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Double strand breaks (DSBs) are the most serious type of DNA damage. DSBs can be generated directly by
exposure to ionizing radiation or indirectly by replication fork collapse. The DNA damage tolerance path-
way, which is conserved from bacteria to humans, prevents this collapse by overcoming replication
blockages. The INO80 chromatin remodeling complex plays an important role in the DNA damage

[<€yW0Td§i ) response. The yeast INO80 complex participates in the DNA damage tolerance pathway. The mechanisms
::I\l;g;rgatm remodeling regulating yINO80 complex are not fully understood, but yeast INO80 complex are necessary for efficient

proliferating cell nuclear antigen (PCNA) ubiquitination and for recruitment of Rad18 to replication forks.
DNA damage tolerance . . . .
PCNA In contrast, the function of the mammalian INO80 complex in DNA damage tolerance is less clear. Here,
we show that human INO80 was necessary for PCNA ubiquitination and recruitment of Rad18 to DNA
damage sites. Moreover, the C-terminal region of human INO80 was phosphorylated, and overexpression
of a phosphorylation-deficient mutant of human INOS80 resulted in decreased ubiquitination of PCNA
during DNA replication. These results suggest that the human INO80 complex, like the yeast complex,
was involved in the DNA damage tolerance pathway and that phosphorylation of human INO8O was
involved in the DNA damage tolerance pathway. These findings provide new insights into the DNA dam-
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DNA repair

age tolerance pathway in mammalian cells.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

DNA in living cells is highly vulnerable to endogenous and envi-
ronmental damage. If damage to DNA is not repaired accurately,
the damage may cause mutations, which can promote aging or lead
to cancerous cells. Double strand breaks (DSBs) are the most seri-
ous type of DNA damage. Defects in DSB repair lead to genomic
instability and tumorigenesis.

DSBs can be generated directly by exposure to ionizing radia-
tion or indirectly by replication fork collapse. Bulky adducts, such
as UV-induced cyclobutane pyrimidine dimers, in template DNA
present a barrier to inhibit DNA synthesis by blocking the major
eukaryotic replicative polymerases, including DNA polymerase 3.
Therefore, during DNA replication, unrepaired DNA damage may
inhibit the progression of replication forks, and this inhibition
may be converted to more severe secondary damage, such as DSBs
[1]. Recently, it has become clear that cells, from bacteria to
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human, possess postreplication repair (PRR) to overcome such rep-
lication blockages [2].

In Saccharomyces cerevisiae, RAD6 and RAD18 are two of the
most important genes involved in PRR, and mutation of either gene
results in hypersensitivity to UV light and loss of UV-induced
mutagenesis [3]. Rad6 is an ubiquitin-conjugating enzyme (E2)
[4]; Rad18 is an ubiquitin-ligating enzyme (E3), and the interaction
between Rad6 and Rad18 is essential for PRR [5,6]. Proliferating
cell nuclear antigen (PCNA), which is a DNA polymerase sliding
clamp involved in DNA synthesis and repair, is ubiquitinated in a
Rad6- and Rad18-dependent manner, and monoubiquitination of
PCNA is necessary for translesion DNA synthesis by polymerase 7
in yeast cells [7,8].

The genes responsible for PRR are highly conserved throughout
evolution. Human PCNA is also monoubiquitinated in a RAD18-
dependent manner at stalled replication forks by UV-induced
lesions [9,10]. These findings indicate that the basic mechanism
of PRR is conserved from yeast to mammals.

The INO80 chromatin complex is involved in DNA repair. Geno-
mic DNA is generally folded and packaged along with histones as
chromatin in nuclei of eukaryotes, but highly condensed chromatin
presents a barrier against access of DNA repair proteins to sites of
DNA damage. Histone modifications and ATP-dependent chroma-
tin remodeling are the major mechanisms that alter chromatin
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structure, and both are important for DNA damage responses and
DNA repair [11]. The yeast INO80 (yINO80) chromatin remodeling
complex is recruited to DSBs via direct interaction of the Nhp10 or
Arp4 subunits with phosphorylated H2A, and yINO8O participates
in DNA end processing in homologous recombination (HR) repair
[12-14]. We previously reported that the mammalian INO80 com-
plex is recruited to sites of DNA damage in an ARP8-dependent
manner, and this mechanism of recruitment differs from that of
the yeast INO80 complex [15].

The mechanisms regulating yINO80 complex are not fully
understood, but yINO80 complex are necessary for efficient PCNA
ubiquitination and for recruitment of Rad18 to replication forks
[16]. On the other hands, whether mammalian INO80 complex
function in DNA damage tolerance remains unknown.

Here, we demonstrate that hINO80, core component of hINO8O
complex, is involved in ubiquitination of PCNA. Additionally, the C-
terminal region of hINO80 was phosphorylated, and this phosphor-
ylation was necessary for the DNA damage tolerance pathway.

2. Materials and methods
2.1. Cell culture

HelLa cells and HEK293T cells were grown at 37 °C in Dulbecco’s
Modified Eagle Medium (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (Invitrogen), 2 mM L-glutamine (Invit-
rogen), and 1% penicillin streptomycin (Invitrogen) in a 5% CO,
environment.

2.2. Antibodies

A monoclonal antibody against mammalian INO80 was ob-
tained from Biomatrix Research Inc. (Chiba, Japan). Mouse anti-
PCNA (sc-56) was purchased from Santa Cruz Biotechnology.
Mouse anti-Rad18 (3H7) was purchased from Abnova (Taipei city,
Taiwan). Mouse anti-FLAG M2 was purchased from Sigma Aldrich
(St. Louis, MO). Mouse anti-GAPDH (ab8245) was purchased from
Abcam (Cambridge, UK). HRP-conjugated goat anti-mouse IgG,
and Alexa Fluor 488 goat anti-mouse IgG were purchased from
Invitrogen.

Plasmid construction, transfection, Western blot analysis,
immunofluorescent staining, A-phosphatase treatment, and Cell
cycle synchronization. These methods are as described in the
Supplementary information.

Both sequences of primers and siRNA sequences used in this
study were described as tables in the Supplementary information.

3. Results
3.1. Human INO8O is involved in PCNA ubiquitination

PCNA is ubiquitinated in a RAD6- and RAD18-dependent man-
ner, and ubiquitination of PCNA is essential for PRR in many
eukaryotes [7-10]. Previous studies showed that the yeast INO80
complex participates in the DNA damage tolerance pathway [16].
However, whether the mammalian INO80 complex also partici-
pates in this pathway is still unknown. To elucidate the cellular
functions of hINO80, we treated HeLa cells with a non targeting
control (NC) siRNA or with a specific hINO80 siRNA that resulted
in approximately 70% knockdown of hINO80 protein expression
(Fig. 1A). We analyzed cell-cycle distribution of siRNA-treated cells
and found no significant alteration in cell-cycle distribution of
hINO80-knockdown cells relative to control cells (Supplementary
Fig. S1).
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Fig. 1. hINOS8O is involved in PCNA ubiquitination. HeLa cells were transfected with
either non-targeting control (N.C.) siRNA or hINO80 targeting siRNA and cultured
for 72 or 96 h. (A) Whole-cell lysates of these cells were analyzed for hINO80
expression using Western blotting. PCNA expression was also analyzed as a loading
control. (B) Whole-cell lysates of these cells were analyzed for PCNA ubiquitination
using Western blots. The long exposure of Western blotting was conducted to
visualize PCNA ubiquitination. (C) HeLa cells were transfected with control or
hINO8O targeting siRNA. Forty-eight hours after the first transfection, these cells
were transfected with empty vector or with the hINO80 expression construct and
cultured for 48 h. PCNA ubiquitination was analyzed on Western blots of whole-cell
lysates of these cells.

To investigate whether hINO8O is necessary for activation of the
primary step in DNA damage tolerance pathway, we examined
PCNA ubiquitination following depletion of hINO80 using siRNA.
The long exposure of Western blotting visualized ubiquitinated
PCNA which was high molecular weight (Fig. 1B). Depletion of
hINO8O significantly reduced PCNA ubiquitination (Fig. 1B). To ex-
clude the possibility that the reduction of PCNA ubiquitination was
an off-target effect of siRNA, we performed rescue experiments by
expressing exogenous hINO8O0. Expression of exogenous hINO80
rescued PCNA ubiquitination following hINO80 depletion by siRNA
(Fig. 1C). Taken together, these results indicate that hINO8O is
important for efficient PCNA ubiquitination.
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3.2. Human INOS8O is necessary for recruitment of Rad18

Previous studies indicate that PCNA is monoubiquitinated in a
RAD18-dependent manner in both yeast and mammalian cells
[7-10]. In S. cerevisiae, the yINO80 complex is required for efficient
recruitment of Rad18, which initiates the PCNA ubiquitination
pathway [16]. In mammalian cells, UV irradiation induces relocal-
ization of RAD18 in the nucleus, such that RAD18 co-localizes with
PCNA [10]. To investigate expression and localization of Rad18 fol-
lowing depletion of hINO80, we treated HelLa cells with hINO80
siRNA or with non-targeting control siRNA. Western blot analysis
of these cells revealed that there was not a marked difference in
expression of RAD18 protein (Fig. 2A). Immunostaining using
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Fig. 2. hINOSO is necessary for recruitment of RAD18 to site of DNA damage. HeLa
cells were transfected with control or hINO80 targeting siRNA and cultured for 48 h.
The cells were treated with 30]J/m? UV, and then cultured for 2 h. (A) RAD18
expression was analyzed on Western blots of whole-cell lysates. (B) These cells
were fixed with MeOH for 15 min. After permeabilization and a blocking procedure,
the fixed cells were stained with anti-RAD18 antibody (green) (C) The nuclear dots
intensity of RAD18 was quantified with IMAGE ] software. In each type of cell, 50
cells were randomly chosen, and the mean value of RAD18 immunofluorescence in
the nuclei was quantified. Box plot showed the quantification of the nuclear dots
intensity of RAD18. The dot intensity was defined as maximum value of intensity. *P
value <1074,

anti-RAD18 antibody after UV irradiation revealed that siRNA-
mediated depletion of hINO80 expression significantly reduced nu-
clear dots intensity of RAD18 (Fig. 2B and C). These results suggest
that hINO8O is required for efficient recruitment of RAD18 that ini-
tiates PCNA ubiquitination at sites of DNA damage.

3.3. The C-terminal region of hINO80 is phosphorylated

Previous studies indicate that multiple protein modifications,
such as phosphorylation, ubiquitylation, and acetylation, play an
important role in signal transduction that activate the DNA dam-
age response which includes cell cycle arrest, cell cycle checkpoint
activation, DNA repair, or apoptosis [17]. In S. cerevisiae, the les4
subunit of the yINO80 complex is phosphorylated by Mec1 and
Tell, and the yINO80 complex is involved in checkpoint response
[18]. Recently, a comparison between mammalian and yeast
INO80 complexes revealed that these complexes possess both con-
served subunits and several non-conserved subunits [19]. Interest-
ingly, the Ies4 subunit of yINO80, which functions in checkpoint
activation, is not present in the mammalian INO80 complex [18].
Based on several mass spectrometry studies, hINO80 core subunit
is subject to post-translational modification [20,21]; therefore, we
analyzed post-translational modification of hINO80. Western blot-
ting with the anti-hINO80 antibody showed a faint minor band
which was migrating faster than main band in Fig. 3A. As this band
was not always clearly visible in western blot analyses, the appear-
ance of the minor band might be due to a non-specific interaction
of the antibody. To determine whether endogenous hINO80 was
phosphorylated, we treated total cell extract with A-phosphatase.
Phosphatase treatment altered migration of hINO80 toward
decreasing its molecular weight (Fig. 3A). This result suggests that
endogenous hINO8O is phosphorylated.

To confine a region of hINO80 was subject to phosphorylation,
we transfected 293T cells with constructs that each encoded a
different FLAG-tagged hINO8O deletion mutant (Fig. 3B). Western
blot analyses revealed that there were two forms of the hINO8O
C-terminal segment (Fig. 3C). To verify that these two different
forms of the hINO80 C-terminal segment resulted from differences
in phosphorylation, we transfected 293T cells with the construct
that encoded the FLAG-tagged C-terminus of hINO80 and treated
total cell extract from these cells with A-phosphatase. Following
phosphatase treatment, only one form of the hINO80 C-terminus
was detected. This form of the hINO80 C-terminus seemed to cor-
respond to the faster migrating form, suggesting that hINOS80
C-terminus is phosphorylated (Fig. 3D).

Based on several mass spectrometry studies, the candidate
phosphorylated sites in hINO8O are Ser 1490, Ser 1512, Ser 1516,
and Thr 1550. These residues are located in the C terminal domain
of hINO8O0 [20,21]. None of these phosphorylation sites have been
functionally characterized. We made four phosphorylation-defec-
tive mutant FLAG-tagged C-terminal hINO80O constructs (PM1,
PM2, PM3, PM4). In each mutant, Thr and/or Ser residues at
phosphorylation sites were replaced with Ala residues (Fig. 3E).
To analyze phosphorylation status of these hINO80 mutants, we
transfected 293T cells with individual mutant constructs. Western
blot analysis shows that there were two bands which are migrating
close together in the each lane of PM3 and PM4 (Fig. 3F). These two
bands were also visible in the lane of PM1. Although we currently
do not have any further information on the nature of these two
bands, we would like to continue characterization using a 2D-
electrophoresis analysis. Cells expressing PM1 or PM2 had a slower
migrating form of the protein. These slower migrating proteins
were not observed in extracts from cells expressing PM3 or PM4
(Fig. 3F). These finding suggest that the hINO80C-terminus was
subject to phosphorylation at either Ser 1512 or Ser 1516.
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Fig. 3. C-terminal region of hINO8O is phosphorylation. (A) Whole-cell lysates of HEK293T cells were treated with r-phosphatase, and analyzed for hINO80 expression by

Western blotting. (B) Schematic diagrams of human INO80 full-length protein and t!

he constructed fragments used in this study. (C) HEK293T cells were transfected with one

of three constructs encoding a hINO80 deletion mutant and cultured for 48 h. Whole-cell lysates of these cells were analyzed for expression of the each hINO80 fragment by
Western blotting. (D) HEK293T cells were transfected with an expression construct encoding the C-terminal region of hINO80 and cultured for 48 h. Whole-cell lysates of
these cells were treated with A phosphatase, and analyzed for expression of the hINO80 C-terminal fragment by Western blotting. (E) Schematic diagrams of phosphorylation-

defective mutants of the hINO80 C-terminus used in this study. (F) HEK293T cells
lysates of these cells were analyzed for expression of the each hINO80 fragment b;

3.4. The phosphorylation of hINOS8O is involved in DNA damage
tolerance

Recent study suggests that RAD18 is phosphorylated by CDC7,
and this phosphorylation promotes recruitment of DNA polymer-
ase 7 to stalled replication forks [22]. Therefore, it is believed that
the regulation of phosphorylation is important not only for the DSB
repair pathway, but also for PPR pathway. To investigate whether
phosphorylation of the hINO80 C-terminus is necessary for effi-
cient ubiquitination of PCNA, we created a construct that encodes
hINO80 in which Ala was substituted for all 4 residues (PM-
hINO80). To compare expression of hINO80 and PM-hINO80, we
transfected 293T cells with the FLAG-tagged hINO80 or FLAG-
tagged PM-hINO8O construct. Western blot analysis revealed that
there was not a marked difference in expression of hINO80 and
PM-hINOS8O (Supplementary Fig. S2A).

To determine whether phosphorylation of the hINO80 C-termi-
nus was necessary for ubiquitination of PCNA during DNA replica-
tion, we synchronized the cell cycle by hydroxyurea (HU). We
synchronized the cell cycle of HEK293T cells transfected with
FLAG-tagged hINO8O or FLAG-tagged PM-hINOS8O; these cells were
released from the induced G1/S-phase arrest using drug-free med-
ium. These cells were harvested once every hour and processed for
flow cytometry or for Western blotting. FACS analysis indicated
that there was not a marked difference between cells that overex-
pressed hINO80 and those that overexpressed PM-hINO80 while
they underwent DNA replication following removal of HU (Supple-
mentary Fig. S2B). We next investigated PCNA ubiquitination in
cells that overexpressed hINO80 or PM-hINO80. PCNA ubiquitina-
tion was lower in cells that overexpressed PM-hINO8O than in
those that overexpressed hINO80 (Fig. 4A). This result suggests
that phosphorylation of the hINO80 C-terminus was necessary
for efficient PCNA ubiquitination during DNA replication.

were transfected with one of these mutant constructs and cultured for 48 h. Whole-cell
y Western blotting.

PCNA ubiquitination is essential for PRR, and defects in the PRR
cause an increase in the amount of DSB during DNA replication [1];
therefore, we next investigated the accumulation of the phosphory-
lated form of H2AX (a marker of DSB formation, YH2AX) during DNA
replication. In PM-hINO80-overexpressing cells, YH2AX accumulation
was enhanced after release from HU (Fig. 4B). This finding indicated
that hINO80 was involved in the DNA damage tolerance pathway
and that this function of hINO80 was regulated by phosphorylation.

4. Discussion
4.1. Human INO8O is involved in the DNA damage tolerance pathway

Previous findings indicate that human INO80 is indirectly and di-
rectly involved in DNA repair. Mammalian INO8O facilitates HR-
mediated DSB repair via expression of RAD51 and XRCC3 genes
[23]. We previously reported that the mammalian INO80 complex
is recruited to DNA damage sites in ARP8 dependent manner. This
isan example of direct involvement of INO80 complex in DNA repair.

Human INO80 seems to be directly involved in PCNA ubiquiti-
nation. Here, we demonstrated that hINO80 is involved in ubiqui-
tination of PCNA (Fig. 1B and C). However, expression of RAD18
protein, the enzyme that catalyzes ligation of ubiquitin to PCNA,
was minimally affected by hINO8O depletion (Fig. 2A). Depletion
of hINO8O0 expression significantly reduced nuclear dots intensity
of RAD18 (Fig. 2B and C). This finding supports the hypothesis that
hINOB8O is directly related to PCNA ubiquitination. PCNA is ubiqui-
tinated in a RAD6- and RAD18-dependent manner, and monoubiq-
uitination of PCNA is essential for translesion synthesis by DNA
polymerase 1 in both human and yeast cells [7-10]. Our study
shows that hINO80 was necessary for PCNA ubiquitination during
DNA replication. Thus, our findings indicated that the INO80 com-
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Fig. 4. Phosphorylation of hINO80 is involved in DNA damage tolerance, HEK-293T cells were transfected with pcDNA3.1 hINO80 or the PM-hINO80 expression construct and
cultured for 48 h. The cells were exposed to 300 uM hydroxyurea (HU) for 14 h, released into drug-free medium for 8 h, exposed again to HU for 14 h again, and then released
again. (A) PCNA ubiquitination was analyzed on Western blots of whole-cell lysates from these cells. (B) Expression of YH2AX was analyzed on Western blots of whole-cell
lysates from these cells; PCNA expression was also analyzed as a loading control on these blots.

plex was involved in the DNA damage tolerance pathway in human
cells as well as in yeast cells.

Yeast INO8O is necessary for efficient recruitment of Rad18 to
replication forks. Although it is unknown whether chromatin
remodeling activity of the yINO80 complex is necessary for recruit-
ment of Rad18, chromatin remodeling activity is necessary for
PCNA ubiquitination [16]. Here, expression of RAD18 protein was
not clearly affected by hINO80 depletion, but depletion of hINO80
significantly reduced RAD18 nuclear dots (Fig. 2). We could not de-
tect an interaction between hINO80 and RAD18 (data not shown).
Interestingly, a previous study revealed that hINO8O co-localizes
with PCNA during the S phase, but not in an ATPase mutant of
hINO8O [24]. These findings raise the possibility that access of
RAD18 to DNA damage sites may require alteration of chromatin
structure via the chromatin remodeling activity of hINO8O0.

Human INO80 promotes the removal of UV lesions via the
nucleotide excision repair (NER) pathway [25]. During G1 phase,
NER is the primary pathway that removes damage introduced into
cellular DNA by UV and by a variety of chemical carcinogens. How-
ever, some lesions such as UV-induced cyclobutane pyrimidine di-
mers (CPDs) are repaired slowly by NER; consequently, unrepaired
lesions can persist in DNA during DNA replication. Replicative DNA
polymerases have very high fidelity and a stringent requirement
for undamaged bases in their active sites. Therefore, almost all
DNA lesions block progress of the replication fork. The DNA dam-
age tolerance pathway plays an important role in overcoming such
replication blockages, and this pathway is conserved from bacteria
to humans. Our results could indicate that hINO8O is involved in
the DNA damage tolerance pathway. This study and other studies
suggest that hINO80 was a multifunctional protein that contrib-
uted to genome stability via multiple functions and during several
cell cycle phases. In fact, previous studies indicate that the persis-
tent depletion of hINO8O0 results in aneuploidy and structural chro-
mosome abnormalities [24].

4.2. Phosphorylation of human INO80 chromatin remodeling complex

Here, we successfully characterized the role of hINO80 phos-
phorylation for the first time. The les4 subunit of the S. cerevisiae
INO80 complex is phosphorylated by Mecl and Tell, and the
yINO80 complex is involved in checkpoint responses [18]. The
lIes4 subunit, which participates in checkpoint activation in yeast,
is not present in the mammalian INO80 complex [19]. In humans,
phosphorylation of hINO8O protein, a core subunit of the complex,
may correspond to phosphorylation of the les4 subunit in the

yINO80 complex. Our study indicated that phosphorylation of a
chromatin remodeling complex was necessary for the DNA damage
tolerance pathway. These results revealed the importance of post-
translational modification of a chromatin remodeling complex in
this process. Phosphorylation-dependent alterations are occurring
in the activation of the hSWI/SNF chromatin remodeling complex
[26,27]. This study and other studies suggest that the chromatin-
modifying complexes themselves, as well as histones, are also reg-
ulated by post-translational modification.

4.3. Phosphorylation-dependent regulation of hINO80

We show that phosphorylation of hINO8O0 is necessary for PCNA
ubiquitination (Fig. 4A). However, the kinase that phosphorylates
hINO80 was not identified. The regulation via phosphorylation is
important in the DNA damage tolerance pathway. RAD18 is phos-
phorylated by CDC7, and this phosphorylation promotes efficient
recruitment of polymerase m to stalled replication forks [22].
S/T-P and S/T-Q are phosphorylation motifs for the Cdc7 kinase
[28]. Our results also suggests that Ser1512 and Ser1516 of hINO80
are phosphorylated (Fig. 3), and that these residues are the S/T-P
motif for Cdc7 phosphorylation. These findings support the
hypothesis that CDC7 is the kinase that phosphorylates hINO80
in the DNA damage tolerance pathway.

Despite the established clinical importance of the DNA damage
tolerance pathway in preventing human carcinogenesis [29,30],
details of this pathway are not well characterized. Here, we dem-
onstrate that hINOS8O is involved in the DNA damage tolerance
pathway and that phosphorylation plays an important role in the
pathway. These findings may contribute to the prevention of hu-
man carcinogenesis in the future.
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