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Abstract

Werner syndrome (WS), caused by mutation of the WRN gene, is an autosomal
recessive disorder associated with premature aging and predisposition to cancer. WRN
belongs to the RecQ DNA helicase family, members of which play a role in maintaining
genomic stability. Here, we demonstrate that WRN rapidly forms discrete nuclear foci
in an NBS1-dependent manner following DNA damage. NBS1 physically interacts with
WRN through its FHA domain, which interaction is important for the phosphorylation
of WRN. WRN subsequently forms DNA damage-dependent foci during the S phase,
but not in the G1 phase. WS cells exhibit an increase in spontaneous focus formation of
pol n and Radl8, which are important for translesion synthesis (TLS). WRN also
interacts with PCNA in the absence of DNA damage, but DNA damage induces the
dissociation of PCNA from WRN, leading to the ubiquitination of PCNA, which is
essential for TLS. This dissociation correlates with ATM/NBS1-dependent degradation
of WRN. Moreover, WS cells show constitutive ubiquitination of PCNA and interaction
between PCNA and Rad18 E3 ligase in the absence of DNA damage. Taken together,
these results indicate that WRN participates in the TLS pathway to prevent genomic

instability in an ATM/NBS1-dependent manner.



1. Introduction

DNA double-strand breaks (DSBs) are often generated by exposure to
ionizing radiation (IR) and DNA-damaging agents, or the stall/collapse of DNA
replication forks. Unrepaired DSBs cause genomic instability and promote
tumorigenesis; therefore, upon DSB induction, cells promptly activate cell cycle
checkpoints and DNA repair mechanisms. Cells derived from individuals with DNA
damage-sensitive genetic disorders have been extensively used to study the DNA
damage response (DDR). WS is also categorized as a DNA damage-sensitive disease
(Cheng et al., 2007; Gray et al., 1997). Individuals with WS exhibit symptoms of
premature aging, including graying and loss of hair, wrinkling and ulceration of skin,
atherosclerosis, osteoporosis, cataracts, and an elevated incidence of unusual types of
cancer. Primary cells from WS patients exhibit premature replicative senescence and
genomic instability such as chromosomal rearrangements and genomic deletions. WS
cells also show hypersensitivity to several types of DNA damaging agents including
4-nitroquinoline-1-oxide (4NQO), cross-linking agents (such as mitomycin C and
cisplatin), camptothecin (CPT), and hydroxyurea (Poot et al., 1999; Poot et al., 2002;
Constantinou et al., 2000). These reports suggest that the gene responsible for WS plays
an important role in one or more genome maintenance pathways.

Mutation of the WRN gene, a member of the RecQ DNA helicase family,
results in WS (Yu et al., 1997; Gray et al., 1997). Mutations in other family members,
such as BLM and RECQ4, are responsible for causing two other cancer-prone and

premature aging syndromes, Bloom and Rothmund-Thomson, respectively. Consistent



with other RecQ helicases, WRN protein possesses 3’ to 5> DNA helicase activity;
however, it is the only human RecQ member that also has 3’ to 5’ exonuclease activity.
Although the identity of the physiological substrate(s) of WRN is not yet clear, several
evidences indicate that WRN preferentially acts on replication or DNA repair
mechanisms. WRN protein localizes to the nucleoli in the absence of DNA damage, but
migrates from nucleoli to discrete nuclear foci after exposure to several DNA-damaging
agents such as 4NQO, etoposide, hydroxyurea (HU), or CPT (Sakamoto et al., 2001;
Cheng et al.,, 2004; Cheng et al., 2005). Further, WRN interacts physically and
functionally with a number of DNA metabolic pathway proteins, such as replication
protein A (RPA), proliferating cell nuclear antigen (PCNA), polymerase o, flap
endonuclease 1 (FEN-1), RADS51, RADS52, the hMREI1/hRADS0/NBS1 (MRN)
complex, and Ku heterodimer (Sakamoto et al., 2001; Cheng et al., 2005; Brosh et al.,
2001; Yannone et al., 2001; von Kobbe et al., 2002; Otterlei et al., 2006). These reports
suggest that WRN could play an important role in the DNA damage response.

Mutation of NBS! causes Nijmegen breakage syndrome (NBS). NBS patient
cells show radio-resistant DNA synthesis, radiation hyper-sensitivity, and genomic
instability (Kobayashi et al., 2004). NBS1 protein forms a complex with hMRE11
nuclease and hRADS50, and this MRN complex functions in DNA DSB repair by
homologous recombination (HR). Therefore, the genomic instability in NBS patients
could be due to a defect in HR (Tauchi et al., 2002). The function of NBS1 in HR
requires IR-induced focus formation of the MRN complex (Sakamoto et al., 2007), and

we previously reported that focus formation by NBS1 is dependent on direct interaction



of NBS1 with y-H2AX at DNA damage sites (Kobayashi et al., 2002). Current reports
also suggest a novel role of NBS1 in alternative NHEJ pathway (Rass et al., 2009; Xie
et al., 2009). NBSI1 also interacts with ATM through the C-terminal region and this
interaction is indispensable for the recruitment of ATM to DSB sites and the
phosphorylation and activation of cell cycle checkpoints by ATM (Falck et al., 2005;
Iijima et al., 2008). Thus, the NBS1 complex functions in the regulation of both DSB
repair and cell cycle checkpoints following the generation of DSBs.

DNA damage induced by UV, mitomycin C (MMC), and Methyl
methane-Sulfonate cause stalling or collapse of DNA replication forks. Such replication
blocks are circumvented by TLS (translesion synthesis) DNA polymerases (Lehmann,
2006). TLS DNA polymerases are specialized DNA polymerases whose primary
function is to insert nucleotides across DNA lesions at replication-blocked sites.
Eukaryotes are endowed with several TLS DNA polymerases, each presumably
responsible for the bypass of a specific lesion or class of lesions. Human cells have four
TLS polymerases—REV1, Poln, Polk, and poli—that belong to the Y-family, and a
B-family polymerase, poll. Of these, Pol n is implicated in error-free bypass of
UV-induced cyclobutane pyrimidine dimers (CPD) based on in vivo and in vitro
evidence (Masutani et al., 2000). In UV-irradiated human cells, Pol  is recruited to
DNA damage sites, presumably at sites with stalled replication forks, and interacts with
ubiquitinated PCNA (Watanabe et al., 2004; Tissier et al., 2004; Stelter and Ulrich
2003). Moreover, the ubiquitination of PCNA is carried out in a

RAD6/RADI18-dependent manner (Hoege et al., 2002). Further, TLS DNA polymerases



including Pol 7, can be error-prone across normal bases (Casali et al., 2006). Hence, the
regulation of PCNA ubiquitination is very important to suppress the replication errors
caused by TLS DNA polymerase and to maintain genomic stability.

In this paper, we investigated the role of WRN in several DNA damage
responses. WRN showed DNA damage-dependent relocation from the nucleolus to the
nucleoplasm and discrete nuclear foci only during the S phase. This focus formation
occurred in an NBS1-dependent manner. NBS1 interacts with WRN through the FHA
domain, and this interaction contributes to the ATM-dependent phosphorylation of
WRN. Further, WRN interacts with PCNA, but gets dissociated in response to DNA
damage. WRN cells showed constitutive ubiquitination of PCNA and interaction of
PCNA with Rad18, suggesting that WRN might suppress PCNA ubiquitination through
this interaction. Moreover, WRN protein was degraded in response to DNA damage, but
AT and NBS cells did not show this degradation. Taken together, our results indicate
that ATM/NBS1-dependent phosphorylation of WRN is important for WRN degradation

and might abolish the suppressive effect of WRN on TLS.

2. Material and Methods

2.1 Cell lines

Werner fibroblast cell line (73-26 cells) and WRN-complemented cells were used as
described previously (Perry et al., 2006). NBS fibroblast cell line, GM07166VA7, was

established by SV40-transformation of GM07166 cells (Tauchi et al., 2001), which



were provided from NIGMS Cell Repository. We also used SV40-transformed
MRCS5SV fibroblasts, and ATSBIVA fibroblasts, which was provided from NIGMS Cell
Repository (Kobayashi et al., 2002). Normal lymphoblastoid cell line, GM2184 and
AT lymphoblastoid cell line, CSA were also obtained from NIGMS Cell Repository.
NBS lymphoblastoid cell line, 94p548, was kindly supplied by Dr. K.Sperling.
Human primary fibroblast, TIG-3 cells was supplied by Dr. Y. Mitsui and their doubling
time is 24 hours. hTERT-introduced human primary fibroblast, 48BR was supplied by
Dr. P. Jeggo. GFP-pol n-expressing HelLa cells were obtained from Dr. F. Hanaoka
(Sekimoto et al., 2010). All fibroblast cells were cultured in DMEM (Sigma)
supplemented with 10% FBS (Invitrogen) and antibiotics, and lymphoblastoid cells
were cultured in RPMI (Sigma) supplemented with 10% FBS (Invitrogen) and

antibiotics.

2.2 Western blot analysis

Western blot analysis was performed as previously reported (Kobayashi et al, 2002).
To detect target proteins, we used the following primary antibodies: anti-WRN (Santa
Cruz  Biotechnology:  sc-5629), anti-NBS1  (Tauchi et al., 2001),
anti-phospho-SMC1[pS966] (Bethyl Laboratories: A300-050A), anti-phospho Chk2
[pT68] (Cell Signaling Technology: #2661), anti-Chk2 (Cell Signaling Technology:
#2662), anti-Mrell (Novus Biologicals: NB100-142), anti-PCNA (Santa Cruz
Biotechnology: sc-56), anti-gammaH2AX (Upstate: #05-636), anti-phospho ATM

[pA1981] (Rockland Inc: 600-401-400) anti-Radl8 (Abnova Corporation:



H00056852-M01) antibodies. Primary antibodies were detected with HRP-conjugated
anti-rabbit IgG or anti-mouse IgG antibodies (GE Helthcare), and then visualized with

an ECL plus chemiluminescence system (GE Helthcare).

2.3 Immunoprecipitation analysis

Immunoprecipitation was performed as previously reported (Kobayashi et al., 2002).
Briefly, DNA damage-treated or untreated cells were lysed in IP buffer (150 mM
sodium chloride, 10 mM HEPES at pH7.4 and 0.5% NP40) containing a protease
inhibitor cocktail (Roch) and sodium orthovanadate for 15 min. Lysates were
centrifuged at 20,000 xg for 30 min to remove un-solubulized debris. Lysates were
pre-cleared with protein A-Sepharose beads (GE healthcare), and immunoprecipitation
was performed by incubating the samples with anti-NBS1 polyclonal antibodies,
anti-WRN polyclonal antibodies or anti-Rad18 polyclonal antibodies at 4°C for 1 hour.
Immuno-complexes were precipitated with protein A-Sepharose beads and washed with

IP buffer and detected by Western blot.

2.4 Immunofluorescent staining

Immunostaining was performed as previously reported (Kobayashi et al., 2002). Cells
grown on a glass slide were fixed with cold methanol for 15 min, rinsed with cold
acetone for several times, and then air-dried. To detect chromatin-associated WRN
foci, cells were treated with 0.5% Triton X-100/PBS for 5 min before methanol fixation.

Alexa-488-conjugated anti-rabbit IgG or Alexa-546-conjugated anti-mouse IgG



antibodies (Molecular Probes) were used for visualization of foci with anti-y-H2AX
antibody (Upstate: #05-636), anti-NBS1 antibody (Tauchi et al., 2001),
anti-phospho-DNA-PKcs (T2609) antibody (Chan et al., 2002), anti-MDC1 antibody
(Bethyl Laboratories: A300-051A), anti-WRN antibody (Santa Cruz Biotechnology:

sc-5629) or anti-Rad18 (Abnova Corporation: H00056852-M01) antibody.

2.5 SupF mutation assay

SupF assay was performed as previously reported (Parris and Seidman, 1992; Sekimoto
et al., 2010). The pSP189 plasmid DNA (50 pg) dissolved in 1 ml of TE buffer (10 mM
Tris [pH 7.5], 1 mM EDTA) was irradiated with 200 J/m” UV in a sterile plastic 60 mm
tissue culture dish. The plasmid DNA was then precipitated with ice-cold ethanol,
redissolved in TE buffer, and transfected into the indicated cells using Lipofectamine
2000 (Invitrogen). After 48 hr, the plasmid DNA was isolated, and mutation frequency

of supF was determined as described (Choi and Pfeifer, 2005).

3. Results
WRN is relocated to the nucleoplasm in an NBS1-dependent manner

WS cells show sensitivity to several types of DNA damage induced by 4NQO, UV,
CPT, MMC, and etoposide, suggesting that the product of the WRN gene might play an
important role in the DNA damage response. As several DDR factors are known to be

recruited to DNA damage sites and form discrete nuclear foci, we investigated the



relocation of WRN following several types of DNA damage (Fig 1A). WRN is confined
to the nucleoli without DNA damage, but WRN relocated from nucleoli to the
nucleoplasm following treatment with y-ray, bleomycin, hydroxyurea (HU), CPT, and
etoposide, and formed discrete minute foci. y-ray, bleomycin, and etoposide induce
DNA DSBs directly, but HU and CPT lead to different types of DNA damage,
suggesting that WRN may respond to several types of DNA damage. Thus far,
relocation and focus formation of WRN are suggested to be the late events (4 h or later
after DNA damage) in DDR; however, we observed these events at 1 hour after
treatment with y-ray and CPT treatment (Fig. 1B and Supplementary Fig. 1). Cheng et
al. reported that late focus formation of WRN is dependent on NBSI following
irradiation (Cheng et al., 2004). We investigated whether these early response events of
WRN requires NBS1. NBSI-defective NBS cells did not exhibit formation of
chromatin-associated WRN foci following the treatment with y-ray (Fig. 1B).
Although approximately 80% of normal cells showed WRN focus formation following
exposure to y-rays, WRN focus formation was seen in less than 5% of NBS cells
(Supplementary Fig. 2). NBS cells also showed a defect in WRN focus formation after
CPT treatment (Supplementary Fig.1). Furthermore, WRN interacted with NBS1
without and with irradiation (Fig. 1C and Supplementary Fig. 3). These results suggest
that the interaction of WRN with NBS1 is important for the early focus formation of
WRN in response to DNA damage. Moreover, WRN-defective WS cells formed
IR-induced foci of NBS1, y-H2AX, MDCI1, and phospho-DNA-PKcs, which responses

occur at early times after irradiation (Fig. 1D). Collectively, our results indicate that the
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relocation and focus formation of WRN might be a secondary or later event that occurs

in an NBS1-dependent manner.

N-terminus of NBS1 is required for the interaction with WRN and DNA
damage-dependent phosphorylation of WRN

WRN has been reported to be phosphorylated by ATM/ATR in response to
DNA damage (Pichierri et al., 2003). NBS1 is a regulator of ATM kinase in the
DSB-induced response; hence, we speculated that the NBS1-dependent focus formation
of WRN is essential for its phosphorylation in response to DNA damage. As WRN
phosphorylation leads to reduced mobility of WRN bands in western blot analysis, we
tested for WRN phosphorylation in NBS cells by Western blot analysis (Fig. 2A). Wild
type cells showed reduced mobility of WRN bands at 1 and 4 hours after exposure to 5
Gy of y-ray indicating phosphorylation of WRN. However, WRN was not
phosphorylated in NBS and AT cells. Further, anti-pS/pTQ antibody, which can detect
ATM/ATR dependent phosphorylations by Western blot or immunoprecipitation
analysis, immunoprecipitated WRN protein as well as SMC1, which is known to
contain S/TQ motifs phosphorylated by ATM (Supplementary Fig. 4A), and the ATM
inhibitor KU55933 repressed DNA damage-induced phosphorylation of WRN
(Supplementary Fig. 4B), suggesting that WRN could be phosphorylated in an
ATM/NBS1-dependent manner. As the S/T-Q motif can also be phosphorylated by
DNA-PK, we also examined the contribution of this kinase. Treatment with a

DNA-PK inhibitor (NU7026) did not influence the band mobility (phosphorylation) of
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WRN following IR, although non-irradiated cells also showed WRN phosphorylation
(Supplementary Fig. 5). Thus, DNA-PK may not contribute to IR-induced WRN
phosphorylation.

To dissect the WRN-NBSI interaction further, we investigated the interaction
of endogenous WRN with exogenous mutated NBSI by immunoprecipitation.
Wild-type NBS1 (MRC and Full) was co-immunoprecipitated with WRN by anti-NBS1
antibody, but NBS1 with mutation in the FHA domain did not associate with WRN (Fig.
2C). NBS1, with deletion of both MRE11-binding and ATM-interaction motifs (R2),
interacted with WRN. Further, NBS1, mutated at the BRCT domain, also interacted
with  WRN. Moreover GST-tagged N-terminal NBSI fragment could
co-immunoprecipitate endogenous WRN, but C-terminal NBS1 fragment could not
(Supplementary Fig. 6). Collectively, our results indicated that the FHA domain of
NBS1 might be important for the interaction with WRN. Furthermore, NBS cells
expressing NBS1, mutated in the FHA domain, did not show IR-dependent
phosphorylation of WRN (Fig. 2D), suggesting that the interaction of WRN with NBS1
through its FHA domain contributes to WRN phosphorylation. As both phosphorylation
and focus formation of WRN are induced by DNA damage, we investigated whether the
phosphorylation of WRN contributes to its focus formation. However, ATM-deficient
AT cells showed WRN focus formation, and caffeine, an inhibitor of ATM and ATR did
not abolish WRN focus formation (Fig. 2E). Taken together, these results indicate WRN
focus formation might not require its phosphorylation and WRN may be phosphorylated

after recruitment (focus formation) to the DNA damage site.
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WRN functions in the S phase-dependent DNA damage response.

WS cells show increased sensitivity to several DNA damaging agents such as 4NQO,
UV, CPT, MMC, and etoposide. These agents induce different types of DNA damage
that can stall DNA replication forks and this stalling could cause y-H2AX formation in
an ATR-dependent manner (Stiff et al., 2005). Spontancous DNA damage could also
stall DNA replication and induce such y-H2AX formation (Bartkova et al., 2005). WS
cells showed an increase in y-H2AX formation without irradiation as compared to
WRN-complemented cells (Fig. 3A). WRN-knockdown cells also show an increase in
v-H2AX without and with DNA damage, while WRN-knockdown did not influence the
expression of H2AX (Supplementary Fig. 10). These results suggest that WS cells may
be unable to repair replication-coupled DNA damage. Moreover, WRN focus formation
after etoposide treatment was detected only in the S phase, but this was not observed in
G1 phase cells, although phophorylated DNA-PKcs foci were observed in G1 phase
cells only (Fig. 3B; Chen et al., 2005). We also confirmed that etoposide treatment
could induce y-H2AX foci in both GO/G1 phase (PCNA-negative: 89.4%) and S phase
(PCNA-positive: 64.9%) cells (Supplementary Fig. 7). Collectively, these results
indicate that WRN may function in DNA replication (S phase)-dependent damage
response. Recently, it has been known that TLS is important to maintain genomic
integrity to circumvent S phase-dependent damage. As poln, one of the TLS
polymerases, forms nuclear foci at S phase-dependent DNA damage sites (Watanabe et

al, 2004; Sekimoto et al., 2010), we investigated the focus formation of poln, with or
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without UV irradiation (Fig. 3C and Supplementary Fig. 8A). In agreement with the
results of Fig. 3A, WRN-knockdown cells showed an increase in poln focus formation
with or without DNA damage. Focus formation of Radl8, which is important for
activation of TLS pathway (Watanabe et al, 2004), also increased in WS cells compared
to normal cells (Fig. 3D and Supplementary Fig. 8B). Although we cannot completely
rule-out the possibility that increased focus formation in WS cells reflects inhibition,
rather than activation, of TLS pathways, WS cells increased polymerase m-related
mutation rates (Fig. 3E). We also confirmed that these mutations did not contain large
deletion by sequence analysis (data not shown). These results suggest that WRN may
function in the S phase-dependent DNA damage response, particularly in a fashion that

restrains the TLS pathway.

WRN might mediate translesion DNA synthesis via its interaction with PCNA

As TLS is known to be activated by mono-ubiquitination of PCNA by Rad18 (Lehmann
20006), the results of Fig. 3CDE suggest that WRN has a functional interaction with
PCNA. Upon immunoprecipitation with anti-WRN antibody without CPT treatment,
PCNA was co-precipitated (Fig. 4A). But this interaction disappeared after CPT
treatment, although CPT could induce DNA replication-dependent damage including
DSBs through the generation of SSBs. However, this interaction increased in NBS cells
without damage, and the dissociation of PCNA from WRN decreased [the decrease ratio

for interaction; normal: 0.49 and NBS: 0.71] (Fig. 4B), while the expression of PCNA
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was unchanged after DNA damage in both normal and NBS cells (Supplementary Fig.
9AB). Immunoprecipitation with an anti-PCNA antibody also showed similar results in
NBS cells at 8 hours after CPT treatment (Supplementary Fig. 9C). hMREI1-deficient
AT-LD cells, which also exhibit remarkable decreases in NBS1 expression, showed no
dissociation of PCNA from WRN after CPT treatment (Supplementary Fig. 9D).
Collectively, NBS1 might be important for this dissociation. Furthermore, we examined
the interaction between PCNA and Rad18 by co-immunoprecipitation (Fig. 4C). Rad18
did not interact with PCNA in normal cells without DNA damage, but after CPT
treatment, interaction with PCNA was observed. In agreement with this, PCNA was
mono-ubiquitinated in normal cells after CPT treatment (Fig. 4D). Surprisingly, WS
cells exhibited association of Rad18 with PCNA and PCNA mono-ubiquitination with
and without CPT treatment (Fig. 4C). Additionally, WRN-knockdown cells also
showed mono-ubiquitination of PCNA at higher levels with and without CPT treatment
(Supplementary Fig. 10).  Moreover, decreases in total WRN at both 1 and 4 hours
after 10 Gy of y-irradiation were observed in normal lymphoblastoid cells
(Supplementary Fig 11A). These results suggest that the interaction of WRN with
PCNA may regulate the interaction between PCNA and Radl8 and its
mono-ubiquitination, and TLS. However, WRN did not show any direct physical
interaction with Radl18 (Supplementary Fig. 9A), suggesting that WRN might not
regulate the activity of Rad18 directly. Further, Fig. 4D shows that the amount of WRN
decreased after DNA damage probably because of degradation. Protease inhibitor

MG132 treatment attenuated this degradation following IR (Supplementary Fig. 11B).
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However, in both AT and NBS cells, which did not exhibit DNA damage-dependent
phosphorylation of WRN (Fig. 2A), also did not show WRN degradation after DNA
damage (Fig. 4E). Furthermore, treatment with the ATM inhibitor (KU-55933)
abolished this degradation (Fig. 4F) and NBS1-knockdown cells exhibited similar
results (supplementary Fig. 12A). Moreover, these NBS and AT cells did not show
clear ubiquitination of PCNA after CPT treatment (Supplementary Fig. 12B). As NBS
cells are defective in DSB repair and could accumulate spontaneous DNA damage,
spontaneous ubquitination of PCNA in WS cells might not be due to an accumulation of
spontaneous DNA damage. These results suggest that ATM/NBS1-dependent WRN
phosphorylation may be important for its degradation. Taken together, these data
indicated that WRN might participate in TLS pathway through its interaction with

PCNA and its degradation.

4. Discussion

Here, we show that WRN responds to S phase-dependent DNA damage and
forms discrete nuclear foci. This focus formation is dependent on interaction with NBS1,
and is important for the phosphorylation of WRN. Furthermore, this
ATM/NBS1-dependent WRN phosphorylation might lead to WRN degradation in
response to DNA damage. WRN forms DNA damage-dependent foci only during S
phase and WS cells showed increases in poln and Rad18 focus formation. Furthermore,

PCNA dissociates from the WRN complex after DNA damage in an NBS1-dependent
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manner. Moreover, WS cells showed an increase in the interaction between PCNA and
Rad18 and spontaneous mono-ubiquitination of PCNA. Taken together, our results
indicate that WRN could participate in the repressive regulation to
PCNA/Rad18-dependent TLS through its interaction with PCNA and its
phosphorylation/degradation in an S phase-dependent DNA damage pathway (Fig. 5).
WRN protein possesses several SQ/TQ motifs that can be phosphorylated by
ATM, DNA-PK, or ATR in response to DNA damage (Matsuoka et al., 2007; Pichierri
et al., 2003). We also showed that WRN was phosphorylated at SQ/TQ motif site(s) in
an ATM/NBS1-dependent manner (Fig. 2A and Supplementary Fig. 4AB), which is
corroborated by Pichierri’s report showing that WRN was phosphorylated in response to
DNA -replication-related damage by CPT, HU, or UV and that this phosphorylation was
attenuated in ATM or ATR-deficient cells (Pichierri et al., 2003). Furthermore, we
found that wild type cells showed a decrease in WRN protein following DNA damage,
but neither AT nor NBS cells did (Fig. 4DEF and Supplementary Fig. 12A).
Furthermore, the protease inhibitor MG132 attenuated this decrease (Supplementary Fig.
11B), suggesting that DNA damage-dependent decrease of WRN is due to its
degradation and ATM/NBS1-dependent phosphorylation of WRN might be important
for this to occur. Several lines of evidence indicate a relationship between
ATM/ATR-dependent phosphorylation of substrate proteins and degradation of the latter.
Hdmx, human homologue of Mdm2, is phosphorylated by ATM following DNA
damage, and this phosphorylation is responsible for its poly-ubiquitination and

degradation in response to DNA damage (Pereg et al., 2005). Further, the E3 Ubiquitin
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Ligase COP1 is degraded in an ATM-dependent manner after IR and this degradation is
mediated by its ATM-dependent phosphorylation and poly-ubiquitination (Dornan et al.,
2006). Furthermore, both phosphorylation and degradation of hEXO1 in response to
replication fork stalling is controlled by ATR, and mutation of hEXOI1 at its
phosphorylated sites abrogates ATR-dependent degradation (El-Shemerly et al., 2008).
These facts suggest that the degradation of WRN could be also mediated by its
ATM/ATR-dependent phosphorylation.

Thus far, it was known that WRN protein interacts with PCNA and DNA
polymerase & (Cheng et al., 2007). Electron microscopy revealed that WRN binds to
DNA templates containing replication forks (Compton et al., 2008), suggesting that
WRN participates in the regulation of DNA replication and may stabilize stalled forks.
However, it was recently reported that WRN stimulates the extension activity of TLS
Poln, Polk, and polt in vitro and, WRN and poln colocalized at UV laser
micro-irradiated sites (Kamath-Loeb et al., 2007). These findings suggest that WRN has
a positive role in TLS. However, Fig. 3 shows that Werner cells exhibit increased focus
formation of Rad18 and Poln, indicating active TLS, without DNA-damaging treatment.
Furthermore, Fig. 4 also suggested that WRN represses spontaneous
mono-ubiquitination of PCNA, which regulates the switching of DNA polymerase to
TLS pols, through its interaction with PCNA and might play a repressive role to TLS
pathway, which could lead to somatic mutations. Namely, WRN might contribute to
repression of somatic mutations through regulation of switching to TLS pols and

prevention of mismatched base pair accumulation. On the other hand, it was reported
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that deficiency of Msh2 or Msh6, which could lead to accumulation of mismatched base
pairs, showed chromosome aberration containing breaks, and that both deficiency of
mismatch repair and HR repair caused chromatid breaks (Campbell et al., 2006; Vernole
et al., 2009). As WRN has also been reported to play a possible role in HR pathway,
the combination of mismatched base pair accumulation through un-regulated TLS and
abnormal HR regulation may lead to reported genomic deletions in WS cells (Chen et al,
2003; Saintigny et al., 2002). Moreover, the functional interaction of WRN and
Rad18/PCNA, shown in Fig. 4, is supported by a report indicating that the sensitivities
of WRN(-/-)/RAD18(-/-) double-knockout DT-40 cells to both 4NQO and MMS was
almost the same as those of RAD18(-/-) cells (Dong et al., 2007).  However, Cheng et
al. recently reported that WRN is required for ATM activation and S phase checkpoint
in response to interstrand cross-link-induced DNA damage (Cheng et al., 2008),
suggesting the role of WRN in S phase-dependent cell cycle checkpoint.  Therefore,
it might be very important to investigate the detailed role of WRN in both S
phase-checkpoint and translesion synthesis and the possible ramifications of these roles

in preventing tumorigenesis.
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Figure Legends

Figure 1. NBS1-dependent WRN focus formation in response to DNA damage. (A)
Formation of WRN foci in response to several DNA-damaging agents. HeLa cells
were treated by several DNA-damaging agents as indicated. After 4 hours, cells were
fixed and immuno-staining was performed using anti-WRN antibody. (B) Formation
of WRN foci in NBS cells after DNA damage. Normal (NBS1-complemented) and
NBS cells were treated by IR (5 Gy of y-ray). After 1 hour, their cells were fixed and
immuno-staining was performed using anti-WRN antibody. (C) Physical interaction of
WRN with NBS1. Extracts from normal and NBS lymphoblastoid cells, harvested at 30
minutes after 10 Gy of IR, were immunoprecipitated with anti-WRN antibody and the

immuno-complexes was detected by Western blot analysis. (D) Focus formation of

20



several DNA damage response factors in WS cells. WS cells were treated by IR (5 Gy
of y-ray). After 30 minutes, their cells were fixed and immuno-staining was

performed.

Figure 2. NBSI1 interacts with WRN and contributes to ATM-dependent WRN
phosphorylation. (A) ATM/NBSI1-dependent phosphorylation of WRN. Normal
(MRC5), NBS and AT fibroblast cells were irradiated with 5 Gy of y-rays. These cells
were harvested at the indicated times after IR and analyzed by Western blot using
anti-WRN antibody. Phosphorylated WRN was detected as the slower-migrating band.
(B) Schematics showing protein structure and design constructs of NBS1. MBD
means hMrell-binding domain and AIM means ATM-interacting motif. NBS1-R2
mutant truncates C-terminus (670aa-754aa), FHA-2D mutant substitutes both Gly27
and Arg28 to Asp and BRCT-2D mutant substitutes both Lys150 and Val 151 to Asp.
These mutated NBS1 were generated and used in (Sakamoto et al., 2007; Tauchi et al.,
2001). (C) Interaction of NBS1 with WRN through the FHA domain. NBS cells,
expressing each mutated NBS1 construct, was harvested at 30 minutes after 10 Gy of IR
and then were immunoprecipitated with anti-NBS1 antibody and the
immuno-complexes was detected by Western blot analysis. (D) WRN phsophorylation
was investigated in the NBS cells, expressing FHA-truncating NBS1 or wild type NBS1
(Full) by Western blot analysis. (E) Formation of WRN foci in ATM-deficient cells.
AT or HeLa cells were treated by CPT (1 uM). After 1 hour, their cells were fixed and

immuno-staining was performed using anti-WRN antibody. +caffeine: pre-treatment
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by 1 mM caffeine.

Figure 3. WRN responds to S phase-dependent DNA damage. (A) IR-induced
activation of ATM-related pathway. WS and normal cells were irradiated by 5 Gy of
y-ray. These cells were harvested at 0.5 hour after IR and analyzed by Western blot
using indicated antibodies. (B) S phase-dependent WRN focus formation. Normal
primary fibroblasts (TIG-3) were incubated in low serum media for 48 hours and then
stimulated to proliferate by exchanging with high serum media (Fukami et al., 1995).
After then, these cells were treated by etoposide (30 uM) for 4 hours and
immuno-staining was performed using anti-WRN and anti-phospho-DNA-PKcs
(T2609) antibodies. Gl: at 2 hours after serum stimulation. S: at 12 hours after
serum stimulation.  (C) Formation of poln foci in WRN-knockdown cells.
GFP-poln-expressing HeLa cells were transfected by WRN siRNA. After 2 days,
their cells were treated by UV (20 J/m®). After 4 hour, their cells were fixed and the
focus formation of GFP-poln-was observed and counted under a fluorescent microscope.
(D) Formation of Rad18 foci in WS cells after CPT treatment. Normal (48BR) and
WS cells were treated by CPT (2 uM). After 4 hour, their cells were fixed and
immuno-staining was performed using anti-Rad18 antibody and Radl8 foci-positive
cells were counted under a fluorescent microscope. (E) supF mutant frequency in WS
cells. UV-irradiated or un-irradiated pSP189 was transfected into normal (48BR) and
WS cells. After 48 hours, replicated pSP189 was recovered from cells, and supF

mutant frequencies were determined as described in Material and Methods.
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Figure 4. WRN interacts with PCNA and might contribute to translesion synthesis.
(A)(B) Physical interaction of WRN with PCNA. The extracts from normal or NBS
lymphoblastoid cells, harvested at indicated times after 10 Gy of y-ray (A) or at 1 h after
1 uM of CPT treatment (B), were immunoprecipitated with anti-WRN antibody or
normal rabbit 1gG, and then the immuno-complexes was detected by Western blot
analysis. Ratios about immunoprecipitated PCNA were calculated to each un-treated
sample by Image] software. (C) DNA damage-dependent interaction between PCNA
and Rad18. The extracts from normal (48BR) or WS cells, harvested at 1 hour after 1
uM of CPT treatment, were immunoprecipitated with anti-Rad18 antibody, and then the
immuno-complexes was detected by Western blot analysis. Ratios of
immunoprecipitated PCNA were calculated to un-irradiated sample (normal cells) by
Image] software. (D) Spontaneous ubiquitination of PCNA in WS cells. Normal
(48BR) and WS cells were treated by 5 Gy of y-ray or 1 uM of CPT. These cells were
harvested at the indicated times after DNA damage and analyzed by Western blot using
anti-PCNA antibody. Ubiquitinated PCNA was detected as the delayed band (Ub).
Ratios of ubiquitinated PCNA were calculated to un-irradiated sample (normal cells) by
ImageJ software. (E)(F) DNA damage-dependent degradation of WRN. Normal, AT,
and NBS lymphoblastoid cells (E) or 48BR cells (F) were treated by 1 uM of CPT.
These cells were harvested at the indicated times after CPT treatment and analyzed by
Western blot using anti-WRN antibody. Ratios were calculated to each un-irradiated

sample by Image] software. Arrow: WRN protein, *: non-specific bands. ATM
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inhibitor: pre-treatment of KU-55933 [10 uM, 1 hour] (Hickson et al., 2004).

Figure 5 WRN participates in the regulation of PCNA mono-ubiquitination and
subsequent TLS through interaction with PCNA. WRN is phosphorylated by
ATM/NBS1 in response to DNA damage and this phosphorylation leads to a
degradation of WRN. PCNA is released from WRN complex following WRN
degradation and then could be mono-ubiquitinated by Radl8/Radé6.

Mono-ubiquitination of PCNA activates translesion DNA synthesis.
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