3	 as reverse. GAPDH was used for normalization.

Human common cytokines – RT2 profiler PCR array

The Human Common Cytokines Arrays (SuperArray, SABiosciences,
Frederick, MD, USA) were used following the manufacturer’s instructions.

All PCR reactions were performed on Applied Biosystems 7300 Real Time
PCR System. GAPDH was used for normalization.

Results

HdCDT intoxication causes persistent DNA 
damage and micronucleation

Given that CDTs can cause DNA breakage and ATM kinase medi-
ated response in short-term experiments with mammalian cells
monitored for up 48 hrs after intoxication [13, 35], we first
decided to extend such previous analyses in three ways, by: 
(i ) Examination of the kinetics of DNA damage signalling in  
time-course experiments over extended periods of time; 
(ii ) Comparative analysis of the DDR parameters in G1 versus
G2/M cells within the intoxicated cell population and (iii )
Searching for potential features of CDT-induced genomic instabil-
ity. To achieve these aims, we intoxicated various cultured human
cell types with CDT prepared from H. ducreyi (HdCDT), and fol-
lowed the presence of DNA DSBs detected as nuclear foci positive
the phosphorylated histone variant H2AX (�H2AX) and 53BP1
[36] over time. In all cell types tested (HeLa, U2-OS, BJ, IMR-90
and WI-38), we found an increase in the number of 53BP1/�H2AX
foci shortly after intoxication (4 hrs), consistent with previous
studies [10, 29]. Notably, our prolonged experiments showed that
the toxin-induced foci persisted for the entire duration of the 
6–8-day experiments after HdCDT intoxication in 30–40% of the
cells (Fig. 1A), although the number of foci gradually diminished,
with concomitant increase of their size and intensity.

Relative to cell cycle position, we found a marked difference in
number and size of the 53BP1 foci detected in G1- versus
G2-phase cells, particularly the first day after intoxication (Fig. 1B).
The G1 cells contained a modest number of larger 53BP1 foci, in
contrast to G2 cells with typically multiple small foci. Apart from
somewhat elevated spontaneous foci formation in HeLa cells,
analogous foci patterns with differences between G1- and G2-cells
were seen in all intoxicated cell types examined, including IMR-90
fibroblasts pre-synchronized and intoxicated while in G0 or S
phase (data not shown). These findings indicate that the toxin
either caused DNA damage preferentially during the S and/or 
G2 phases, or the HdCDT-induced DNA damage remained unrec-
ognized until the cells reached S/G2-phase of the cell cycle.

The long-term persistence of both markers of DNA damage
foci was indicative of sustained DDR signalling in intoxicated cells,
a conclusion that was further supported by persistent activatory
phosphorylation of the DNA damage signalling kinase Chk2 
(Fig. 1C), known to become acutely activated after toxin adminis-
tration [13, 35].

Importantly, the clastogenic activity of HdCDT was indicated by
increased numbers of fragmented nuclei with micronuclei forma-
tion in HdCDT-intoxicated fibroblasts. For example, compared to
control mock-infected cell population, approximately 12-fold
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Fig. 1 Persistent DNA damage foci in HdCDT-intoxicated cells. (A) BJ fibroblasts were fixed and stained with anti-53BP1 (red) or anti-�H2AX (green)
antibody and DAPI (blue) at different times after HdCDT intoxication. (B) Control IMR-90 cells and IMR-90 cells exposed to HdCDT for 24 hrs were fixed
and stained with anti-53BP1 (purple) and DAPI. Depending on an amount of incorporated DAPI dye into the DNA, the cells were separated into the G1-
and G2-phase population. (C) Six days after the intoxication with HdCDT, IMR-90 fibroblasts were fixed and stained with anti-P-Chk2 (Thr68) (red) and
DAPI (blue). Untreated cells were used as negative control (CTR).



J. Cell. Mol. Med. Vol 14, No 1-2, 2010

361

induction of micronuclei formation was observed at days 6–8 in
intoxicated IMR-90 cells (Fig. 2A). The micronuclei scored com-
monly positive for markers of active DDR (Fig. 2B), indicating they
originated following chromosomal breakage and missegregation
of chromosomal fragments at mitosis, rather than from some
defects of nuclear envelope formation.

Apart from micronuclei formation in all cell types, we also
observed formation of multinuclear cells after HdCDT intoxication,
a phenomenon characteristic mainly for HeLa cell cultures, in con-
trast to only rare multinucleated cells in intoxicated populations of
normal diploid fibroblasts. Multinucleation was also reported in
HeLa cells intoxicated with Escherichia coli CDT [37].

Overall, we concluded that the rapidly induced activation of
DNA damage signalling in both normal and cancerous human cells
persisted for a number of days, and was often accompanied by
micronuclei formation, indicating impaired reparability of the
HdCTD-evoked DNA lesions and chromosomal instability.

Induction of CDK inhibitors and cell-cycle arrest
after HdCTD intoxication

Consistent with a potential DDR-induced cell-cycle delay, HdCTD
intoxication resulted in increased levels of p53 and its activated,
Ser15-phosphorylated form P-p53(Ser15), accompanied by ele-
vated p21waf/cip (p21), an inhibitor of cyclin-dependent kinases
(CDKs) and p53 transcription target, in intoxicated U2-OS, IMR-90
and WI-38 cells. Indeed, the toxin-induced increase of p21 was
dependent on p53, since inactivation of p53 by a tetracycline-
regulatable dominant-negative form of p53 in U2-OS (U2-OS
p53DD; [31]) abolished the p21 response (Fig. 3A).

Similarly to p21, the CDK inhibitor p16INK4a (p16) also
increased with time after intoxication in IMR-90 and WI-38 fibrob-
lasts (Fig. 3B, and data not shown). Simultaneously, the
retinoblastoma protein (Rb) became gradually dephoshorylated by
day 3 after intoxication, followed by Rb down-regulation (Fig. 3B).
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Fig. 2 Increased fragmentation of
nuclei in HdCDT-intoxicated fibrob-
lasts. (A) Control or HdCDT-treated
IMR-90 cells were fixed at different
time-points upon intoxication and
stained with DAPI. Numbers of
micronuclei versus nuclei were calcu-
lated using the OSIS ScanR software.
Approximately 1000 nuclei were calcu-
lated for each sample. Error bars repre-
sent the S.D. of three separate experi-
ments. (B) Eight days after the HdCDT-
intoxication IMR-90 fibroblasts were
fixed and stained with anti-53BP1 (red)
and anti-�H2AX (green) antibodies and
DAPI (blue).
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To assess cell proliferation after HdCDT intoxication, we next
examined BrdU incorporation by immunohistochemical staining,
and DNA profiles by flow cytometry. In comparison to non-treated
controls, HdCDT-treated cells examined during 8 days after intox-
ication showed rapid and dramatic decrease of BrdU incorpora-
tion, from days 2–3 onwards, consistent with a long-lasting cell
cycle arrest. The decrease of BrdU incorporation was about 10-
fold: from approximately 50% to 5%, and from 24% to 1% for U2-
OS and IMR-90 cells, respectively. The flow cytometry profiles
indicated that the arrested cells accumulated mainly in G2-phase
(not shown), which is in agreement with previous reports
[11–14]. Taken together, the surviving HdCDT-treated cells
showed a prolonged activation of cell-cycle checkpoints resulting
in durable cell cycle arrest.

HdCDT induced senescence-like phenotype 
in normal and transformed cells

The cellular response described above, together with the remarkable
distension of cellular shape after bacterial intoxication were indicative

of potential DNA damage-induced cellular senescence. To test this
possibility, we investigated whether the other known markers attrib-
utable to cellular senescence can be found in HdCDT-treated cells.
SA-�-gal, the commonly used marker of expanded lysosomal 
compartment in cells senescent in vitro [33, 38], was found enhanced
in all cells exposed to HdCDT (Fig. 4A, and data not shown). In addi-
tion, the numerical expansion of specific sub-nuclear compartment,
PML nuclear bodies, characteristic for replicative, oncogene- and
drug-induced senescence [39–42] was also observed in all HdCDT-
treated cell types (Fig. 4B, and data not shown).

Cells intoxicated with HdCDT express 
pro-inflammatory cytokines

The cellular senescence state in other scenarios is often accompa-
nied by changes in secretory phenotype, referred to as senescence-
associated secretome or senescence-messaging secretome [43],
and including expression and secretion of several cytokine species.

Utilizing RT-PCR profiler assay ‘Common cytokines’ (see
‘Material and methods’), we compared the mRNA levels of different
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Fig. 3 Activation of cell cycle inhibitors
after HdCTD intoxication. (A) U2-OS
p53DD cells were treated with HdCDT in
the presence (p53DD OFF) or the absence
(p53DD ON) of tetracycline (Tet off sys-
tem) and lysed at different time-points
after the intoxication. Cell extracts were
separated by SDS-PAGE and analysed by
Western blotting with anti-p53, anti-P-
p53 (Ser15) and anti-p21 antibodies.
GAPDH expression was used as a loading
control. (B) Immunoblot analysis of cell
lysates prepared from HdCDT-intoxicated
IMR-90 fibroblasts after different time-
points. Untreated cells were used as neg-
ative control (CTR). Blots were probed
with anti-p21, anti-p16 and anti-Rb as
indicated; GAPDH was used as a loading
control.
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cytokine species in control and HdCDT intoxicated BJ fibroblasts
at day 8 after exposition to HdCDT. Notably, the mRNA of 
several cytokine species (i.e. IL-24, TNFRSF11B, IL-1A, TNFSF4, 
IL-7, BMP4, INHBA, BMP2, including inflammatory IL-6 and IL-8)

was significantly elevated in HdCDT-intoxicated, compared to
untreated BJ cells (Table 1).

The elevation of mRNA levels of IL-6, IL-8 and IL-24 was veri-
fied with separately designed set of primers during the time
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Fig. 4 HdCDT induces SA-�-gal and increases number of PML bodies in normal and transformed cells. (A) Beta-galactosidase staining on IMR-90 and
HeLa cells untreated or exposed to HdCDT for 6 to 8 days. (B) BJ fibroblasts, left untreated or exposed to HdCDT for the indicated periods of time, were
fixed and stained with anti-PML (green) antibody and DAPI (blue).
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course of toxin-induced senescence in BJ and U2-OS cells (Fig. 5).
The mRNA levels of all three cytokines gradually increased with
time after intoxication and were elevated at day 8 ~100 times for
IL-6, ~150 times for IL-8 and ~170 times for IL-24 in BJ cells and

~20, ~400 and ~10 times in U2-OS, respectively. The extent of IL-
6 and IL-8 mRNA induction was comparable to that induced by
BRAFE600 oncogene in primary human melanocytes [24].

Discussion

This study contributes to better understanding of cellular effects of
toxins produced by pathogenic Gram-negative bacteria, an issue rel-
evant to chronic inflammation, genetic stability and tumorigenesis.
Our key novel finding is that human cells exposed to CDT that sur-
vive the acute intoxication phase undergo ‘premature cellular senes-
cence’, a phenotype previously observed in response to oncogenes
and diverse stresses including genotoxic chemicals [22], however
so far not linked to bacterial intoxication. We interpret the HdCDT-
induced cellular phenotype (observed here in multiple types of
human cells – both normal and cancer derived) as senescence,
based on the following criteria collectively regarded as hallmarks of
senescence [20, 21, 23, 24, 33, 34, 39, 40, 42, 44]: (i ) long-term
cell cycle arrest; (ii ) large flat cellular morphology; (iii ) positivity for
acidic �-galactosidase; (iv ) activation of the two major tumour sup-
pressor pathways – the p16/RB and p53/p21 cascades; (v ) persist-
ent DNA damage signalling; (vi ) enhanced PML compartment and
(vii ) induced expression of pro-inflammatory cytokines.
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Fig. 5 HdCDT evokes expression of pro-inflammatory cytokines IL-6, IL-8 and IL-24. BJ fibroblasts or U2-OS cells were intoxicated with HdCDT and
after the indicated time-points the expression levels of IL-6, IL-8 and IL-24 transcripts were determined by RT-PCR. Levels are represented relative to
those found in control cycling cells. Error bars represent the S.D. of three separate experiments.

Exp 1 Exp 2 Exp 3 Average

IL-24 685 19 10 238

IL-6 267 100 290 219

IL-8 320 47 118 162

TNFRSF11B 9 - 91 50

IL-1A 23 3 121 49

TNFSF4 - 2 74 38

IL-7 8 - 19 13

BMP4 8 - 9 9

INHBA 11 2 5 6

BMP2 - 2 5 4

Table 1 List of cytokines with transcripts up-regulated by HdCDT.
Primary human BJ fibroblasts were exposed to HdCDT for 8 days and
the expression levels of several cytokine transcripts were determined
by RT2 Profiler PCR Array. The presented numbers indicate fold induc-
tion (measured in three separate arrays) over control cycling cells,
arbitrarily defined as unity.
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Induction of cell death in a HdCTD-concentration dependent
manner, and the morphological changes including distention of
human cells surviving HdCDT intoxication, can be traced back to
the report of Purven et al. [30]. Based on our data reported here,
we would like to propose that the classical distended morphology
of the intoxicated cells, that inspired the name of this class of bac-
terial toxins, reflects the underlying mechanism that leads to cel-
lular senescence.

At the heart of this senescence phenotype is constitutive acti-
vation of DNA damage signalling, now commonly regarded as the
mechanism underlying the long-term cell cycle checkpoint arrest
shared by all known types of cellular senescence [20, 21]. DNA
breakage and activation of the ATM-p53 signalling axis have
already been reported for intoxicated cells resulting mostly in
apoptosis [13], and attributed to the DNase-like activity of CDTs
[8, 9], though genotoxic effects caused by reactive oxygen species
production induced during intoxication cannot be fully excluded.
The question whether these DNA lesions evoke persistent damage
signalling because they are very difficult to repair or because the
CDT enzyme can continuously create new lesions and hence
 outpace the DNA repair machinery of the host cell, remains to be
elucidated.

Another major result we present is the broad spectrum of 
pro-inflammatory cytokines produced by the intoxicated cells, a
feature recently reported for oncogene induced [24, 44, 45], and
replicative senescence [23, 45], and further supported by our own
results on drug-induced premature senescence (Novakova,
unpublished data). Arguably the cytokines observed most com-
monly as part of the senescence phenotype include IL-6 and IL-8
[23, 24, 44, 45], consistent with our observation that both IL-6
and IL-8 were strongly up-regulated in several cell types after
HdCDT intoxication. At least induction of IL-8 is shared by various
CDTs, since IL-8 release was described in intestinal epithelial cells
intoxicated with Campylobacter jejuni CDT [46, 47].

Notably, besides the up-regulation of already known senes-
cence-associated cytokines, we identified several other cytokine
species in HdCDT-treated cells (Table 1). Our finding of HdCDT-
mediated up-regulation of IL-24 is particularly intriguing, since this
cytokine possesses cancer cell selective pro-apoptotic, anti-angio-
genic, growth and tumour suppressive properties [48, 49]. IL-24
enhances the tumour-suppressive activity of radiotherapy and
chemotherapy, and it is currently under evaluation as an antitu-
mour agent [50, 51]. Since we found IL-24 induction also in drug-
induced senescent cells (Novakova, unpublished data), IL-24 tran-
scriptional regulation may be part of the general cellular response
to genotoxic stress, which mobilizes cellular ‘barrier’ mechanisms
including the transmission of the alarm signal outside the injured
cell. Taken together, this study further underscores the activation of
cytokine network as the universal response to stress conditions
associated with the development of senescent phenotype.

From a broader perspective, the defensive cellular responses to
CDTs, including senescence and apoptosis, provide a biological

advantage for the host organism, although the ensuing cellular
loss may also undermine tissue homeostasis. However, it is
unclear how can the genotoxic impact of CDT promote the bacte-
rial life cycle. One possibility is that the senescence-associated
cytokine secretion provides a niche that facilitates recruitment of
infiltrating host cells including those in which bacteria might per-
sist, thereby causing chronic inflammation. In contrast to bacteria,
diverse pathogenic viruses evolved specific proteins that neutral-
ize the ATM/ATR-mediated DDR of mammalian cells, thereby
allowing viral DNA replication to occur without alarming the
checkpoint and repair machinery of the host cell ([52] and refer-
ences therein).

What is becoming evident is that CDTs are genotoxic and may
trigger tumorigenesis. For example, a recent study of mouse liver
carcinogenesis showed that the CDT produced by Helicobacter
hepaticus was not required for induction of chronic hepatitis 
per se, but it was essential for the induction of dysplastic prolif-
erative lesions that further develop into cancer [53]. The notion of
genotoxic effects of CDTs is also supported by our present data
on micronucleation (chromosomal aberrations) and activation of
the senescence barrier known to be evoked by activated onco-
genes and observed in a wide spectrum of early cancerous
lesions [20, 21].

In conclusion, our study provides novel insights into the late
cellular effects of HdCDT intoxication, which might contribute to
the pathogenicity of CDT-producing bacteria. The toxin-induced
activation of cellular barriers against tumorigenesis, i.e. cellular
senescence and apoptosis, indicates potentially harmful effects of
persistent infections with toxin-producing bacteria. Although
these barriers need not be necessarily broken by the clastogenic
effects of the toxin itself, chronic pro-inflammatory environment
built up by toxin-provoked senescent cells can deregulate tissue
homeostasis to pathologic conditions, including cancer. The asso-
ciation between bacterial infections and cancer is poorly under-
stood. The only bacterium classified as human carcinogen is
Helicobacter pylori, but a possible oncogenic impact has been
suggested for other bacteria, such as the gram-negative CDT pro-
ducing Salmonella typhi [54]. We believe that our study con-
tributes to the emerging debate on such potential genotoxic and
tumorigenic effects of chronic bacterial infections, an issue of
broad medical and social concern.
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Heterochromatin marks HP1c, HP1a and H3K9me3, and DNA
damage response activation in human testis development
and germ cell tumours
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Introduction

Heterochromatin is a functional compartment of chroma-

tin that is more condensed, often late replicating and gen-

erally transcriptionally inactive compared with

euchromatin. Among the two major types of heterochro-

matin, constitutive heterochromatin is linked to distinct

DNA sequences such as telomeric or pericentromeric

repetitive DNAs, whereas facultative heterochromatin is

operationally defined by epigenetic marks (chromatin

modifications), rather than association with any class of

specific DNA sequences. Biologically, heterochromatin

plays both structural (e.g. in kinetochore structure and

hence proper segregation of chromosomes at mitosis) and

functional (transcriptional repression) roles that are cru-

cial for cell physiology of all eukaryotes. Compared with

more ‘rigid’ and universal state of constitutive hetero-

chromatin, facultative heterochromatin is more variable

from cell to cell, during the cell cycle, distinct stages of

differentiation or altered cellular phenotype, and it has

Keywords:

DNA damage response, heterochromatin,

heterochromatin protein 1, spermatogenesis,

testicular germ cell neoplasms, trimethylated

histone H3 at lysine 9

Correspondence:

Jiri Bartek and Jiri Lukas, Institute of Cancer

Biology and Centre for Genotoxic Stress

Research; Danish Cancer Society

Strandboulevarden 49, DK-2100

Copenhagen Ø, Denmark.

E-mail: jb@cancer.dk and jil@cancer.dk

Received 15 April 2010; revised 17 May 2010;

accepted 31 May 2010

doi:10.1111/j.1365-2605.2010.01096.x

Summary

Heterochromatinization has been implicated in fundamental biological and

pathological processes including differentiation, senescence, ageing and tumo-

urigenesis; however, little is known about its regulation and roles in human

cells and tissues in vivo. Here, we show distinct cell-type- and cancer-stage-

associated patterns of key heterochromatin marks: histone H3 trimethylated at

lysine 9 (H3K9me3) and heterochromatic adaptor proteins HP1a and HP1c,

compared with the cH2AX marker of endogenously activated DNA damage

response (DDR) and proliferation markers in normal human foetal (n = 4)

and adult (n = 29) testes, pre-invasive carcinoma in situ (CIS; n = 26) lesions

and a series of overt germ cell tumours, including seminomas (n = 26), embry-

onal carcinomas (n = 18) and teratomas (n = 11). Among striking findings

were high levels of HP1c in foetal gonocytes, CIS and seminomas; enhanced

multimarker heterochromatinization without DDR activation in CIS; and

enhanced HP1a in teratoma structures with epithelial and neuronal differentia-

tion. Differential expression of the three heterochromatin markers suggests

their partly non-overlapping roles, and separation of heterochromatinization

from DDR activation highlights distinct responses of germ cells vs. somatic

tissues in early tumourigenesis. Conceptually interesting findings were that

subsets of human cells in vivo proliferate despite enhanced heterochromatiniza-

tion, and that cells can strongly express even multiple heterochromatin features

in the absence of functional retinoblastoma protein and without DDR

activation. Overall, these results provide novel insights into cell-related and

tumour-related diversity of heterochromatin in human tissues in vivo, relevant

for andrology and intrinsic anti-tumour defence roles attributed to activated

DDR and cellular senescence.
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been implicated in ageing and cancer (Campisi & d’Adda

di Fagagna, 2007; Zhang & Adams, 2007; Probst et al.,

2009). Distinct regions of facultative heterochromatin,

known as senescence-associated heterochromatin foci

(SAHF), appear to accumulate in senescent cells perma-

nently withdrawn from the cell cycle in response to vari-

ous stresses such as activated oncogenes and genotoxic

drugs (Narita et al., 2003; Ye et al., 2007).

The phenomenon of cellular senescence is particularly

relevant for a better understanding of ageing and cancer

development, as cells with features of senescence have

been identified in ageing human tissues and early stages

of tumourigenesis (Bartkova et al., 2006; Di Micco et al.,

2006; Campisi & d’Adda di Fagagna, 2007; Collado et al.,

2007; Sedivy et al., 2008). Recently, DNA damage signal-

ling has been implicated in senescence induced by onco-

genes, genotoxic chemicals, radiation, bacterial toxins or

oxidative stress (Campisi & d’Adda di Fagagna, 2007;

Collado et al., 2007; Blazkova et al., 2010; Jackson &

Bartek, 2009). A common feature of such senescence-

evoking insults is therefore activation of the DNA damage

response (DDR) machinery, as documented by activated

DDR kinases such as ATM and their phosphorylated tar-

gets including histone H2AX (cH2AX) (Bartkova et al.,

2005b; Gorgoulis et al., 2005; Bartek et al., 2007; Mallette

et al., 2007; Halazonetis et al., 2008).

In addition to DNA damage checkpoints, the activation

of tumour suppressors, retinoblastoma protein (pRB) and

p53, involved in the senescence-associated cell cycle arrest

is linked to epigenetic marks associated with heterochro-

matinization, for example, during the oncogene-induced

SAHF formation (Narita et al., 2003; Ye et al., 2007).

Thus, oncogene-induced senescence, SAHF formation and

transcriptional repression require the interplay between

pRB, SUV39H histone methyltransferase and the hetero-

chromatin protein 1 (HP1) family of heterochromatic

adaptors (Narita et al., 2003; Braig et al., 2005; Zhang &

Adams, 2007). Indeed, the epigenetic mark that is most

characteristic of heterochromatin is H3K9me3, trimethy-

lated lysine 9 of histone H3 (Dormann et al., 2006; Mota-

medi et al., 2008; Probst et al., 2009). This mark forms a

landing pad for the three members of HP1 family: HP1a,

HP1b and HP1c that specifically bind to H3K9me3

through their conserved amino-terminal chromodomain.

The HP1 proteins also oligomerize, and serve as media-

tors to facilitate local interactions with other proteins

implicated in gene silencing and heterochromatin forma-

tion, including the aforementioned SUV39H and other

methyltransferases, and the p150 subunit of chromatin

assembly factor-1, itself a protein implicated in chromatin

remodelling in response to various stresses (Dormann

et al., 2006; Probst et al., 2009). Despite their shared

involvement in H3K9me3 binding and heterochromatini-

zation, recent evidence suggests also existence of separate

roles, and distinct tissue expression patterns, for example,

in neuronal differentiation or some epithelial tumours,

for the individual members of the HP1 family (Kirsch-

mann et al., 2000; Panteleeva et al., 2007; Dialynas et al.,

2008; Luijsterburg et al., 2009; Takanashi et al., 2009),

and overall a great deal remains to be learnt about their

physiological and pathophysiological functions.

Inspired by the aforementioned recent advances and

many outstanding questions about the biology and

pathology of heterochromatin and its interplay with cellu-

lar senescence and DDR in vivo, we performed a system-

atic analysis of the key heterochromatin markers in

human testicular tissues, both foetal and adult, and in all

major stages of testicular germ cell tumour (TGCT) path-

ogenesis. Our primary goal was to obtain information

about the patterns of heterochromatin marks in different

cell types of normal testes (including foetal gonocytes and

the process of spermatogenesis in adult testes) as well as

during germ cell tumour development, with particular

emphasis on the potential relationship between hetero-

chromatin and endogenous activation of DNA damage

signalling in vivo. The choice of the tissue was motivated

not only by the lack of any such studies performed on

human testes and tumours so far, but also by the unique

features of germ cells and TGCTs, including, for example,

the shared precursor lesion known as carcinoma in situ

(CIS; Skakkebæk et al., 1987; Rajpert-De Meyts, 2006).

Additional reasons to perform this analysis of heterochro-

matin in testes and testicular tumours were the intriguing

selective silencing of pRB expression in germ cells and

germ cell tumours except for teratomas (Strohmeyer

et al., 1991) and the observed exceptionally low extent of

DDR activation (Bartkova et al., 2005a, 2007a,b). As both

pRB and DDR activation are closely associated with cellu-

lar senescence and heterochromatinization in cell culture

models and the few somatic tissues that have been exam-

ined to date (Narita et al., 2003; Braig et al., 2005; Bartk-

ova et al., 2006; Di Micco et al., 2006), we wished to

examine the heterochromatin patterns in such unusual

biological settings. Our analysis revealed several novel

observations and conceptually important phenomena that

are described in this report, along with discussion of their

potential significance for andrology and cancer biology.

Materials and methods

Tissue specimens

TGCTs and adjacent tissue specimens were obtained dur-

ing orchidectomy of patients with testicular cancer. Tes-

ticular tissue specimens used as normal controls were

surgically removed for reasons unrelated to TGCTs,

including prostate cancer and contralateral Leydig tumour
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or leiomyosarcoma. The neonatal and prenatal testis spec-

imens were obtained upon spontaneous abortions (still-

birth). All operations were performed at the University

Hospital in Copenhagen, and ethical approval for these

studies was received from a local Medical Research Ethics

Committee in Denmark. The present series of testicular

tumours consisted of CIS lesions (n = 26), seminomas

(n = 26; including 23 pure seminomas and 3 seminoma-

tous parts of combined TGCTs), embryonal carcinomas

(ECs; n = 18; including 7 pure EC and 11 EC parts of

combined TGCTs) and teratomas (n = 11; including six

pure teratomas and five teratomatous components of

combined TGCTs). The diagnoses were independently

verified by two experienced pathologists according to the

established criteria of classification recommended by

the World Health Organization (Woodward et al., 2004).

The samples of all the tissues were fixed in buffered for-

malin, embedded in paraffin wax, and the tissue sections

were examined by routine histopathology methods

and by immunohistochemistry (see the following for

description).

Antibodies

Antibodies used in this study included mouse monoclonal

antibodies to human phospho-histone H2A.X (Ser139;

Upstate, Lake Placid, NY, USA), cyclin A (Novocastra

Laboratories, Newcastle, UK), HP1c (Upstate), and to

HP1a (Upstate), rabbit polyclonal antibodies to phospho-

histone H2A.X (Ser139; Cell Signaling Technology, Dan-

vers, MA, USA), Ki67 proliferation marker (Novocastra

Laboratories), and Lys9-trimethylated histone H3

(Upstate), and goat antibody to c-tubulin (Santa Cruz

Biotechnology, Santa Cruz, CA, USA).

Immunohistochemistry

For immunohistochemistry, the slides were deparaffinized

and processed for sensitive immunoperoxidase staining

with the primary mouse or rabbit antibody against the

selected human protein or protein modification, incu-

bated overnight, followed by the indirect streptavidin–

biotin–peroxidase method using the Vectastain Elite kit

(Vector Laboratories, Burlingame, CA, USA) and nickel

sulphate-based chromogen enhancement detection as

described previously (Bartkova et al., 2008). Non-immune

mouse or rabbit sera were used as negative controls. Eval-

uation of staining patterns reflected both the percentage

of positive cells, and the intensity of staining, and the

overall patterns were scored as negative, weak, moderate

or strong. More detailed assessment of the immunohisto-

chemical results is provided in the ‘Results’ section, and

numerous examples are shown in Figs 1–5.

Cell culture

Human EC (NTERA-2 ⁄ D1 and 2102Ep), and osteosar-

coma U2OS cell lines, and normal human diploid fibro-

blasts (BJ cells) were cultured in Dulbecco’s modified

Eagle’s medium supplemented with 10% foetal bovine

serum, as described (Aagaard et al., 1995). Cells were kept

at 37 �C under 5% CO2 atmosphere and 95% humidity.

For immunohistochemical analysis on sections of cell

pellets, near-confluent cultures grown on three large (15-

cm diameter) plastic Petri dishes for each of the cell lines

were harvested, pelleted by centrifugation and the com-

pact cell pellet fixed in buffered formalin and embedded

A

B

Figure 1 Immunohistochemical detection of heterochromatin marks

in normal human adult testes. (A) Immunoperoxidase staining for

heterochromatin protein (HP)1a, HP1c, histone H3 trimethylated at

lysine 9 (H3K9me3) and cH2AX (Ser139-phosphorylated histone

H2AX) in normal adult seminiferous tubules. Note high positivity for

HP1c in spermatogonia (arrow), and strong staining for cH2AX in

spermatocytes, including dominant XY bodies. Scale bar = 50 lm. (B)

Detection of HP1c and H3K9me3 in XY bodies (arrows; one per

nucleus) in subsets of normal primary spermatocytes; bottom panels

show higher magnification of the areas marked in the upper panels.

Note also the characteristic nuclear foci (smaller but more numerous

than the XY bodies) formed by H3K9me3. Scale bars: 50 lm.
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in paraffin following the protocol used routinely for the

surgically removed tissue samples.

Gel electrophoresis and immunoblotting

The analysis of cell lysates by gel electrophoresis under

denaturing conditions, followed by immunoblotting, was

performed essentially as described (Jensen et al., 2001).

Briefly, whole-cell extracts were separated by 8% or 15%

sodium dodecyl sulphate-polyacrylamide gel electrophore-

sis and transferred to nitrocellulose membranes (GE

Healthcare UK Limited, Little Chalfont, UK). The mem-

branes were blocked with 5% (w ⁄ v) dry milk in phos-

phate-buffered saline–Tween-20 (0.5% v ⁄ v) and probed

with the primary antibodies listed before, followed by

peroxidase-labelled secondary antibodies: anti-rabbit or

anti-mouse immunoglobulin G (H+L) made in goat

(Vector Laboratories) and donkey anti-goat-HRP (Santa

Cruz Biotechnology). Final step involved enhanced

chemiluminescence (ECL) visualization using ECL detec-

tion reagents from GE Healthcare UK Limited.

Immunofluorescence staining and microscopy

For immunofluorescence analysis, the cells were grown on

glass coverslips, fixed by 4% buffered formaldehyde,

washed and then stained with primary antibodies, essen-

tially as described previously (Doil et al., 2009). As sec-

ondary antibodies, goat anti-mouse and anti-rabbit

antibodies coupled to Alexa Fluor dyes with excitation

wavelengths of 488 or 568 nm were used (Molecular

Probes, Eugene, OR, USA). After the staining procedure

the coverslips were dried by ethanol series and mounted

on standard microscopic glass using Vecta Shield mount-

ing medium with 4¢, 6-diamidino-2-phenylindol (DAPI)

(Vector Laboratories). Examination was performed using

the fluorescence confocal microscope from Zeiss (model

LSM510; Carl Zeiss, Jena, Germany) as described (Bek-

ker-Jensen et al., 2005).

Results

Patterns of heterochromatin marks and cH2AX in adult

testes

In normal seminiferous tubules, all three heterochromatin

markers, HP1c, HP1a and H3K9me3 showed variable,

mostly moderate or weak nuclear positivity throughout

spermatogenesis, from spermatogonia, through spermato-

cytes, up to spermatids, the latter showing, however, only

weak-to-negative staining (Fig. 1A). The pattern of HP1c
was dominated by a more pronounced staining in

50–60% of spermatogonia (Fig. 1A, arrow). In addition,

Figure 2 Immunohistochemical detection of heterochromatin protein

(HP)1a, HP1c, histone H3 trimethylated at lysine 9 and cH2AX in foe-

tal human testes. Note strong expression of HP1c in foetal gonocytes,

and the evident cH2AX staining that is characterized by numerous

fine foci. Cyclin A is used to document proliferation. Scale bars:

50 lm.

Figure 3 Immunohistochemical analysis of heterochromatin markers

in carcinoma in situ (CIS). Concomitant strong positivity for hetero-

chromatin protein (HP)1a, HP1c and histone H3 trimethylated at lysine

9, and the lack of staining for cH2AX in CIS; the latter contrasts with

positive cH2AX staining of spermatocytes in the adjacent normal sem-

iniferous tubule (ST) seen on the right in the same image. Cyclin A

serves as a marker of proliferation. Scale bars: 50 lm.
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the HP1c and H3K9me3 marks were apparent in the XY

bodies of primary spermatocytes (Fig. 1B). Besides the XY

bodies, H3K9me3 commonly accumulated in a distinct

type of smaller yet more numerous nuclear ‘foci’ in the

majority of spermatocytes and subsets of spermatids,

a feature that was much less apparent or lacking for the

two HP1 proteins (Fig. 1A,B). Interestingly, the frequency

and intensity of such smaller H3K9me3 foci varied among

the individual tubules within the same section.

Consistent with previous work (Bartkova et al., 2005b),

the general DDR-activation marker cH2AX (Nakamura

et al., 2008) was strongly expressed in spermatocytes,

reflecting the ongoing meiotic DNA recombination and

the associated DNA damage signalling and repair pro-

cesses. Another characteristic aspect of the nuclear pattern

of cH2AX was the prominent staining of XY bodies

(Fig. 1A). Finally, the non-proliferating, supporting Ser-

toli and Leydig cells, the latter outside the seminiferous

tubules, showed modest staining for any of the markers

examined, including low but detectable levels of the three

heterochromatin marks and absence of the DDR marker

cH2AX (Fig. 1A,B).

Collectively, our analyses of spermatogenesis in samples

of normal human adult testes (n = 32) revealed some fea-

tures shared by most or all examined markers, such as

the staining of XY bodies. Interestingly, however, there

were also clear examples of patterns unique to some of

the marks, such as high expression of HP1c in some sper-

matogonia, or the characteristic nuclear foci formed by

H3K9me3 in spermatocytes and spermatids.

cH2AX and heterochromatin marks in foetal gonocytes

Analysis of foetal testes is of particular interest, consider-

ing the paucity of such biological samples and the emerg-

ing concept that the likely cell of origin of human TGCT

is foetal gonocyte (Rajpert-De Meyts et al., 2003; Sonne

et al., 2009). Unexpectedly, the patterns of the three

heterochromatin marks showed striking differences.

Whereas staining for HP1a and H3K9me3 was weak or

even undetectable among all cell types including the foetal

gonocytes, HP1c showed very strong positivity in nuclei

Figure 5 Immunohistochemical analysis of human teratomas. Expres-

sion of heterochromatin protein (HP)1a, HP1c, histone H3 trimethylat-

ed at lysine 9 and cH2AX in glandular epithelium (adenostructures)

and of HP1a in immature cartilage (chondrostructures) of a human

teratocarcinoma. Note higher positivity for HP1a in adenomatous

compared with the chondromatous component of this tumour. Ki67

is used as a marker of proliferation. Scale bars: 50 lm.

A

B

Figure 4 Immunohistochemical analysis of heterochromatin markers

in seminoma (A) and embryonal carcinoma (B). (A) Very low positivity

for heterochromatin protein (HP)1a, histone H3 trimethylated at lysine

9 (H3K9me3) and cH2AX, in contrast to strong heterogeneous stain-

ing for HP1c in a human seminoma. Ki67 serves as a marker of prolif-

eration. (B) Immunohistochemical analysis of parallel sections of an

embryonal carcinoma shows higher expression of HP1a, H3K9me3

and cH2AX. Staining for cyclin A indicates high proliferation rate.

Scale bars: 50 lm.
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of at least 55–60% of foetal germ cells, in contrast to

much lower expression in the remaining subset of foetal

germ cells and in all other cell types present on the tissue

sections (Fig. 2). These overall patterns were very similar

regardless of the developmental stage of the four samples,

obtained from gestation weeks 16, 17, 22 and 24, respec-

tively. As expected, there was a high degree of cell prolif-

eration in the foetal testes, both among the foetal germ

cells and among the supporting and stromal cells, as indi-

cated by heterogeneous staining patterns for cyclin A and

Ki67 (Fig. 2; data not shown). Interestingly, the DNA

damage activation marker cH2AX was clearly positive in

a distinct subset of foetal gonocytes, ranging from some

20% to approximately 1–2%, depending on the sample

(Fig. 2; data not shown). We conclude that in the highly

proliferative foetal testes, a significant subset of foetal

germ cells displays activated DNA damage signalling

(cH2AX), and a substantial proportion of normal foetal

gonocytes express high levels of HP1c, but not other

heterochromatin marks.

Analysis of the early malignant CIS lesions

Assessment of a series of CIS lesions (n = 26), the precur-

sor stage of all types of invasive TGCT of young adult

men (Skakkebæk et al., 1987), revealed a characteristic

pattern of heterochromatin marks, dominated by variable

and often very strong nuclear staining for both HP1a and

HP1c proteins in the CIS cells, but not in Sertoli, Leydig

or other cell types present on the sections (Fig. 3).

Although the H3K9me3 marker was also detectable in

CIS cells, the overall intensity, and in some areas also the

percentage of positive CIS cells were lower compared with

HP1c or HP1a (Fig. 3; data not shown). Notably, the

overall high expression of the two HP1 proteins in CIS

cells was not accompanied by activation of DDR signal-

ling as the cH2AX marker was generally negative (Fig. 3)

or showed only exceptionally rare positive cells (0–1%

positive cells per sample). The lack of DDR activation in

CIS lesions was not attributable to lack of proliferation,

as documented by staining for cyclin A and Ki67 in a

large fraction of CIS cells (Fig. 3; data not shown). Thus,

the precursor CIS lesions show a unique combination of

very pronounced heterochromatin marks, particularly

highly abundant HP1 proteins, in the absence of DDR

signalling.

Heterochromatin marks and cH2AX in seminoma and

EC

Given that the CIS lesions can give rise either to semino-

ma, the tumour type that retains germ cell lineage and

CIS-like phenotypic features, or to non-seminoma, a

heterogeneous tumour with an undifferentiated stem cell-

like component, EC, we next examined the patterns of

heterochromatin marks in a series of 26 human semino-

ma and 18 EC specimens.

As can be seen from the representative images in

Fig. 4A, seminomas were highly proliferative and showed

a very characteristic pattern of the heterochromatin mark-

ers, with dominance of HP1c expressed to commonly

high levels in often large subsets of tumour cells. The

strong expression of HP1c contrasted with overall absent

or only low levels of the three other markers: HP1a,

H3K9me3 and cH2AX (Fig. 4A).

In contrast to seminomas, a distinct and more uniform

pattern of the examined markers was found among the

18 EC specimens. Thus, all the three heterochromatin

markers, HP1a, H3K9me3 and HP1c showed variable

and generally moderate levels (Fig. 4B; data not shown),

a pattern clearly different from that observed in semino-

mas. In addition, the DDR activation marker cH2AX was

more evident in EC than in any other type of TGCT. The

fraction of cH2AX-positive cancer cells was usually in the

range of 2–30%, but in two cases around 40%, and in

another two EC specimens cH2AX was clearly detectable

in the majority of the highly proliferative EC cells

(Fig. 4B). We conclude that the predominant pattern of

heterochromatin markers in seminomas (characterized by

discordantly enhanced expression of HP1c) differs from

that observed in EC, showing generally moderate levels

and mutually good correlation of the three heterochro-

matinization markers.

cH2AX and heterochromatin marks in teratomas and

relation to differentiation

Given the emerging reports on the potential roles of HP1

proteins and heterochromatin in differentiation and

tumourigenesis (Kirschmann et al., 2000; Panteleeva et al.,

2007; Dialynas et al., 2008; Sedivy et al., 2008; Luijster-

burg et al., 2009; Takanashi et al., 2009), it was of parti-

cular interest to examine the heterochromatin markers in

a series of human teratomas and mixed tumours with ter-

atoma components (n = 11), tumours that may contain

structures of various degrees of differentiation along

diverse lineages. In our present series of these tumours,

we identified multiple structures of cartilage, smooth

muscle, neural tissue, squamous epithelia and adenoma-

tous (glandular) epithelia, the latter including cuboidal,

columnar, pseudo-stratified and columnar-ciliated epithe-

lia. Overall, these structures showed mainly immature

differentiation, sometimes with areas of various mor-

phologies adjacent to one another. The DDR activation

marker cH2AX showed generally very weak or negative

staining in all types of such structures (see Fig. 5 for an
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example of an adenomatous component of a teratoma).

In contrast, the heterochromatin marks showed two pat-

terns, depending on the type of differentiation in the

individual structural components within these complex

tumours. The predominant pattern, seen in the majority

of the lesions and diverse neoplastic structures such as

muscle, stratified epithelia or cartilage, was characterized

by only low levels of all three heterochromatin markers.

In contrast, some structures with glandular epithelial fea-

tures with predominant cuboidal or columnar morphol-

ogy (adenostructures) and those showing neural

differentiation showed a higher expression of the HP1a,

whereas HP1c and H3K9me3 were expressed at low levels

in such lesions (see Fig. 5 for representative examples).

Overall, the heterochromatin marks in human terato-

mas display patterns different from those seen in either

CIS or seminoma lesions, whereas they are reminiscent of

EC, and show differentiation-associated increase in the

level of HP1a in the teratoma components with adeno-

matous and neural features.

Analysis of human cell lines derived from TGCTs

To complement the data obtained by analyses of clinical

specimens, and to validate the immunohistochemical

approach on paraffin sections as reflecting the relative

abundance of the heterochromatin and DNA damage

markers, we examined two human model cell lines, both

with EC phenotypes: NTera2 ⁄ D1 capable of differentia-

tion mainly along the neuronal lineage, and 2102Ep, with

a very limited ability to differentiate (reviewed in

Andrews, 1998). Immunoblotting analysis of total cell

lysates prepared from exponentially growing NTera2 ⁄ D1,

2102Ep and two control human cell types including

human primary fibroblasts (BJ) and U2OS osteosarcoma

line showed some interesting differences in the total levels

of the four markers monitored in this study (Fig. 6A).

Generally, the markers were less abundant in the primary

BJ cells compared with the tumour cell lines, and the

level of HP1a was highest in the NTera2 ⁄ D1 cells that

have the propensity to differentiate into neurons in cul-

ture. The latter result is consistent with our finding of

enhanced HP1a in clinical specimens of teratoma struc-

tures with features of neuronal differentiation, and the

mechanistic evidence for the role of HP1a in silencing

subsets of E2F-targeted genes during neuronal differentia-

tion in mice (Panteleeva et al., 2007). Another interesting

feature of our immunoblotting data is the correlation

between the H3K9me3 heterochromatin marker and the

cH2AX marker of endogenous activated DNA damage

signalling. Thus, both these markers were at the highest

level in the NTera2 ⁄ D1 cells, intermediate in U2OS cells

and very low in the 2102Ep and BJ cells (Fig. 6A). The

identification of the source(s) of such constitutive endog-

enous DNA damage in the NTera2 ⁄ D1 cells is a challenge

for future studies.

A

B

C

Figure 6 Immunochemical and immunofluorescence analysis of het-

erochromatin markers and cH2AX in human cell lines. (A) Immunoblot-

ting analysis of whole cell extracts from the indicated human cell types,

including NTera2 ⁄ D1 (NT2 ⁄ D1) teratoma and 2102Ep embryonal

carcinoma cells, compared with U2OS sarcoma and BJ fibroblasts. (B)

Confocal fluorescence microscopy images of NTera2 ⁄ D1 cells grown on

coverslips, stained with antibodies against the indicated markers. Scale

bar: 10 lm. (C) Immunohistochemical staining of sections prepared

from paraffin blocks of formalin-fixed pellets of the two human testicular

germ cell tumour-derived cell lines shows generally good correlation of

the staining with immunoblotting data shown in (A). Scale bar: 50 lm.
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Furthermore, consistent with the uneven subnuclear

distribution of the heterochromatin markers, confocal

images from immunofluorescence analysis showed focal

areas of intense staining (Fig. 6B). Last but not the least,

we prepared pellets of the two EC lines, fixed them in

formalin and embedded in paraffin blocks to mimic the

processing of clinical specimens. It was satisfying to see

that the immunohistochemical analysis of sections pre-

pared from such blocks confirmed the relative differences

in terms of higher abundance of H3K9me3 and cH2AX

in the NTera2 ⁄ D1 cells compared with 2102Ep cells, and

the higher level of HP1a compared with H3K9me3 and

cH2AX in the same population of 2102Ep cells as seen

on the immunoblots (compare Fig. 6A and C). These

results provide a useful validation for the reliability of the

immunohistochemical staining method applied on the

clinical specimens and therefore support the overall con-

clusions reached in this study.

Discussion

Although accumulating evidence has implicated hetero-

chromatin in various biological processes, we understand

relatively little about the basis of cell-type-, developmental

stage-, and tumour-related heterochromatin composition,

regulation and function, particularly under in vivo condi-

tions. Our present study contributes insights into these

areas of chromatin biology and pathology, as the spec-

trum of human testicular tissues and tumours we have

examined offers ‘natural models’ of: (i) organ develop-

ment (from foetal to adult); (ii) both types of cell divi-

sions – mitotic and meiotic; (iii) interplay of several cell

types and a complete differentiation programme of sper-

matogenesis; (iv) all major stages of germ cell tumouri-

genesis, from the early precursor CIS lesions, to

malignant progression along both seminoma and non-

seminoma routes; and (v) the unique scenario of terato-

mas with concomitant malignant growth and aberrant

differentiation along various lineages. Apart from limited

studies of heterochromatin markers in the XY bodies of

spermatocytes (Fernandez-Capetillo et al., 2003; Metzler-

Guillemain et al., 2003; Handel, 2004; Ahmed et al., 2007;

Zamudio et al., 2008), we believe that our data represent

the first thorough analysis of heterochromatin markers

(HP1a, HP1c and H3K9me3), and their comparison with

activated DDR (the cH2AX marker) in human normal

testes and tumours. To facilitate the following discussion,

we present the results with all four markers in a sche-

matic (Fig. 7), and highlight the major findings in the

following paragraphs.

From a general point of view, our study reveals differ-

ences in the patterns of the heterochromatin markers

during development and tumourigenesis in the human

testes that are reproducibly observed among different

Figure 7 Schematic summary of the overall

patterns of the heterochromatin markers and

cH2AX in various normal cell types and

tumour types of the human testis. The scores

for the staining patterns indicate negative ()),

weak (±), moderate (+) or strong (++) expres-

sion, respectively. Features of particular inter-

est are highlighted by a frame around the

selected score, whereas a wider range of

expression is indicated by two scores: for

example, + ⁄ ++ represents a range of moder-

ately and strongly stained cells. The order of

the four markers is identical to that shown for

foetal gonocytes. The unique combination

of markers in carcinoma in situ lesions is

highlighted by the overall darker shade.
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individuals. Our conclusion that the three heterochroma-

tin markers do not always correlate with one another in

the same cell type or tumour stage (see Fig. 7) is consis-

tent with the notion that apart from shared functions

(including physical binding of HP1a and HP1c to the

methylated H3K9me3), these proteins may also play some

separate biological roles (Motamedi et al., 2008; Sedivy

et al., 2008; Luijsterburg et al., 2009).

At the same time, there are several striking features of

these overall patterns, in terms of the persistence of some

dominant markers throughout the development and ⁄ or

tumourigenesis. Thus, in prenatal development, the most

dominant features were high abundance of the hetero-

chromatin protein HP1c and concomitant DDR activa-

tion (cH2AX) in a large subset of foetal germ cells,

presumably gonocytes and more mature foetal pre-sper-

matogonia, respectively. The HP1c marker remained

more prominent in a large subset of adult spermatogonia,

whereas the HP1a and H3K9me3 were moderately

expressed throughout the development and adult sper-

matogenesis, except for generally more pronounced het-

erochromatinization at the meiotic stages in adult

spermatocytes (Fig. 7). The meiotic recombination which

encompasses physiological DNA breakage that fuels ongo-

ing DNA damage signalling also underlies the strong and

focal cH2AX staining seen in spermatocytes, whereas the

more even (non-focal) pattern and moderate increase in

cH2AX staining observed in the nuclei of the subset of

mitotically dividing foetal germ cells and adult spermato-

gonia probably represents rapid proliferation and ensuing

replication stress, broadly reminiscent of the pattern

observed in mouse embryonic tissues (Bartkova J, Lukas J,

Bartek J, unpublished data). It remains to be seen

whether cells in human early embryos would also display

analogous generally activated DDR signalling not

restricted to gonocytes, or whether such global DDR acti-

vation is a phenomenon limited to smaller and short-

lived mammals such as mice, possibly reflecting some

biological differences in cell proliferation control and

genome maintenance mechanisms.

Another interesting result of our present study was the

largely concordant expression of HP1a and H3K9me3, as

both markers showed a rather weak expression in foetal

germ cells and throughout adult spermatogenesis, with

moderately enhanced levels only in the meiotic spermato-

cytes. These ‘normal’ patterns contrasted with the excep-

tional scenario of a very strong expression of HP proteins

and H3K9me3 (high degree of heterochromatinization) in

the CIS lesions (see next for a more thorough discussion)

and a less pronounced elevation in ECs (Fig. 7). Semino-

mas and most teratomas showed again the more common

pattern of weak expression for both HP1a and H3K9me3,

except for the interesting selective elevation of HP1a in

areas of teratomas that showed features of epithelial

(adeno) or neural differentiation. This pattern of selec-

tively increased HP1a is consistent with recent studies

that document a specific role of HP1a in transcriptional

regulation during normal neuronal differentiation

(Panteleeva et al., 2007), and elevation of HP1a in several

epithelial differentiated somatic tissues (Kirschmann et al.,

2000; Dialynas et al., 2008).

Arguably the most intriguing results are those on the

heterochromatin phenotype of CIS, the precursor stage

shared by all types of invasive TGCTs. Our analysis

showed an exceptionally high expression of all three het-

erochromatin markers in CIS cells, a striking feature

unmatched for HP1a and H3K9me3 in any other cell or

tumour type analysed here (see Fig. 7). There are several

reasons why we believe that this pattern of CIS cells is so

noteworthy. First, our previous examination of the

cH2AX marker showed virtually no DDR activation in

CIS cells (Bartkova et al., 2005a, 2007a), and this was

confirmed in this study on parallel sections to those that

showed the pronounced heterochromatinization. Overall,

such ‘discrepancy’ between high expression of multiple

heterochromatin markers and the absence of DDR signal-

ling in early cancerous lesions is a very surprising finding

that sharply contrasts with the overall very good correla-

tion between the commonly highly expressed cH2AX

marker and high expression of the HP1 protein family

and H3K9me3 in early lesions of common somatic can-

cers (Bartkova et al., 2006). Secondly, enhanced hetero-

chromatin markers analogous to those we found in the

CIS cells are commonly associated with cellular senes-

cence and with only low proliferation rate in the early

lesions from other human tissues (Campisi & d’Adda di

Fagagna, 2007; Sedivy et al., 2008). In other words, it is

unexpected that cells with such a high degree of hetero-

chromatinization can proliferate, as documented by our

parallel analysis of cyclin A and Ki67 markers, and consis-

tent with previous reports on proliferation in testicular

CIS (Hofken & Lauke, 1996). Thirdly, in both mouse

genetic models and human cultured cells, high degree of

heterochromatinization required functional pRB for the

heterochromatin to form properly (Narita et al., 2003;

Braig et al., 2005). Our present data indicate that this

commonly recognized requirement does not apply to

human testicular CIS cells, as pRB expression is transcrip-

tionally silenced already in foetal gonocytes and in CIS

and all stages of TGCTs except teratomas (Strohmeyer

et al., 1991; Bartkova et al., 2003a,b). All these striking

differences illustrate the exceptional nature of the CIS

lesions compared with early tumours in other human

tissues. This major functional difference probably reflects

the origin of CIS from germ cells, as opposed to somatic

cells in other tissues, and the overall distinct regulation of
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cell cycle, response to DNA damage and other aspects

of cell physiology including formation, and possibly func-

tion, of heterochromatin.

Finally, the differential patterns of the heterochromatin

markers observed here support the concept of two major

transformation routes among TGCTs, namely a separate

route from CIS to seminoma and another one from CIS

to non-seminoma, encompassing EC and teratoma, the

latter most likely involving a major reprogramming event

(Oosterhuis & Looijenga, 2005). This is best illustrated by

the unique high expression of HP1c in seminoma, in

contrast to relatively even and more moderate expression

of all three heterochromatin markers in ECs and terato-

mas (Fig. 7).

In summary, we conclude that testicular CIS lesions

are exceptional among the early human cancerous lesions

in terms of the heterochromatin formed in the absence

of DDR signalling, RB expression or senescence and

compatible with high proliferation rate. These unex-

pected findings challenge some of the current views and

will undoubtedly inspire new avenues of research.

Whether these exceptional features of testicular CIS and

TGCTs might be linked to the favourable response of

these biologically fascinating tumours to genotoxic

therapies, and hence to their curability, remains to be

elucidated.
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