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Abstract

H2AX is an important factor for chromatin remodeling to facilitate accumulation of DNA damage-related proteins at DNA
double-strand break (DSB) sites. In order to further understand the role of H2AX in the DNA damage response (DDR), we
attempted to identify H2AX-interacting proteins by proteomics analysis. As a result, we identified nucleolin as one of
candidates. Here, we show a novel role of a major nucleolar protein, nucleolin, in DDR. Nucleolin interacted with y-H2AX
and accumulated to laser micro-irradiated DSB damage sites. Chromatin Immunoprecipitation assay also displayed the
accumulation of nucleolin around DSB sites. Nucleolin-depleted cells exhibited repression of both ATM-dependent
phosphorylation following exposure to y-ray and subsequent cell cycle checkpoint activation. Furthermore, nucleolin-
knockdown reduced HR and NHEJ activity and showed decrease in IR-induced chromatin accumulation of HR/NHEJ factors,
agreeing with the delayed kinetics of y-H2AX focus. Moreover, nucleolin-knockdown decreased MDC1-related events such
as focus formation of 53 BP1, RNF168, phosphorylated ATM, and H2A ubiquitination. Nucleolin also showed FACT-like
activity for DSB damage-induced histone eviction from chromatin. Taken together, nucleolin could promote both ATM-
dependent cell cycle checkpoint and DSB repair by functioning in an MDC1-related pathway through its FACT-like function.
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damage response [1,2]. Tamburini and Tyler showed that
acetylation of histone H3 and H4 increased at HO endonucle-
ase-generated DSB sites in yeasts, and also showed that the histone
acetyltransferases Genb and Esal were recruited to these damage

Introduction

DNA double-strand breaks (DSBs) are often generated in
genomic DNA upon exposure to ionizing radiation, DNA

damaging agents such as bleomycin and neocarzinostatin, or
due to the stalling or collapse of DNA replication forks. As
unrepaired DSBs induce genome instability and promote apopto-
sis or tumorigenesis, cells recognize DSBs immediately, allow
DNA repair factors to access DSBs and then activate DNA repair
mechanisms. However, eukaryotic genomic DNA is organized into
stable chromatin structures comprised of higher-order folding and
condensed nucleosomes. As this stable structure impedes access of
DNA-modifying factors for replication, transcription and repair,
cells have evolved various mechanisms to mark and modify the
chromatin landscape, including histone modifications and local
recruitment of chromatin remodeling factors before activation of
DNA-modifying machinery. Likewise, in order to promote access
of DNA repair factors to DNA damage sites, both modifications of
histones and remodeling of chromatin structure are required.
Although histones undergo different kinds of modification such
as methylation, acetylation and phosphorylation, several reports
suggest a tight relationship between histone acetylation and DNA
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sites [3]. Downs and his colleagues also reported that Arp4,
a subunit of NuA4 HAT (histone acetyltransferase) complex, is
recruited to HO endonuclease-induced DSB sites and interacts
with phosphorylated H2A directly [4]. In addition, Ikura et al.
reported that the human homolog of NuA4 HAT, Tip60, interacts
with and acetylates histone H2AX, and also showed that
acetylation of histone H2AX increased in response to DSB
damage, and dominant-negative Tip60-expressing Hela cells
exhibit attenuated DSB repair following IR [5,6]. Also, we
reported previously that acetylation of histone H2A is indispens-
able for DNA damage-induced focus formation and homologous
recombination (HR) repair [7]. Furthermore, chromatin remodel-
ing factors such as INO80 and SWI/SNF appear to be important
for the DNA damage response. The yeast Ino80 and Swrl
chromatin-remodeling complexes interact with the phosphorylated
form of histone H2AX (YH2AX) and facilitate DSB repair [8-10].
Wu and his colleagues showed that knockdowns of human INO80
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or a binding partner, YY1, increased cellular sensitivity toward
DNA-damaging agents, and that both INO80 and YY1 are
essential for HR repair [11]. Downregulation of Brgl, a compo-
nent of human SWI/SNF1 complex, results in inefficient DSB
repair and increased DNA damage sensitivity [12]. Thus, these
and additional reports suggest that both histone modification and
chromatin remodeling are important for the maintenance of
genomic stability in the face of both endogenous and exogenous
DNA damage.

Recently, histone ubiquitination has emerged as an important
event in the DNA damage response (DDR). Histone H2A and its
variant H2AX are both ubiquitinated by RNF8 and RNF168 E3
ligase, in a MDC1 (mediator of DNA damage checkpoint 1)-
dependent manner, following generation of DSBs [13-15]. This
ubiquitinated H2A/H2AX recruits HR-related factors such as
RAP80, Abraxas and BRCAI, leading to activation of HR
machinery [16]. MDC1 was identified as a binding partner for the
hMRE11/hRAD50/NBS1 (MRN) complex and contains a fork-
head-associated (FHA) domain and two BRCAI carboxy-terminal
(BRCT) domains [17]. The binding of MDC1 to y-H2AX through
its tandem BRCT domains is important for its recruitment and
accumulation at DSB sites, which, in turn, facilitates activation of
ATM-dependent cell cycle checkpoint and HR repair [18].
Furthermore, MDCI is phosphorylated by ATM in response to
DSB damage and this phosphorylation is responsible for the
recruitment and accumulation of RNF8 and RNF168 to DSB sites
[19]. These facts indicate that MDCI1 is an important regulatory
factor for histone H2A ubiquitination in the DNA damage
response and might function in chromatin remodeling in response
to DNA damage through histone ubiquitination.

H2AX 1s one of the variants of histone H2A and comprises 2—
25% of the H2A complement in mammalian chromatin. As
previously reported by us, H2AX is rapidly phosphorylated at
Serine139 in an ATM-dependent manner at the sites of DSBs [20]
and phosphorylated H2AX (y-H2AX) interacts with NBSI,
MDC1 and BRCALI, thereby promoting their accumulation at
DSB sites [21,22]. Hence, H2AX-deficient cells are defective in
the formation of DSB-induced nuclear foci of several DNA
damage-related (DDR) proteins such as NBS1 [22-24]. We also
reported that this phosphorylation of H2AX contributes to the
activation of ATM kinase [24]. Besides phosphorylation, histone
H2AX is subject to other modifications such as acetylation,
methylation, and ubiquitination. As mentioned above, acetylation
and ubiquitination of H2A/H2AX are important for accumula-
tion of DDR proteins and subsequent initiation of HR repair.
Furthermore, y-H2AX is also important for the recruitment of
chromatin remodeling factors such as yeast Ino80 to DSB sites by
direct binding through its phosphorylation site [9]. These facts
suggest that H2AX is one of the key regulators of chromatin
remodeling via its phosphorylation on serinel39. In order to
define the H2AX-dependent chromatin remodeling pathway, we
attempted to identify components of the y-H2AX complex which
forms at DSB sites using GST-pull-down assays coupled with
proteomics analysis. As a result, we identified nucleolin as
a candidate of H2AX-interacting protein and investigated its role
in DDR. Nucleolin accumulated into DSB damage sites in H2AX-
dependent manner. Depletion of nucleolin by siRNA reduced
accumulation of several DDR proteins and resulted in reduction of
ATM-dependent cell cycle checkpoint and DSB repair. Nucleolin
also seemed to be responsible for MDCI-dependent histone
ubiquitination and other MDC1-related responses. Thus, nucleo-
lin could be important for H2AX/MDC1-related DNA damage
responses, and we discuss this novel function of nucleolin in DSB
damage response and chromatin remodeling.
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Results

Identification of Nucleolin as an H2AX-associated Protein

In order to identify proteins that bind to H2AX, especially
phosphorylated H2AX (y-H2AX), we designed GST-fused H2AX
and GST-fused phospho-mimic H2AX, whose serine at position
139 is substituted to glutamic acid. These recombinant proteins
were used to “pull down” possible associating proteins from
nuclear extracts of irradiated HeLa cells. Candidate H2AX-
interacting proteins were identified by peptide Mass fingerprint
analysis (Fig. SI1A). One of the identified proteins was the
approximately 100 kDa nucleolar protein, nucleolin (Fig. 1A and
S1B). Nucleolin has RNA binding activity and is important for
protein translation processes [25]. Recently, it was reported that
nucleolin physically interacts with Rad51 and Replication Protein
A (RPA) and contributes to the tumor repressor function of p53
[26-28], suggesting that nucleolin may be an important player in
the DSB damage response. We first confirmed whether nucleolin
is actually part of the GST-H2AX-pulldown complex (Fig. 1B).
Phospho-mimic  H2AX'  (S139E) precipitated nucleolin from
nuclear extracts, but unexpectedly, wild type H2AX also pulled
down nucleolin. Remarkably NBS1 was also co-precipitated by
phospho-mimic H2AX from nuclear extract of irradiated cells. As
nucleolin has been reported to interact with histone H2A [25], we
also tried GST-H2A-pulldown assay (Fig. SIDE). We noticed that
the band patterns of precipitated proteins were different between
GST-H2A and GST-H2A-S139E around 100 kDa (* in Fig. S1D),
but Western blot analysis showed that GST-H2A precipitated
similar amount of nucleolin to GST-H2AX (Fig. S1E). We next
examined the endogenous interaction between nucleolin and 7y-
H2AX. Anti-nucleolin antibody co-precipitated y-H2AX and the
NHE] repair factor, KU70 from irradiated cells (Fig. 1C), while
another major ribosomal protein S6 did not interact with neither
v-H2AX nor Ku70 (Fig. S1C). Anti-y-H2AX antibody also
preferably precipitated nucleolin from irradiated cell extracts
(Fig. 1D). As KU70/KU80 complex are rapidly recruited to DSB
ends, this result indicates that nucleolin might interact with y-

H2AX at DSB sites.

Nucleolin Accumulates at DNA Damage Sites in an H2AX-

dependent Manner

As a large number of DDR proteins recruited to DNA damage
sites can be visualized as nuclear “foci”, we investigated the focus
formation of nucleolin following generation of DNA damage
(Fig. 2A). As nucleolin is a nucleolar protein, almost all GFP-
nucleolin is confined to the nucleoli in the absence of DNA
damage. DNA damage induction by camptothecin (CPT) and
etoposide did not induce nuclear focus formation of nucleolin, but
triggered its relocation from nucleoli to the nucleoplasm. We also
examined the re-localization of endogenous nucleolin by immu-
nofluorescence using anti-nucleolin antibody, but failed to observe
focus formation in response to y-rays, CPT, or etoposide (data not
shown).

Although several DDR proteins, such as the NHE]J protein
Ku70/80, are recruited to DSB sites, their recruitment cannot be
visualized as nuclear foci, perhaps because they are localized closer
to the DSB and are not spread out over megabases of chromatin as
with y-H2AX [29]. In these cases, their recruitment to DSB sites
could be visualized using the laser micro-irradiation method
[30,31]. Therefore, we investigated whether nucleolin is recruited
to DNA damage sites induced by laser micro-irradiation. Upon
irradiation of nucleoplasm with 405 nm of laser, GFP-nucleolin
relocated rapidly to the irradiated area (Fig. 2B). However, micro-
irradiation of the nucleolus did not trigger relocation to irradiated
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Figure 1. Identification of nucleolin as a y-H2AX-interacting
protein. (A) phospho-mimic GST-H2AX (H2AXS139E) pulls down
several proteins including nucleolin from the nuclear extract of
irradiated Hela cells. Proteins were visualized by silver staining. (B)
Pull-downed proteins from the nuclear extract of irradiated or un-
irradiated Hela cells were visualized by Western blot. Nucleolin was
precipitated by both H2AX and H2AX (S139E), but NBS1 was
precipitated by H2AX (S139E) from irradiated extract only. (C and D)
Nucleolin interacts with y-H2AX. Extracts from normal lymphoblastoid
cells were immunoprecipitated with anti-nucleolin antibody (C), anti-y-
H2AX antibody (D) or normal rabbit IgG, and then the immuno-
complexes were detected by Western blot analysis using indicated
antibodies.

doi:10.1371/journal.pone.0049245.g001

area (Fig. S2A). As nucleolin was identified as an H2AX-binding
protein, we examined if H2AX is required for this recruitment.
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Figure 2. Nucleolin accumulates at DSB damage sites. (A) GFP-
nucleolin is confined into nucleolus without DNA damage and diffuses
to nucleolpasm after DNA-damaging treatment (CPT 1 uM; etoposide
1 uM) in Hela cells. (B) GFP-nucleolin is rapidly recruited to DNA
damage sites induced by laser micro-irradiation in U20S cells.
Accumulation of GST-nucleolin into irradiated area is indicated by
yellow arrowheads. (C) Detection of nucleolin accumulation around DSB
damage sites by ChIP. After transfection of I-Scel plasmids in Hela-
DRGFP cells to generate DSBs, the accumulation of y-H2AX, nucleolin,
hMRE11 around DSBs were analyzed by ChIP analysis using specific
antibodies.

doi:10.1371/journal.pone.0049245.9g002

H2AX (+/+) MEFs showed rapid recruitment to irradiated area,
but H2AX (—/—) MEFs did not display such recruitment (Fig.
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S2B). Introduction of H2AX-WT to H2AX (—/—) MEFs restored
the recruitment of nucleolin to irradiated area, but mutated H2AX
(S139A) did not (Fig. S2C). Thus, H2AX and its phosphorylation
are important for the recruitment of nucleolin to DSBs. Recently,
Chromatin-immunoprecipitation (ChIP) has been extensively and
effectively used to investigate the recruitment and accumulation of
DDR factors to DSB sites [32]. ChIP analysis revealed that
nucleolin as well as hMREI1 and y-H2AX accumulate around
DSB sites in both HeLla and MRC5SV cells (Fig. 2C and S2E).
Take together, these results indicate that nucleolin can be
recruited to DNA damage sites and may function in the DNA
damage response.

Nucleolin is Required for ATM-dependent Cell Cycle
Checkpoint Implementation

In order to clarify the role of nucleolin in DDR, we designed
siRNA targeting human nucleolin, which effectively reduced the
expression of nucleolin protein (Fig. S3A). Although we identified
nucleolin as an H2AX-interacting protein, U20S cells with
knockdown of nucleolin showed normal y-H2AX foci formation
after irradiation (Fig. 3A and S3B). MDC1, NBS1 and MREI1
also showed normal focus formation following irradiation. Very
interestingly, focus formation by phosphorylated-ATM was re-
duced in nucleolin-knockdown U20S cells (Fig. 3AB and S3C),
and similar results were observed in HeLa cells (Fig. S3D). As
auto-phosphorylation of ATM is known to regulate its kinase
activity and subsequent cell cycle checkpoints, we interrogated the
nucleolin-depleted cells for defects in ATM-mediated DNA
damage responses. Nucleolin-depleted 48BR and MRC5SV cells
exhibited reduced ATM auto-phosphorylation and reduced
phosphorylation of its substrates SMC1, NBSI1, p53, Chk2,
RPA34, DNA-PKcs and y-H2AX, but depletion of nucleolin did
not influence the expression of their proteins (Fig. 3C and S4AB).
A different nucleolin siRNA (nucleolin siRNA2) also remarkably
reduced nucleolin and repressed the phosphorylation of ATM and
SMC1 (Fig. S4C), suggesting that the results in Figures 3C and
S4A are not due to off-targets effects of the siRNA being used.
Furthermore, nucleolin-knockdown abrogated G2 checkpoint
after irradiation, although accumulation in G2 phase was observed
12 hours after irradiation of control cells with 10 Gy of IR (Fig.
S4D). Furthermore, formation of 53BP1 foci following IR was also
repressed in nucleolin-knockdown cells (Iig. 3AB and S3CD),
although ATM-deficient AT cells can still form 53BP1 foci in
response to IR [33]. Probably, nucleolin could participate in
ATM-dependent DSB damage responses and independent-DSB
responses such as 53BP1 focus formation.

Deficiency in DNA Damage Response Upon Nucleolin
Knockdown is not Due to its Nucleolar Function
Nucleolin forms a complex with nucleophosmin and this
complex functions in nucleolus formation and ribosomal RNA
(rRNA) synthesis [25]. Besides, recent reports suggest that
nucleophosmin (B23) is important for translocation of pl19ARF
in response to DNA damage [34]. Hence, we investigated whether
repression of nucleophosmin by siRNA causes effects similar to
nucleolin knockdown. siRNA-mediated depletion of nucleophos-
min did not affect the formation of 53BP1 foci after irradiation
(Fig. 4A), contrary to the abrogation of 53BPl foci seen after
nucleolin knockdown (Fig. 3AB). ATM-dependent phosphoryla-
tion was also not influenced by nucleophosmin knockdown
(Fig. 4B), suggesting that the defective DNA damage responses
in nucleolin-depleted cells are independent of its binding partner,
nucleophosmin. As nucleolin is also important for rRNA synthesis,
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we also evaluated whether a deficiency in rRNA synthesis might
abrogate ATM-related DNA damage responses (Fig. 4C). Treat-
ment of mammalian cells with low concentrations of actinomycin
D (0.02 mg/ml) repressed rRNA synthesis [35], but this treatment
did not change the phosphorylations of ATM, SMCI1, p53 and
H2AX (Fig. 4C). Taken together, nucleolin could play a role in the
DNA damage response due to a specific novel function, which is
distinct from its role in nucleolus formation and rRNA synthesis.

Nucleolin Could Participate in DNA Double-strand Break
Repair

DNA double-strand break repair is very important for cell
survival after the induction of DSBs. DSB repair involves two
major pathways, NHE] and HR. In order to elucidate the role of
nucleolin in DSB repair, we first examined the interaction of
nucleolin with DSB repair factors. Fig. 5A shows that anti-
nucleolin antibody co-precipitated important HR factors, RPA34
and NBSI, suggesting a role of nucleolin in the HR pathway. We
also estimated the importance of nucleolin in HR activity using
a GFP-based HR reporter system [36] after siRNA-mediated
knockdown of nucleolin (Fig. 5B). The generation of DSB by
expression of I-Scel restriction enzyme induced approximate 8%
of GFP-positive cells wia HR repair pathway, but nucleolin
repression by siRNA decreased this activity by about half. As
NBS1 is important factor for HR repair, NBS1-deficient NBS cells
also show a low frequency of GIFP-positive cells (approximate 2%;
Fig. 5B). Repression of nucleolin in NBS cells did not further
decrease this HR frequency, suggesting that nucleolin could
function for HR repair in an NBS1-related pathway. Importantly,
IR-induced focus formation of HR factors such as Rad51 and
BRCA1 was also reduced in nucleolin-depleted cells (Fig. 5C and
S5A). Resection of DSB ends is one of critical initial reaction for
HR repair pathway, and this resection reaction could be visualized
by RPA34 focus. When we observed the focus formation of
RPA34 following irradiation, formation of RPA34 focus was
repressed in nucleolin-depleted cells (Figure 5D and S5C).
Reduction of RPA34 phosphorylation in nucleolin-depleted cells
(Fig. 3C) also supports the role of nucleolin in HR repair.
Although nucleolin is also important for transcription and
translation, the repression of nucleolin did not change the
expressions of HR factors (Fig. S5B), indicating that nucleolin
could participate in HR machinery directly, perhaps by facilitating
the initial resection and subsequent recruitment/accumulation of
key HR proteins such as RPA, Rad51 and BRCAI at DSB sites.

As nucleolin interacts with KU70 (Fig. 1C), we also examined
NHE] activity using a GFP-based NHE]J reporter system [37].
Fig. 5B shows that the generation of DSB by I-Scel induced
approximately 6% of GFP-positive cells vza NHE] repair pathway,
but the repression of nucleolin reduced this activity, suggesting
that nucleolin might also contribute to NHE] repair partially. As
these results suggest the contribution of nucleolin to both HR and
NHE]J repair pathways, we estimated the deficiency of DSB repair
in nucleolin-deficient cells using y-H2AX foci as a surrogate
marker for DSBs (Fig. 5E and S5D). At 15 minutes after exposure
to 2 Gy of y-ray, more than 90% of both control and the deficient
cells showed y-H2AX foci, but after 6 hours, most control cells
exhibited diminished y-H2AX foci. However, nucleolin-deficient
cells retained y-H2AX foci after 6 hours, indicating attenuated
DSB repair. Similar results were obtained when NBSI foci were
used to quantify DSBs (Fig. S5E). Taken together, these results
indicate that nucleolin is important for DNA double-strand break
repair.

November 2012 | Volume 7 | Issue 11 | e49245



MDC1

A y-H2AX

control

nucleolin
siRNA

L2]
2100 ——
8 phospho-ATM
2
.‘u;;
(=]
o
w
3 L
£
£
< 50
]
=
o
w
(=]
=
=%
°
4]
o
O
g U_I-:
f-'_j IR (-) 15 min 3 hr 6 hr
o 2 Gy
100
@
E 53BP1
2 L
8 I
Py -
=2
Q
L
~ 50
o
3]
[32]
wn
kS
(]
[=)]
ko)
5] I
S
&
R 15min 3 hr 6 hr
2 Gy

Wi e
s 2% ' w, q
EL " Gl
b i T y

B c

Nucleolin Participates in DNA Damage Response

phospho-ATM

NBS1

53BP1

nucleolin siRNA control
IR5Gy () 05 4 () 05 4hr
nucleolin | = —
phospho-ATM - L] P/
pSMC1 o ey —
(PS966) -.-\ -
s | M
NBST | e i W e
p53-pS15 e — —— —
ps3 |
: :
PRPA34 | " - -
TH2AX | - - - - g .
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doi:10.1371/journal.pone.0049245.9003

Nucleolin is Required for MDC1-dependent Chromatin

Modification and Histone Eviction
As most of DDR factors are recruited to DNA damage sites via
their association with chromatin, we examined the chromatin

PLOS ONE | www.plosone.org

association of key DDR proteins following irradiation and the
effect of nucleolin knockdown on the process. HR factors, Rad51,
RPA34 and RPA70 in control cells accumulated into chromatin
fraction at 4 hours after 5 Gy of irradiation, while they did not
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show chromatin association without DNA damage (Iig. 6A).
However, nucleolin-depleted cells did not accumulate Rad51 and
RPA with or without DNA damage. ATM and the NHE]J factor,
KU80 also showed a similar deficiency (Fig. S6A). They
accumulated into chromatin fraction in control cells after
irradiation, but depletion of nucleolin abrogated these accumula-
tions, in agreement with the deficiency of DNA-PK auto-
phosphorylation and ATM-dependent phosphorylation in knock-
down cells (Fig. 3C and S4A). Recent reports have shown that

PLOS ONE | www.plosone.org

ubiquitination of histone H2A/H2AX is important for DSB
damage response, particularly HR repair pathway [19]. Hence, we
examined H2A ubiquitination-related pathway in nucleolin-de-
pleted cells. Nucleolin knockdown decreased both ubiquitination
of H2A and y-H2AX and focus formation of RNF168 E3 ligase
(Fig. 6B and S6C), which is responsible for H2A/H2AX poly-
ubiquitination. MDC1 is important for accumulation of RNF8/
RNF168 to DNA damage sites, but IR-induced chromatin
association of MDC1 was also reduced (Fig. S6C). Furthermore,
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cells were transfected by nucleolin siRNA. After 2 days I-Scel expression plasmid were introduced to these cells by electroporation and analyzed by
flowcytometer. Open column: control, closed column: nucleolin siRNA. (C, D and E) U20S cells were transfected by nucleolin siRNA or negative
control siRNA, and after 2 days these cells were irradiated by 5 Gy of y-ray. After indicated times, their cells were fixed and immuno-staining was
performed using anti-Rad51 antibody (C), anti-RPA 34 antibody (D) or anti-y-H2AX antibody (E). Then, percentages of foci-positive cell were counted
under fluorescence microscope. Open column: control, closed column: nucleolin siRNA.

doi:10.1371/journal.pone.0049245.9g005
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Figure 6. Nucleolin contributes to MDC1-dependent damage responses and histone eviction. (A) Nucleolin is required for IR-induced
accumulation of HR factors into chromatin fraction. U20S cells were transfected by nucleolin siRNA. After 2 days, these cells were irradiated by 10 Gy
of y-ray and were harvested at indicated times after IR. Nucleoplasm (nuclear sup) and chromatin extracts were prepared as described in Materials
and Methods, and analyzed by Western blot using indicated antibodies. (B) Nucleolin is required for RNF168 focus formation. U20S cells were
transfected by nucleolin siRNA or negative control siRNA, and after 2 days these cells were irradiated by 5 Gy of y-ray. After 30 minutes, their cells
were fixed and immuno-staining was performed using indicated antibodies. (C) Nucleolin interacts with MDC1. Extracts from normal lymphoblastoid
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cells were immunoprecipitated with anti-MDC1 antibody or normal rabbit IgG, and then the immuno-complexes were detected by Western blot
analysis using anti-nucleolin antibody. (D) IR-induced histone release to nucleoplasm was abolished by depletion of nucleolin. U20S cells were
transfected by nucleolin siRNA. After 2 days, these cells were irradiated by 10 Gy of y-ray and were harvested at indicated times after IR. After
preparation of nucleoplasm (nuclear sup) and chromatin, histone proteins in nucleoplasm were analyzed by Western blot.

doi:10.1371/journal.pone.0049245.g006

Fig. 6C shows the physical interaction of nucleolin with MDCI1.
These results suggest that nucleolin is important for MDC1-
dependent H2A/H2AX ubiquitination pathway. H2B ubiquitina-
tion was also reduced in the knockdown cells (Fig. S6C), although
this ubiquitination is independent of MDC1-related pathway [38].

Recently, it was reported that nucleolin is required for eviction
of histone H2A/H2B complex from nucleosome through its
FACT (facilitates chromatin transcription)-like activity at tran-
scriptionally active sites [39]. We speculated that nucleolin is also
important for histone eviction following DNA damage. Control
cells showed the release of histone H2B, H3 and y-H2AX to
nucleoplasm from chromatin, but nucleolin-depleted cells exhib-
ited remarkably decreased these releases (Fig. 6D). However,
nucleolin knockdown did not influence the expression of these
histones (Fig. S6D). Taken together, nucleolin could be important
for histone eviction following DNA damage and this eviction
response may be important for MDC1-dependent H2A/H2AX
ubiquitination pathway.

Discussion

We report here that nucleolin participates in the DNA double-
strand break-induced DNA damage response, particularly via
MDC1-dependent pathway. We indentify nucleolin as an H2AX-
interacting protein and show that nucleolin can accumulate at
DSB damage sites by laser micro-irradiation and ChIP analysis
(Fig. 2 and S2). Although nucleolin might not be important for
focus formation of early factors such as y-H2AX, NBS1/MREI11
complex and MDCI1 (Fig. 3A), nucleolin could be involved in
ATM-dependent phosphorylation of its substrates (Fig. 3C and
S4AC). Furthermore, nucleolin-knockdown cells exhibited delayed
kinetics of resolution of IR-induced y-H2AX foci indicating
a deficiency in DSB repair (Fig. 5E and S5D), especially due to
a defect in the HR pathway of repair (Fig. 5BC and S5A).
Repression of nucleolin also decreased focus formation of 53BP1,
BRCAI1 and RNF168, and ubiquitination of H2A/H2AX (Fig.
3AB, 6B, S3CD and S6C). Several reports indicated that focus
formation of 53BP1, BRCAl and RINF168 are dependent on
ubiquitination of H2A/H2AX in response to DNA damage [19].
RNF8 and RNF168 E3 ligases are responsible for H2A/H2AX
mono- and poly-ubiquitination and these IR-induced accumula-
tions at DSB damage sites require MDC1 [13-15]. MDCI1 is also
important for amplification of the ATM-related pathway [18],
while repression of nucleolin reduced phosphorylated-ATM focus
and ATM-related responses (Fig. 3, S3CD and S4AC). Moreover,
MDCI1 formed a complex with nucleolin dependently on DSB
damage (Fig. 6C). Therefore, nucleolin could be responsible for
MDC1-related DNA damage responses. This thought is in
agreement with results showing that DNA damage-induced
accumulation of MDC1 to chromatin was abolished in nucleo-
lin-knockdown cells (Fig. S6C), although MDC1 focus formation
was unchanged in their cells (Fig. 3A). Nucleolin, which is known
to possess FACT-like activity through an eviction of histone H2A/
H2B complex from nucleosome at transcriptionally active sites,
was also indispensable for DNA damage-induced eviction of
histones (Figure 6D). Figure S2B suggests that nucleolin could
recruit to DSB sites in H2AX-dependent manner. Therefore, it is
suggested that histone (H2A/H2B) eviction by nucleolin, following
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its H2AX-dependent recruitment to DNA damage sites, could
facilitate MDCl-relared DNA damage response including HR
repair and ATM-mediating cell cycle checkpoint (Figure S7).

Nucleolin is a major nucleolar protein containing RNA-binding
motifs in the central region. Nucleolin is required for rRNA
processing in nucleolus and has many other diverse functions such
as transcription regulation, modulation of mRNA stability and
DNA replication and recombination [25]. Recently, it was
reported that nucleolin possesses FACT-like activities, stimulating
SWI/SNF-mediated transfer of H2A/H2B in vitro and facilitating
transcription in vitro just like FACT [39]. Hence, we hypothesize
that this activity of histone transfer may be important for the DNA
damage response. Several reports indicate that DSB damage
stimulates histone loss around DSB damage sites in both
mammalian cells and yeast using ChIP assay, and that this histone
loss is followed by DSB repair response [32,40]. Indeed, Fig. 6D
shows that histones were released from chromatin in response to
DSB damage, but depletion of nucleolin abolished these releases.
Thus, histone transfer/loss from chromatin around DNA damage
sites might be important for the nucleolin-dependent regulation of
DNA damage response and this nucleolin-dependent histone
transfer/loss may be important for stimulation of MDCI-de-
pendent DSB signaling pathway. It was also reported that
nucleolin physically interacted with HR factors such as Rad51
and RPA [26,27]. Hence, these interactions may contribute to
nucleolin-dependent regulation of HR independently of histone
release.

It has been suggested that histone modification and subsequent
chromatin remodeling is closely linked with DSB repair, partic-
ularly HR repair. We and other groups reported that Tip60-
dependent histone acetylation is important for the HR repair
pathway [7,41]. Our report showed that repression of Tip60-
dependent acetylation of histone H2A/H2AX reduced focus
formation of HR-related factors such as NBS1 and MRE11, and
led to decreases in HR activity [7]. Murr et al. reported that
a binding partner of Tip60, TRAPP-knockout mouse cells showed
a decrease in histone acetylation around DSB sites, IR-induced
focus formation of HR factors and HR activity [41]. Tsukuda and
her colleagues reported that INO80-dependent chromatin remo-
deling regulated early and late stage of mitotic homologous
recombination [40]. These facts indicate the importance of histone
modification and chromatin remodeling for HR repair, but their
relationships with NHE]J have been unclear. Recently, Ogiwara
et al. showed that CBP and p300-dependent histone acetylation
could facilitate the recruitment of KU proteins and NHE] repair
activity [42]. Moreover, the chromatin remodeling factor, ACF1
was suggested to participate in NHE] repair through initial
recruitment of KU proteins to DSB sites [43]. These reports
suggest that histone modification and subsequent chromatin
remodeling might also contribute to the control of NHE] repair.
In fact, our data showed that nucleolin interacts with KU70 in
response to DNA damage (Fig. 1C) and that nucleolin knockdown
reduced both auto-phosphorylation of DNA-PKcs and NHE]
activity (Fig. S4A and 5B). Therefore, nucleolin-dependent
chromatin remodeling might also be important for NHE]
pathway. As nucleolin contributes to ACF1-mediated nucleosome
sliding activity [39], nucleolin may participate in NHE] through
the function of ACF1 to nucleosome.
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As described above, nucleolin is one of the most abundant non-
ribosomal proteins of the nucleolus and is important for nucleolar
formation and rRNA metabolism. Hence, we investigated the
possibility that the defect in DNA damage responses for depletion
by siRNA is due to the deficiency of normal nucleoli formation in
those cells. However, both knockdown of nucleophosmin,
a binding partner for nucleolin, and repression of rRNA synthesis
by actinomycin D did not show any defect in the DNA damage
response (Fig. 4). These results suggest that the function of
nucleolin in the DNA damage response is distinct from its role in
the nucleolus. It is known that several DNA repair-related proteins
such as WRN, BLM, RECQI.4, and aprataxin mainly localizes in
the nucleolus and many DNA repair proteins are present in the
nucleolus fraction [44]. Nucleolus contains high copies of
ribosomal RNA gene (rDNA) and the maintenance of this copy
number is important for genome integrity in yeast [45,46].
Moreover, amplification of rDNA requires HR-related proteins
such as RAD52 and MREI1 [47]. These reports suggest the
importance of HR pathway for rDNA maintenance and the
existence of nucleolus-specific DNA repair mechanisms. In fact, it
was reported in vyeast that the Smc5-Smc6b complex and
sumoylated Rad52 regulate recombination repair at the ribosomal
gene locus, and that the maintenance of rDNA could be
performed by perinuclear chromosome tethering system [47].
Hence, mammalian cells may also have a specific system for rDNA
maintenance using HR. As our results show here that nucleolin
could participate in HR repair for genome integrity, nucleolin may
also contribute to the repair system for rDNA. Several observa-
tions suggest that nucleolin is up-regulated in human tumors and
overexpression of nucleolin cooperates with oncogenic mutated
Ras in transformation of rat embryonic fibroblast and human
cancers [28,48]. Therefore, it will be important to further clarify
the role of nucleolin in genome integrity and rDNA maintenance.

Materials and Methods

Cell Culture

HeLa, U20S, hTERT-immortalized human fibroblast 48BR
[49], were cultured in DMEM (Sigma) supplemented with 10%
FBS (Invitrogen) and antibiotics. H2ax —/— and H2ax +/—
mouse fibroblasts were supplied by Dr. A. Nussenzweig and were
cultured under above condition. Normal human lymphoblastoid
GM2184 [21] were cultured in RPMI (Sigma) supplemented with
10% FBS (Invitrogen) and antibiotics.

Antibodies

Phospho-ATM (S1981) mouse monoclonal and y-H2AX mouse
monoclonal antibodies (Millipore Co.), phospho-SMC1 (S966)
rabbit polyclonal and SMCI rabbit polyclonal, MDC1 rabbit
polyclonal and Phospho RPA32 (S4/S8) rabbit polyclonal
antibodies (Bethyl Laboratories Inc.), phospho-p53 (S15) mouse
monoclonal, phospho-Chk2 (T68) rabbit polyclonal antibodies
(Cell Signaling Technology), hMrell rabbit polyclonal and Nbsl
rabbit polyclonal antibodies (Novus Biologicals), and nucleolin
rabbit polyclonal and mouse monoclonal and p53 mouse mono-
clonal antibodies (Santa Cruz Biotechnology), and 53BP1 rabbit
polyclonal, BRCAI mouse monoclonal and Rad51 rabbit poly-
clonal antibodies (Merk Co.) and anti-RPA antibody (for RPA34;
Calbiochem) and anti-Ubiquitil-Histone H2A (Upstate) were used
for Western blot analysis or immuno-staining. Anti-RNF168
antibody was supplied by Dr. D. Durocher.
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SiRNA Knockdown Experiments

Sub-confluent cells, seeded culture dishes the day before, were
transfected with nucleolin siRNA (Be-Bridge International Inc.
and QIAGEN Co.) nucleophosmin siRNA (Santa Cruz Co.), or
negative control siRNA (Be-Bridge International Inc.) using
lipofectamine 2000 (Invitrogen Life Technology). After 2 days,
these cells were re-seeded in proper culture dishes. Next day, these

cells were used for Western blot or immunofluorescence, HR and
NHE]J analysis.

GST-pull-down and Mass Spectrometry Analysis

GST-fused human H2AX (wild type) was generated by insertion
of PCR product of human H2AX c¢cDNA into pGEX-2T (GE
healthcare CO). GST-fused mutated H2AX (S139E) was gener-
ated by PCR using primers containing mutations within the codon
for serine 139. Purified GST-fused proteins were used for pull-
down of interacting proteins from Hela nuclear extracts as
previously reported [21]. These candidate proteins were identified
using general peptide mass fingerprint analysis by autoFLEX
(Bruker Dartonics).

Laser Micro-irradiation

Cells were transtected with EGFP-nucleolin plasmid, supplied
by Dr. J.A. Borowiec (26). After two days, laser micro-irradiation
analysis was performed as previously described (24) using a con-
focal laser microscopy (TCS-SP5; Leica Co.).

Chromatin Immunoprecipitation (ChIP) Assay

To generate DSBs by I-Scel restriction enzyme, 1x10° HeLa-
DRGFP cells were pre-treated with 10 mM of Nu7026 (DNA-
PKecs inhibitor; Calbiochem) for 1 hour and then, 50 pg of the I-
Scel expression vector pCBASce was introduced to them by
electroporation (BIO-RAD). At 1 day after transfection, cells on
dishes were treated with 1% formaldehyde at 37 C for 10 min
followed by the addition of 0.125 M glycine, after that their cells
were harvested by a scraper. Chromatin Immunoprecipitation
assay using their harvested cells was performed previously reported
[38]. The precipitated DNA were then dissolved in 50 ml of TE
and analyzed by quantitative real-time PCR with the ABI
PRISM7500 system using Power SYBR Green PCR Master
Mix (Applied Biosystems). Primers used for detection of the I-Sce/
break site were Scel80-F (5'-CATGCCCGAAGGCTACGT) and
Scel80-R (5'-CGGCGCGGGTCTTGTA). As an internal con-
trol for normalization of the specific fragments amplified, human
GAPDH locus was amplified using whole genomic DNA with
GAPDH-F (5'-TCTCCCCACACACATGCACTT) and
GAPDH-R (5’-CCTAGTCCCAGGGCTTTGATT).

HR and NHEJ Analysis

HR and NHE] analysis was performed as previously reported
[7]. To measure the HR or NHE] repair of I-Scel-generated
DSBs, 50 pg of the I-Scel expression vector (pCBASce) was
introduced to 1000000 Hela-DRGFP (for HR), NBS-DRGFP (for
HR) or MRC5SV-pE] (for NHE]) cells cells, by electroporation
(GenePulser; BIO-RAD). To determine the amount of HR or
NHE] repair, the percentage of GFP-positive cells was quantified
by flow cytometer at 3 days after electroporation with FACAca-
libur (Becton Dickinson).

Preparation of Chromatin Fraction

The cell lysates with or without DNA damaging treatment were
fractionated into cytoplasmic solution and nuclei. Separated nuclei
was resuspended into 2 x RIPA buffer (DNA damage-treated or
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untreated cells were lysed in IP buffer (300 mM sodium chloride,
2mM EDTA, 20 mM Tris/HCl at pH7.5, 0.1% Sodium
deoxycholate, 0.2% SDS and 0.2% NP40) containing a protease
inhibitor cocktail (Roch) and sodium orthovanadate for 15 min.
Lysates (nucleoplasm fraction) were centrifuged at 20,000 xg for
30 min to remove un-soluble debris.), and remaining nuclear
pellet was resuspended in SDS sample buffer and incubated at
95°C to release the chromatin-bound proteins (chromatin fraction)
for Western blot analysis.

Supporting Information

Figure S1 Identification of nucleolin as an associating
protein with y-H2AX. (A) List of H2AX-binding protein
candidates by proteomics analysis. (B) The result of MASCOT
analysis about the band identified as nucleolin. (C) Extracts from
normal lymphoblastoid cells with or without IR (10 Gy) were
immunoprecipitated with anti-ribosomal protein S6 antibody or
normal rabbit IgG, and then the immuno-complexes were
detected by Western blot analysis using indicated antibodies.
(D)E) Pulldowns by GST-H2A or GST H2AX were carried out
from the nuclear extract of HeLa cells. Proteins were visualized by
CBB staining (D). Precipitated nucleolin was visualized by Western
blot (E). Extract: input nuclear extract only.

(TIF)

Figure $2 Nucleolin accumulates to DSB damage sites.
(A) GFP-nucleolin did not accumulate in nucleolus following laser
micro-irradiation in U20S cells. (B) Laser micro-irradiation was
performed in H2AX (+/+) or H2AX (—/—) mouse cells. Green
line: fluorescence at micro-irradiated area, Purple line: fluores-
cence at un-irradiated sites. (C) H2AX (—/—) mouse cells were
transfected by GFP-nucleolin and FLAG-H2AX (WT) or FLAG-
H2AX (S139A), and after 2 days laser micro-irradiation was
performed. (D) Expression of ectopic H2AX and its phosphory-
lation in (C) were confirmed by Western blot using anti-FLAG
antibody and anti-y-H2AX antibody. FLAG-H2AX (S139A)-
expressing cells also showed its phosphorylation, suggesting that
other SQ motifs such as serine 135) in H2AX may be
phosphorylated in response to DSB damage. (E) Detection of
nucleolin accumulation around DSB damage sites in MRC5SV by
ChIP analysis.

(TIF)

Figure S3 IR-induced focus formation of nucleolin-
knockdown cells. (A) Our designing siRNA effectively reduced
nucleolin protein in HelLa cells. (B)(C) U20S cells were transfected
by nucleolin siRNA or negative control siRNA, and after 2 days
these cells were irradiated by 5 Gy of y-ray. After 30 minutes, their
cells were fixed and immuno-staining was performed using anti-
MREI11 antibody (B) or indicated antibodies (C). phospho-ATM
(red) or 53 BP1 (green) foci-positive cell were counted and these
data are shown in Figure 3B. (D) Nucleolin-knockdown repressed
the focus formation of phospho-ATM and 53 BP1. HeLa cells
were transfected by nucleolin siRNA or negative control siRNA,
and after 2 days these cells were irradiated by 5 Gy of y-ray. After
30 minutes, their cells were fixed and immuno-staining was
performed using indicated antibodies.

(TIF)

Figure S4 Nucleolin contributes to ATM-related path-
way. MRC5SV cells (A) were transfected by nucleolin siRNA,
while U20S cells were transfected by nucleolin siRNA (B) or
nucleolin siRNA2 (QIAGEN)(C). After 2 days, these cells were
treated by 5 Gy of y-ray and were harvested at indicated times
after treatment, and analyzed by Western blot using indicated
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antibodies. (D) Nucleolin-knockdown abolished G2 checkpoint.
48BR cells were transfected by nucleolin siRNA. After 2 days,
these cells were irradiated by 10 Gy of y-ray and were fixed at
indicated times by ethanol. After staining them by propidium
1odide, the distribution of cell cycle was analyzed by flowcyt-
ometer. Blue column, Gl phase; red column, S phase; yellow
column, G2/M phase cells.

(TIF)

Figure S5 Nucleolin participates in DSB repair path-
way. U20S cells were transfected by nucleolin siRNA or negative
control siRNA, and after 2 days these cells were irradiated by 7y-
ray. Their cells were fixed and immuno-staining was performed
using anti-Rad51 and anti-BRCAL (A), anti-RPA34(C), anti-y-
H2AX (D) or anti-NBS1 (E) antibodies. Percentage of focus-
positive cells at indicated times after irradiation were counted
under fluorescence microscope. Open column: control, closed
column: nucleolin siRNA. (B) 48BR cells were transfected by
nucleolin siRNA. After 2 days, these cells were irradiated by 5 Gy
of y-ray and were harvested at indicated times after IR and
analyzed by Western blot using indicated antibodies.

(TTF)

Figure S6 Nucleolin contributes to MDCIl-dependent
damage responses. (A) IR-induced accumulation of KU and
ATM was abolished by repression of nucleolin. U20S cells were
transfected by nucleolin siRNA. After 2 days, these cells were
irradiated by 10 Gy of y-ray and were harvested at indicated times
after IR. After preparation of nucleoplasm (nuclear supernatant)
and chromatin extracts, chromatin association of KU86 and ATM
was analyzed by Western blot. (B) U20S cells were transfected by
nucleolin siRNA or negative control siRNA, and after 2 days these
cells (without irradiation) were immuno-stained using anti-
RNF168 antibody. (C)D) U20S cells were transfected by
nucleolin siRNA. After 2 days, these cells were irradiated by
10 Gy of y-ray and were harvested at indicated times after IR.
After preparation of chromatin extracts, chromatin associated
proteins were analyzed by Western blot using indicated antibodies.
Ubiquitination of H2AX was estimated with its molecular weight
using anti-y-H2AX antibody.

(TTF)

Figure S7 Nucleolin participates into MDCl-related
DNA damage responses through histone eviction. Nu-
cleolin recruits to DSB damage sites in H2AX-dependent manner
and then promotes histone eviction and subsequent histone
remodeling through binding with histone H2A/H2B. This histone
eviction and remodeling facilitates chromatin association of
MDC1 at DSB sites. As a result, MDC1-related DNA damage
responses, such as ATM-dependent checkpoint and HR repair,
are initiated.

(TIF)
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