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ABSTRACT
The Fanconi anemia (FA) pathway regulates DNA inter-strand crosslink (ICL) repair. Despite our greater
understanding of the role of FA in ICL repair, its function in the preventing spontaneous genome
instability is not well understood. Here, we show that depletion of replication protein A (RPA) activates the
FA pathway. RPA1 deficiency increases chromatin recruitment of FA core complex, leading to FANCD2
monoubiquitination (FANCD2-Ub) and foci formation in the absence of DNA damaging agents.
Importantly, ATR depletion, but not ATM, abolished RPA1 depletion-induced FANCD2-Ub, suggesting that
ATR activation mediated FANCD2-Ub. Interestingly, we found that depletion of hSSB1/2-INTS3, a single-
stranded DNA-binding protein complex, induces FANCD2-Ub, like RPA1 depletion. More interestingly,
depletion of either RPA1 or INTS3 caused increased accumulation of DNA damage in FA pathway deficient
cell lines. Taken together, these results indicate that RPA deficiency induces activation of the FA pathway
in an ATR-dependent manner, which may play a role in the genome maintenance.
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Introduction

DNA interstrand crosslinks (ICL) are DNA lesions where the
bases of opposing DNA strands are covalently linked, preventing
DNA replication fork progression. ICL are corrected by DNA
repair proteins including components of the Fanconi anemia
(FA) pathway.1,2 FA is a rare genetic disorder characterized by
bone marrow failure, congenital malformations and cancer sus-
ceptibility,3 and currently 18 FA genes have been identified
(FANC-A, -B, -C, -D1/BRCA2, -D2, -E, -F, -G, -I, -J/BRIP1, -L,
-M, -N/PALB2, -O/RAD51C, -P/SLX4, -Q/XPF, -S/BRCA1 and
–T/UBE2T).1,4-9 The FA pathway consists of 3 distinct functional
groups: the FA core complex (FANCA, B, C, E, F, G, L, M and
N), the ID complex (FANCI/FANCD2) and the downstream
effector proteins (FANCD1, J, N, O, P, Q and S). In response to
DNA damaging agents, and during S-phase of the cell cycle, ID
complex is monoubiquitinated by FA core complex, a key step in
the FA pathway.10-12 Monoubiquitinated ID complex is subse-
quently targeted into DNA repair foci containing downstream
FA proteins as well as other DNA repair proteins.2

RPA is a single-stranded DNA (ssDNA)-binding protein
complex composed of 3 subunits of p70 (RPA1), p34 (RPA2)
and p14 (RPA3), and plays an essential role in DNA replica-
tion, repair and recombination.13,14 In response to replication
stress, ATM and Rad3-related kinase (ATR) is recruited to
RPA-bound ssDNA, generated at sites of stalled DNA replica-
tion forks and subsequently activated by additional ATR regu-
lators including Rad17, Rad9 and TopBP1.15-17 Therefore, it is

widely accepted that RPA is essential for ATR-mediated DNA
damage response.

In response to various genotoxic stresses, many of the FA
proteins are phosphorylated by ATM and ATR leading to
proper cellular response to DNA damage.12,18-22 More impor-
tantly, it has been demonstrated that ATR or RPA is required
for efficient FANCD2-Ub and nuclear foci assembly following
exposure to DNA damaging agents,23 suggesting the FA path-
way intersects with ATM and ATR-mediated DNA damage
signaling.

Unexpectedly, here we found that RPA1 depletion induced
FANCD2-Ub in the absence of DNA damaging agents. Fol-
lowing acute depletion of RPA1, increased chromatin associa-
tion of FA core complex and FANCD2 nuclear foci were
observed, indicating activation of the FA pathway. Moreover,
RPA1 depletion induced phosphorylation of ATM/ATR sub-
strates, including Chk1, Chk2, Rad 17 and TopBP1 with a
concomitant increase of g-H2AX. Notably, induction of
FANCD2-Ub by RPA1 depletion was efficiently suppressed by
ATR depletion, but not ATM. Lastly, we observed that single-
stranded DNA-binding protein complex hSSB1/2-INTS3 defi-
ciency also induced FANCD2-Ub. Furthermore, depletion of
RPA1 or INTS3 induced higher level of g-H2AX in FA path-
way deficient cells. Taken together, our results suggest that
RPA1 deficiency induces activation of the FA pathway in an
ATR-dependent manner, which may contribute to protect
genome stability under replication stress.
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Results

Identification of siRNA targets inducing spontaneous
genome instability and FANCD2 –Ub

The prevention of genome instability and cancer depends on the
functions of a complex network of DNA damage response. It is
well known that FA pathway plays an essential role in ICL
repair,1,24 but more remains to be elucidated about its role in
the preventing spontaneous genome instability. To further
understand functional significance of the FA pathway in
response to spontaneous DNA damage, we aimed to determine
the level of FANCD2-Ub following depletion of gene products
that cause spontaneous genome instability. U2OS cells trans-
fected with siRNAs directed against cell cycle and DNA repair
genes were analyzed by immunoblotting using FANCD2-mono-
ubiquitination (FANCD2-Ub) and H2AX phosphorylation

(g-H2AX) as read-outs (Fig. 1 and Fig. S1). FANCD2-Ub serves
as an indicator of the FA pathway activation and g-H2AX
serves as an early marker of genomic instability. The genes tar-
geted in this study were previously demonstrated to mediate
genome stability in human cells.25 The double bands of the
FANCD2 blot correspond to FANCD2-L (monoubiquitinated
FANCD2; upper band) and FANCD2-S (non-monoubiquiti-
nated FANCD2; lower band), respectively. Notably, RPA1
depletion significantly increased the level of FANCD2-Ub
compared to that in control siRNA-transfected cells (Fig. 1A, B,
lane 2). The level of FANCD2-Ub after RPA1 depletion was cor-
related with the levels of Chk1 phosphorylation (Chk1 S345),
Chk2 phosphorylation (Chk2 T68) and g-H2AX, suggesting
that DNA damage signaling was activated after RPA1 depletion.
While RPA1 depletion induces FANCD2-Ub, we failed to
observe any significant change in FANCD2-Ub after RPA2

Figure 1. Identification of siRNA target inducing spontaneous genome instability and FANCD2-Ub. (A-B) U2OS cells were transfected with siRNAs targeting cell cycle and
DNA repair genes. 72 hr after transfection, whole-cell lysates were prepared and immunoblotted using indicated antibodies. The levels of L (monoubiquitinated) and S
(non-ubiquitinated) isoforms of FANCD2 were quantified using ImageJ software and are expressed as the L: S ratio below each sample.
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depletion (another component of the RPA complex), which may
be due to insufficient depletion of RPA2 (Fig. 1A, lane 3). Deple-
tion of BACH1 (FANCJ), PALB2 (FANCN), and Chk1 signifi-
cantly increased basal level of FANCD2-Ub (Fig. 1A, lanes 8,
11, 13), although the increases of FANCD2-Ub were much
lower than that in RPA1 depletion. TopBP1 and Cdc2 have
important roles in both DNA replication and checkpoint regula-
tion. We did not observe any significant changes in FANCD2-
Ub levels following depletion of either TopBP1 or Cdc2
(Fig. 1B, lanes 3, 5). In addition, we newly found that depletion
of Timeless (Tim1), a replisome component that is required for
efficient DNA replication,26,27 significantly increased the basal
level of FANCD2-Ub (Fig. 1B, lane 10).

RPA1 depletion induces FANCD2-Ub before the
appearance of g-H2AX

Since it has been demonstrated RPA is required for FANCD2-
Ub in response to DNA damaging agents,23 the finding that
RPA1 deficiency induced FANCD2-Ub was unexpected. To
rule out off-target effects, different siRNA duplexes against
RPA1 (RPA1 #1 and RPA1 #2) were tested for induction of
FANCD2-Ub (Fig. 2A). At 24 h after transfection, the cell cycle
profiles of RPA1-depleted cells were similar to that in control
siRNA-transfected cells (Fig. S2A, B). At later time points,
RPA1-depleted cells displayed late S and G2/M arrest. Immu-
noblotting showed that the expression of RPA1 was reduced by
more than 90% within 48 h after transfection and RPA1 deple-
tion apparently increased FANCD2-Ub (Fig. 2A, lanes 4-6).
Interestingly, while the level of FANCD2-Ub peaked at around
48 h after transfection, overall level of g-H2AX was still low at
the time (Fig. 2A and Fig. S2C), indicating relatively low levels
of DNA damage at 48h after RPA1 depletion. These results sug-
gest that FANCD2-Ub may occur during early stages of DNA
damage signaling in response to RPA1 depletion.

RPA1 depletion-induced FANCD2-Ub is dependent on FA
core complex

USP1 is a deubiquitinating enzyme of FANCD2 and PCNA,
and USP1 depletion results in elevated levels of FANCD2-Ub
and PCNA-Ub.28-31 We therefore tested if USP1 is affected in
RPA1-depleted cells (Fig. 2B). However, we did not observe
any significant differences in USP1 levels between control
siRNA and RPA1 siRNA-treated cells. Moreover, no PCNA-
Ub was detected after RPA1 depletion (Fig. 2A), suggesting
that increased FANCD2-Ub in RPA1 depleted cells was not
due to the deficiency of USP1. Contrary to this, co-depletion of
RPA1 with FANCM, a component of FA core complex,
reduced the level of FACND2-Ub in RPA1 depleted cells
(Fig. 2B, lane 5), indicating that induction of FANCD2-Ub fol-
lowing RPA1 depletion requires FA core complex.

RPA1 depletion increases chromatin association of FA core
complex

As we previously reported, chromatin localization of FA core com-
plex is required for FANCD2-Ub.32,33 We next examined chroma-
tin localization of FANCA, a component of FA core complex, by

using biochemical cell fractionation (Fig. 3A). The “S (Sup)” frac-
tion contains cytoplasmic and nucleoplasmic proteins, and the “P
(Ppt)” fraction contains proteins bound to nuclear structure (eg.
chromatin and nuclear matrix proteins). In RPA1- depleted cells,
slightly increased level of FANCA was detected in the chromatin
fraction compared to control siRNA-treated cells (Fig. 3B, compare
lanes 1, 2 with lanes 3, 4), indicating increased chromatin associa-
tion of the FA core complex in response to RPA1 depletion. As a
positive control, treatment with mitomycin C (MMC), an ICL-
inducing agent, displayed increased amount of FANCA and
FANCD2-Ub in the chromatin fraction (Fig. 3B, lanes 5, 6). To fur-
ther examine the chromatin localization of FA core complex after
RPA1 depletion, Flag-tagged FANCL, a component of FA core
complex, was ectopically expressed in RPA1 depleted cells
(Fig. 3C). Cells were fractionated into “S1” (cytoplasmic and nucle-
oplasmic proteins) and “S2” (300 mM NaCl-extractable chroma-
tin-bound proteins) fractions (Fig. 3A), then co-
immunoprecipitated proteins with anti-FLAG antibody were ana-
lyzed (Fig. 3D). FANCM, in complex with FAAP24, is a platform
for recruiting the rest of the FA core complex to chromatin.32 In
control siRNA-transfected cells (Fig. 3D, lanes 1-4), an interaction
of FANCA-FANCL proteins was detected in “S1” fraction (lane 3),
and the interaction of FANCM-FANCA-FANCL proteins was
preferentially detected in “S2” fraction (lane 4). After RPA1 deple-
tion (lanes 5-8), the level of FANCM-FANCA-FANCL interaction
in “S2” was significantly increased compared to control siRNA-
treated cells (compare lane 4 with lane 8), whereas the level of
FANCA-FANCL interaction in “S1”was conversely reduced (com-
pare lane 3 with lane 7), indicating increased chromatin association
of FANCA and FANCL in response to RPA1 depletion. A similar
increase in the level of chromatin-bound FANCM-FANCA-
FANCL interaction was detected in MMC-treated cells (lanes 9-
12). Taken together, these results indicate that RPA1 depletion
induces chromatin association and activation of the FA core com-
plex that leads to FANCD2-Ub.

RPA1 deficiency forms FANCD2 nuclear foci that colocalize
with CtIP

Monoubiquitinated FANCD2 and FANCI are targeted to chro-
matin and form DNA repair foci in response to DNA dam-
age.10-12 Given that RPA1 depletion resulted in increased
FANCD2-Ub, we next sought to examine whether RPA1 deple-
tion-induced FANCD2-Ub is functionally intact. To this end,
FANCD2 nuclear foci formation was examined after RPA1
depletion (Fig. 4A, B). Control siRNA-treated cells displayed
only weak FANCD2 immunoreactivity with less than 3% of
cells showing more than 10 FANCD2 foci. In contrast, RPA1-
depletion significantly increased the frequency of cells showing
bright FANCD2 foci (Fig. 4A, upper panels), although the fre-
quency of FANCD2 foci-positive cells and the number of foci
per cell were still lower than those in MMC-treated cells
(Fig. 4A, lower panels). Interestingly, this was in sharp contrast
to USP1 depletion, which shows deficient FANCD2 foci forma-
tion despite increased level of FANCD2-Ub.28,30 Recent study
demonstrated that CtIP mediates replication fork recovery in a
FANCD2-regulated manner.34 We therefore tested whether
FANCD2 and CtIP colocalize in nuclear foci after RPA1 deple-
tion (Fig. 4C). In RPA1 depleted cells, FANCD2 and CtIP
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exhibited significant foci colocalization compared to control
cells. Taken together, these results indicate that FANCD2-Ub
induced by RPA1 depletion accumulates on chromatin and
forms nuclear foci with other DNA repair proteins.

ATR activation in response to RPA1 depletion mediates
FANCD2-Ub

It has been shown that RPA deficiency causes spontaneous
DSBs, ATM-dependent G2/M arrest, and apoptotic cell death.35

Consistent with previous report, we observed increased

phosphorylation of Chk1, Chk2, Rad17 and TopBP1 after
RPA1 depletion, indicating ATM or ATR activation (Fig. 5A).
Interestingly, we observed a significantly increased mobility
shift of FANCM after RPA1 depletion, which may due to phos-
phorylation of FANCM. As it was recently reported that
FANCM is phosphorylated in response to genotoxic stress and
this effect is ATR-dependent,20 it is possible that ATR is acti-
vated in RPA1 depleted cells. We therefore attempted to iden-
tify the kinase(s) involved in FANCD2-Ub induced by RPA1
depletion. To this end, depletion of ATM or ATR was exam-
ined for its ability to inhibit RPA1 depletion-induced

Figure 2. RPA1 depletion induces FANCD2-Ub in the absence of DNA damaging agents. (A) U2OS cells transfected with either control siRNA or RPA1-specific siRNAs were
collected at 24, 48 h, and 72h after transfection. Whole cell lysates were analyzed by immunoblotting with indicated antibodies. The FANCD2-Ub: FANCD2 ratios (L: S) are
indicated below each sample. (B) U2OS cells were transfected with indicated siRNAs. Whole-cell lysates were prepared 72 hr after transfection and analyzed with indicated
antibodies. The FANCD2-Ub: FANCD2 ratios (L: S) are indicated below each sample.
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FANCD2-Ub (Fig. 5B, C). Co-depletion of either ATM or ATR
with RPA1 efficiently inhibited RPA1 depletion-induced Chk1
S345 and Chk2 T68 (Fig. 5B, lanes 5, 6). In contrast, RPA1
depletion-induced FANCD2-Ub was selectively reduced by
ATR depletion (more than 90% reduction) but not ATM deple-
tion (Fig. 5B, C). These results suggest that ATR is the major
kinase responsible for FANCD2-Ub induced by RPA1
depletion.

hSSB1/2-INTS3 is not involved in RPA1 depletion-induced
FANCD2-Ub

It has been widely accepted that RPA is essential for ATR activ-
ity. How is ATR activated in RPA1-depleted cells? Interestingly,
a recent study demonstrated that human ssDNA binding pro-
tein complex hSSB1/2-INTS3 can initiate ATR signaling in the
absence of RPA.36 hSSB1 is known to function in the ATM-
dependent DNA damage signaling and genomic stability.37

INTS3 forms a complex with hSSB1 and controls the hSSB1-
mediated DNA damage response.38 We therefore tested if
RPA1-induced FANCD2-Ub is affected in cells lacking hSSB1
or INTS3 (Fig 5D and Fig. S3). Depletion of hSSB1 showed a
slight accumulation of S phase cells (Fig. S3A) and significantly
increased FANCD2-Ub level in comparison to control cells
(Fig. S3B, lane 3). Co-depletion of hSSB1 and ATR reduced
FANCD2-Ub level (compare lanes 3 with 5), indicating hSSB1
depletion-induced FANCD2-Ub also requires ATR activity.
However, depletion of hSSB1 with RPA1 did not change the
levels of FANCD2-Ub, Chk1 S345, and Chk2 T68 induced by
RPA1 depletion (compare lanes 2 with 4). To further

investigate the involvement of hSSB1/2-INTS3 in RPA deple-
tion-induced FANCD2-Ub, INTS3 were depleted along with
RPA1 (Fig. 5D). INTS3 co-depletion reduced RPA1 depletion-
induced Chk1 S345 and Chk2 T68 (compare lanes 2 with 4), as
reported previously.36 However, any significant change in
FANCD2-Ub level was not detected, indicating that hSSB1/2-
INTS3 is not involved in RPA1 depletion-induced FANCD2-
Ub. Therefore, it is unlikely that hSSB1/2-INTS3 compensates
for RPA1 deficiency in induction of FANCD2-Ub. It seems
more likely that residual low-level of RPA1 after siRNA deple-
tion was sufficient to trigger basal ATR activity for activating
the FA pathway.

RPA1 depletion causes an increased DNA damage
response in FANCA-deficient patient cells

Given that RPA1 depletion induces the activation of the FA
pathway, we speculated that FA pathway deficient cell lines
might be hypersensitive to RPA1 inhibition. We therefore
examined the effect of RPA1 depletion in FANCA deficient cell
line (GM6914) and its isogenic FANCA corrected cell line (GM
6914CFANCA) (Fig. 6). Interestingly, FANCA-deficient cells
showed higher levels of Chk1 S345, Chk2 T68 and g-H2AX
than FANCA corrected cells after RPA1 depletion (compare
lanes 2 with 6). Notably, INTS3 depletion showed an enhanced
level of g-H2AX in the FANCA deficient cell line (compare
lanes 4 with 8), suggesting FA pathway confer tolerance to gen-
otoxic stress resulting from RPA1 or INTS3 depletion. These
results therefore suggest that inhibition of RPA or INTS3 may
be useful in treating cancers that have defects in FA DNA

Figure 3. RPA1 depletion increases the chromatin association of FA core complex. (A) Experimental protocol used to prepare cell extracts described in panel B-D. (B) U2OS
cells were transfected with either control or RPA1-specific siRNA. 72 hr after transfection, cells were fractionated into S (Sup) & P (Ppt) and immunoblotted for the indi-
cated proteins. MCM3 and Vinculin were used as loading controls. (C-D) HeLa cells expressing FLAG-tagged FANCL were transfected with either control siRNA or RPA1-
specific siRNA and cultured for 72hr. (C) Whole-cell lysates were prepared and analyzed with indicated antibodies. (D) Cells were fractionated into S1 and S2. Each fraction
was immunoprecipitated with FLAG-M2 agarose beads, and the precipitates were immunoblotted with the indicated antibodies. The asterisk indicates the IgG heavy
chain and the double asterisk shows the position of FLAG-tagged FANCL. Entire images come from the identical gel.
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repair pathway, and further experiments should address this
possibility. Taken together, our results collectively suggest that
endogenous genome instability due to RPA depletion (insuffi-
ciency) leads to activation of the FA pathway through
ATR-dependent pathway, which may play a role in genome
maintenance.

Discussion

The FA pathway is required for efficient ICL repair and major-
ity of our understanding has focused on its role in ICL-induced
DNA damage response. In addition to its role in ICL repair, it
has been recently demonstrated that the FA pathway also con-
tributes to the maintenance of genome integrity by protecting
against replication stress 33,39-41

RPA is an essential protein complex, and mediates both
DNA replication and DNA repair pathways.13,14 It has been
shown that RPA1 depletion causes spontaneous DNA damage
and ATM-dependent G2/M checkpoint activation.35,42 In this
study we have demonstrated that RPA1 depletion activates the
FA pathway in ATR-dependent manner. RPA1 depletion indu-
ces chromatin association of FA core complex, FANCD2-Ub,
and foci formation. Importantly, induction of FANCD2-Ub fol-
lowing RPA1 depletion was dependent of ATR activity, but not
ATM. In addition, we found that second human single-

stranded DNA-binding protein complex hSSB1/2-INTS3 defi-
ciency induced FANCD2-Ub. More interestingly, depletion of
either RPA1 or INTS3 caused increased accumulation of DNA
damage in FA pathway deficient cell lines. Taken together, our
results indicate that RPA depletion-induced genome instability
(spontaneous replication stress) activates the FA pathway in an
ATR-dependent manner, which may play a role in the genome
maintenance.

The finding was surprising, since it has been shown that
RPA is required for FANCD2-Ub following DNA damage.23

We observed that significantly increased FANCM phosphoryla-
tion after RPA1 depletion, perhaps mediated by ATR (Fig. 5A).
Moreover, depletion of ATR efficiently suppressed RPA1 deple-
tion-induced FANCD2-Ub (Fig. 5B, C), suggesting that ATR is
activated following RPA1 depletion and mediates RPA1 deple-
tion-induced FANCD2-Ub.

It has been widely accepted that RPA is essential for ATR
activity. Then, how does RPA1 depletion activate ATR that
triggers the activation of the FA pathway? Interestingly, a
recent report presented evidence that second human ssDNA
binding protein complex hSSB1/2-INTS3 can initiate ATR sig-
naling in the absence of RPA,36 which may be an alternate
mechanism that activates ATR signaling. As reported previ-
ously,36 we observed that INTS3 depletion reduced RPA1-
induced Chk1 phosphorylation after combined depletion of

Figure 4. RPA1 depletion-induced FANCD2-Ub forms nuclear foci. (A) U2OS cells were transfected with either control siRNA or RPA1-specific siRNAs and then stained with
anti-FAND2 antibody at 48 h and 72 hr after transfection. As a positive control for FANCD2 foci formation, U2OS cells were treated overnight with MMC (50 ng/ml). Scale
bars, 10 mm. Representative fields are shown. (B) Quantification of cells with FANCD2 foci (>10 bright foci per cell). Values represent the mean § SEM, examined at least
200 nuclei each in 3 independent experiments.(C) U2OS cells were transfected with either control siRNA or RPA1-specific siRNAs and then double stained with anti-
FANCD2 antibody (green) and anti-CtIP antibody (red) at 72 hr after transfection. Scale bars, 5 mm. Representative fields are shown.
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INTS3 and RPA1 (Fig. 5D). However, we failed to detect a
significant change of FANCD2-Ub, suggesting that hSSB1/2-
INTS3 is not involved in RPA1 depletion-induced FANCD2-
Ub. Alternatively, because of inherent problems associated with
siRNA-based experiments, it seems more likely that a low
threshold level of RPA1 following siRNA depletion was suffi-
cient to activate ATR in our experiments.

ATR-dependent phosphorylation is essential for activation of
the FA pathway.39,43 Both FANCD2 and FANCI are substrates
of ATR; in particular, the phosphorylation of FANCI by ATR is
important for the localization of ID complex to sites of ICLs.18

Besides its role in ICL repair, FANCD2 was recently shown to
bind to MCM proteins in response to HU in an ATR-regulated
manner, restraining DNA synthesis during the replication stress
response.44 It also has been reported that ATR-mediated FANCI
phosphorylation regulates dormant origin firing in response to
replication stress.45 In addition to FANCD2 and FANCI,

multiple components of the FA core complex including
FANCM and FANCA are activated by ATR-mediated phos-
phorylation during replication stress, which is required for func-
tional integrity of the FA pathway.20,22,46

A mouse cell line with a hypomorphic mutation in RPA1
(L230P) displays defective DNA repair and widespread chro-
mosome instability.42 Haploinsufficiency of RPA1 has also
been reported clinically: deletions within 17p13.3 chromosomal
region, which harbors the RPA1 gene.47 We believe that in
such physiological states, where increased genomic instability
would be observed, FA pathway could be highly activated.
Interestingly, we observed increased checkpoint activation and
accumulation of DNA damage in FANCA-deficient patient
cells following RPA1 depletion (Fig. 6). Recently, it has been
shown that small molecule inhibitors targeting RPA display
cytotoxic activity and synergic effects with chemotherapeutic
DNA damaging agents such as cisplatin in lung cancer cells.48,49

Figure 5. RPA1 depletion-induced FANCD2-Ub is dependent of ATR. (A) HeLa cells were transfected with indicated siRNAs. Whole-cell lysates were prepared 72 hr after
transfection and analyzed with indicated antibodies. The FANCD2-Ub: FANCD2 ratios (L: S) are indicated below each sample. (B-C) U2OS cells were transfected with either
control siRNA or siRNAs specific for ATM, ATR and RPA1, either individually or in combination. (B) Whole-cell lysates were prepared 72 hr after transfection and analyzed
by immunoblotting with indicated antibodies. The FANCD2-Ub: FANCD2 ratios (L: S) are indicated below each sample. (C) Quantification of the data shown in B. The levels
of FANCD2-Ub relative to those of control siRNA-transfected cells, which were set as 1.0, are shown in the bar graph. The values represent the mean § SEM of 3 indepen-
dent experiments. (D) U2OS cells were transfected with either control siRNA or siRNAs specific for INTS3 and RPA1, either individually or in combination. Whole-cell lysates
were prepared at 72hr after siRNA transfection and then immunoblotted with indicated antibodies. The FANCD2-Ub: FANCD2 ratios (L: S) are indicated below each
sample.
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Since FA pathway deficient cells are hypersensitive to cisplatin
treatment, it is possible to think when RPA inhibition is com-
bined with cisplatin treatment, enhanced cytotoxic effect could
selectively eradicate the FA pathway-deficient tumor cells. Fur-
ther experiments will be needed to verify this possibility in the
near future.

In summation, we demonstrate that spontaneous replication
stress caused by RPA1 depletion (insufficiency) activate the FA
pathway in ATR-dependent manner, which may contribute to
maintenance of genomic integrity.

Materials and methods

Cell culture and chemical

U2OS and HeLa cells were maintained with 10% FBS/
DMEM. Isogenic FANCA deficient (GM6914) and proficient
(GM6914CFANCA) cell lines were maintained with 10%
FBS/DMEM and puromycin (1 mg/ml). Mitomycin C
(MMC) was purchased from Sigma-Aldrich and dissolved in
ethanol to make a stock solution of 10mM.

Antibodies

Antibodies used in this study were as follows; anti-FANCD2,
Vinculin, CtIP, Chk1, Wee1, ERCC1, Centrin antibodies (Santa
Cruz), anti-a-tubulin and FLAG antibodies (Sigma Aldrich),

anti-CHK2 T68, CHK1S345, and RAD17-S645 antibodies (Cell
signaling), anti-ATM, TopBP1, MCM3, hSSB1, INTS3, Claspin,
PALB2 and USP1 antibodies (Bethyl Laboratories), anti-ATR,
RPA1, RPA2 and BRCA1 (Millipore), anti-g-H2AX (Upstate),
anti-Mus81 and Centrobin (Abcam), anti-BACH1 (Novus).
Antibodies against FANCM and FANCA were kindly provided
by the Fanconi Anemia Research Fund.

Immunofluorescence

Cells grown on the coverslips were pre-extracted with 0.3% Tri-
ton X-100 for 1 min, followed by fixation with 3.7% parafor-
maldehyde for 10 min and permeabilized with PBS C 0.5%
Triton X-100 for 5 min. Cells were blocked with 5% BSA/PBS
and were incubated with anti-FANCD2 (1:300), anti-CtIP
(1:200) and anti-g-H2AX (1:2000). Alexa 488 and Alexa 568-
conjugated secondary antibodies (Invitrogen) were used at a
dilution of 1:500. After counter-staining with DAPI, coverslips
were mounted and analyzed by fluorescence microscopy.

siRNA transfection

Expression of targeted genes was knocked down by transient
expression of siRNA against RPA1-#1 (50-ccgtgtgacgatcccatgtta-
30), RPA1-#2 (50 -aacactctatcctctttcatg-30,17), USP1 (aaccagaga-
caaactagatca-30,31), FANCM (aagctcataaagctctcggaa-3,32), ATR
(50-aacctccgtgatgttgcttga-30,23), ATM (50-aacatactactcaaaga-
catt,23), hSSB1 (50-acccaacaaggcggtgcagaa-30, INTS3 (50-aggga-
caaagtactccagcta-30 36). Control siRNA is designed by Qiagen.
SiRNA transfection was performed with RNAimax (Invitrogen).
The target sequences for the other siRNA oligos used in the
Figure 1 are listed in Supplementary Table S1.

Cell-cycle analysis

Samples were collected over indicated time points and fixed in
70% ethanol overnight. For cell cycle analysis, fixed cells were
treated with RNase for 20 minutes before addition of 5mg/mL
propidium iodide (Sigma-Aldrich). For BrdU incorporation anal-
ysis, BrdU was added to media to a final concentration of 10 mM
for 1 h before harvesting the cells. Staining with FITC-conjugated
a-BrdU antibody (Becton Dickinson) was done according to
manufacturer0s protocol. Flow cytometric analysis was then per-
formed using a FACSCalibur flow cytometer (Becton Dickinson).

Cell fractionation and immunoprecipitation

For whole-cell extracts, cell pellets were directly lysed with SDS
sample buffer. For biochemical cell fractionation,32 cells were
first lysed with 0.1% Triton X-100 CSK buffers for 5 minutes
on ice. After centrifugation (1500g for 5 minutes), the superna-
tant was labeled “S (DS1).” The pellet was washed once more
with the same buffer and labeled “P.” For immunoprecipitation,
“P” was further extracted with 300 mM NaCl. After centrifuga-
tion (15 294g for 20 minutes), the supernatant was labeled “S2.”

S1 and S2 diluted to 150 mM NaCl before immunoprecipita-
tion were incubated with 15 mL anti-FLAG M2 agarose over-
night at 4�C on a rocker, and washed 3 times with 0.1%
TX-150mCSK buffer.

Figure 6. RPA1 depletion induces higher level of g-H2AX in FA pathway deficient
cells. FANCA deficient (GM6914) and isogenic corrected (GM6814CFANCA) cells
were transfected with indicated siRNAs. Whole-cell lysates were prepared 72 hr
after transfection and analyzed with indicated antibodies. The FANCD2-Ub:
FANCD2 ratios (L: S) are indicated below each sample. Each pair of images was col-
lected using the same exposure time for the comparison from identical gel.
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Abbreviations

FA fanconi Anemia
DSB DNA double-strand break
ICL DNA inter-strand crosslink repair
RPA replication Protein A
FANCD2 fanconi anemia complementation group D2
Ub ubiquitin
PCNA proliferating cell nuclear antigen
USP1 ubiquitin specific protease 1
MMC mitomycin C
ATM ataxia telangiectasia mutated
ATR ATM and Rad3-related
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