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Summary
Cells from Fanconi anemia (FA) patients are extremely sensitive to DNA inter-strand crosslinking
(ICL) agents, but the molecular basis of the hypersensitivity remains to be explored. FANCM (FA
complementation group M), and its binding partner, FAAP24, anchor the multi-subunit FA core
complex to chromatin after DNA damage and may contribute to ICL-specific cellular response.
Here we show that the FANCM/FAAP24 complex is specifically required for the recruitment of
replication protein A (RPA) to ICL-stalled replication forks. ICL-induced RPA foci formation
requires the DNA binding activity of FAAP24 but not the DNA translocase activity of FANCM.
Furthermore, FANCM/FAAP24-dependent RPA foci formation is required for efficient ATR-
mediated checkpoint activation in response to ICL. Therefore, we propose that FANCM/FAAP24
plays a role in ICL-induced checkpoint activation through regulating RPA recruiment at ICL-
stalled replication forks.
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INTRODUCTION
Fanconi Anemia (FA) is a recessive genetic disorder characterized by congenital
abnormalities, chromosome instability, and cancer susceptibility (D’Andrea and Grompe,
2003; Moldovan and D’Andrea, 2009; Wang, 2007). The thirteen known Fanconi Anemia
(FA) proteins cooperate in DNA inter-strand crosslink (ICL) repair. Eight of the FA proteins
(A, B, C, E, F, G, L, M) comprise a multisubunit ubiquitin E3 ligase complex, referred to as
the FA core complex (Kennedy and D’Andrea, 2005). In response to DNA damage during
DNA replication, the FA core complex monoubiquitinates and activates FANCD2 and
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FANCI (Garcia-Higuera et al., 2001; Smogorzewska et al., 2007). The activated FANCD2/
FANCI complex then interacts with downstream FA proteins (FANCD1, FANCJ, FANCN)
in the process of homologous recombination (HR) repair (D’Andrea and Grompe, 2003;
Moldovan and D’Andrea, 2009; Wang, 2007).

Cells from FA patients are extremely sensitive to ICL-inducing agents, such as mitomycin C
(MMC) and cisplatin, and this hypersensitivity is the hallmark feature of FA patients.
However, FA cells, in general, show normal resistance or mild sensitivity to other DNA
damaging agents such as hydroxyurea (HU), ultraviolet (UV) and ionizing radiation (IR),
although camptothecin (CPT) sensitivity has been reported in one FA complementation
group deficient cells (Auerbach, 2009; Singh et al., 2009). The molecular basis underlying
the ICL hypersensitivity of FA cells is one of the critical unanswered questions in the field.
There are at least two possible mechanisms for this ICL hypersensitivity. First, ICL repair
may require monoubiquitinated FANCD2, which is absent from cells from most FA
subtypes. Second, ICL damaged DNA may generate a unique structure, which needs to be
specifically recognized by FA proteins.

FANCM is a component of FA core complex and it contains a conserved helicase domain
and associated ATP-dependent DNA translocase activity (Ciccia et al., 2008; Meetei et al.,
2005; Mosedale et al., 2005). FAAP24 was identified as a FA-associated protein (FAAP)
that is required for FANCD2 monoubiquitination (Ciccia et al., 2007). FAAP24 exhibits
structure-specific DNA binding activity for DNA replication fork-like structures (Ciccia et
al., 2007), suggesting that it may play an important role in the recognition of DNA damage
during S phase. FANCM interacts with FAAP24 and the FANCM/FAAP24 complex
constitutively localizes on chromatin, which allows nuclear FA core complex to access to
the DNA damage sites (Kim et al., 2008). Recent studies have shown that FANCM and its
interacting proteins, such as FAAP24, MHF1, and MHF2, play a role in controlling the
processing and stabilization of stalled forks (Luke-Glaser et al., 2010; Schwab et al., 2010;
Singh et al., 2010; Yan et al., 2010). Furthermore, FANCM/FAAP24 regulates the ATR-
CHK1 checkpoint signaling through the interaction with the checkpoint protein HCLK2
independently of the FA core complex (Collis et al., 2008).

Critical to checkpoint activation after replication stress is the generation of local single-
stranded DNA (ssDNA). Locally accumulated ssDNA is rapidly coated by the replication
protein A (RPA) complex (RPA70, RPA32, RPA14). RPA subsequently binds ATRIP,
resulting in ATR recruitment and checkpoint activation (Zou and Elledge, 2003). The
accumulation of a long stretch of ssDNA results from the uncoupling of DNA helicase and
DNA polymerase at the stalled replication fork (Byun et al., 2005). Importantly, the length
of ssDNA and the amount of coated RPA determine the potency of the ATR-mediated
checkpoint signaling (MacDougall et al., 2007; Zou and Elledge, 2003).

In the current study, we examined the role of FANCM/FAAP24 in the DNA damage
recognition and checkpoint activation following different types of replication stress,
including MMC, HU, UV, and CPT. The FANCM/FAAP24 complex was required for RPA
foci formation in response to ICL but not other genotoxic stress. ICL-induced RPA foci
formation required the DNA binding activity of FAAP24 but not the DNA translocase
activity of FANCM. Furthermore, FAAP24-depleted cells showed impaired chromatin
association of ATR/ATRIP, resulting in the defects in ICL-induced checkpoint activation.
Moreover, by using an in vitro DNA binding assay, we demonstrated that FANCM/FAAP24
promotes efficient RPA binding to ICL DNA. Taken together, we propose that FANCM/
FAAP24 can form a unique structure with RPA at an ICL-blocked replication fork and is
required for ICL-induced RPA foci formation and checkpoint activation.
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RESULTS
ICL-blocked replication forks generate a low level of ssDNA

Previous studies indicate that replication forks blocked by HU or UV generate a long stretch
of ssDNA due to the uncoupling between the replicative helicase, MCM and DNA
polymerase (Cortez, 2005). Compared to HU and UV, an ICL-blocked replication fork may
fail to generate a sufficient amount of ssDNA since both helicase and DNA polymerase are
blocked by an ICL (Figure 1A). To confirm and extend this model, we initially analyzed
ssDNA levels following different kinds of DNA damaging agents (Figure 1B). ssDNA was
detected in situ using an anti-BrdU antibody (Raderschall et al., 1999). As predicted, HU
and UV treatment caused extensive ssDNA generation, as shown by an increase in BrdU
foci. In contrast, ssDNA after exposure to the DNA crosslinker, MMC, at least under these
experimental conditions, was only weakly detected, although BrdU was equally
incorporated into DNA (as shown under DNA-denaturing conditions) (Figure 1B and 1C).
The doses of MMC, HU and UV applied are to reduce cell survival to similar extents (data
not shown) and to induce similar levels of FANCD2 monoubiquitination and H2AX
phosphorylation (γ-H2AX) (Figure 1D). Time-course and dose-response experiments, using
higher concentrations and longer treatment with MMC, did not increase the ssDNA amount
(data not shown). Intriguingly, despite the lack of ssDNA generation after MMC treatment,
ATR-mediated checkpoint signaling, as indicated by CHK1 phosphorylation (CHK1-S317),
was efficiently activated (Figure 1D). Therefore, we hypothesize that cells may have an
alternative mechanism for ATR activation in response to ICL, which is independent of large
regions of ssDNA.

FANCM/FAAP24 is required for ICL-induced RPA foci assembly and phosphorylation
The RPA complex is a ssDNA binding complex that is involved in DNA replication, repair,
and recombination (Zou et al., 2006). A diverse range of DNA lesions can generate extended
regions of ssDNA-bound RPA (Cortez, 2005; Paulsen and Cimprich, 2007). The RPA
nuclear foci formation at DNA damage sites is required for the recruitment of ATR,
resulting in the activation of replication checkpoint (Zou and Elledge, 2003). Previous
studies have indicated that FANCM and FAAP24 depletion increases RPA foci in the
absence of DNA damaging agents, due to spontaneous DNA damage (Collis et al., 2008).
However, we found that depletion of either FANCM or FAAP24 reduced RPA foci
formation after MMC treatment, but did not significantly affect RPA foci assembly
following other DNA damaging agents, including HU, CPT and UV (Figure 2A and 2B).
This result indicates that FANCM/FAAP24 complex is preferentially required for RPA foci
formation following ICL-inducing agents such as MMC. Disruption of FA core complex by
FANCA depletion, in which the FANCM/FAAP24 complex still persists (Kim et al., 2008),
had only a slight effect on ICL-induced RPA foci formation (Figure S1A-S1C). This
suggests that the FA core complex may be dispensable for ICL-induced RPA foci formation,
although it may still be required for optimal checkpoint activation.

In response to DNA damage, RPA accumulates at sites of DNA damage and undergoes
DNA damage-dependent phosphorylation on numerous sites of RPA2 (Anantha et al., 2007;
Binz et al., 2004; Blackwell et al., 1996; Liu et al., 2005). ICL-induced sequential
phosphorylation of RPA2 is largely dependent on ATR activity (Figure S1D). We next
examined RPA2 phosphorylation following different types of DNA damaging agents.
Consistent with the data for RPA foci formation (Figure 2A and 2B), depletion of either
FANCM or FAAP24 largely reduced MMC-induced RPA2 phosphorylation, but barely
affected RPA2 phosphorylation following CPT or UV treatment (Figure 2C). Consistent
with the known function of FANCM/FAAP24 in ATR-mediated checkpoint after HU
treatment (Collis et al., 2008), HU-induced RPA2 phosphorylation was noticeably reduced

Huang et al. Page 3

Mol Cell. Author manuscript; available in PMC 2011 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



by FAAP24 or FANCM depletion (Figure 2C-2E). The substantial reduction of MMC-
induced RPA2 phosphorylation in either FANCM or FAAP24 depleted cells was also
confirmed by different doses and at different time points (Figure 2D and 2E). Taken
together, these results indicate that ICL-induced RPA foci formation and RPA2
phosphorylation are correlated, and both events depend on FANCM and FAAP24.

To further confirm that FANCM/FAAP24 is selectively required for ICL-induced RPA foci
formation and RPA2 phosphorylation, we used psoralen plus UV-A (PUVA) to induce ICL.
Cells treated with increasing doses of PUVA showed undetectable levels of ssDNA but
formed discernible RPA foci in a dose-dependent manner (Figure 3A and 3B). Furthermore,
consistent with data from MMC treatment (Figure 2), FAAP24 depletion reduced RPA foci
formation and RPA2 phosphorylation following PUVA treatment (Figure 3C-3E). These
results support our hypothesis that FANCM/FAAP24 may play a key role in ICL-induced
DNA damage response through regulating RPA foci formation.

ICL-induced DNA damage also generates DNA double-strand breaks (DSBs), where RPA
can be recruited following DNA end resection. To determine the impact of DNA end
resection on ICL-induced RPA foci formation, CtIP, which is required for DNA end
resection (Sartori et al., 2007), was depleted by siRNA (Figure 3F). Consistent with previous
work (Sartori et al., 2007), depletion of CtIP largely abolished CPT-induced RPA foci
formation (Figure S3). Following PUVA treatment, CtIP depletion resulted in a mild
reduction in RPA foci compared to the depletion of FAAP24 (Figure 3F and 3G). Co-
depletion of CtIP and FAAP24 further reduced the proportion of cells displaying RPA foci.
These results indicate that FANCM/FAAP24 plays a major role in ICL-induced RPA foci
formation, which is independent of the pathway of DSBs resection.

FANCM/FAAP24 is required for ICL-induced checkpoint response
The impairment of RPA recruitment resulting from FAAP24 depletion may lead to the
defects in ICL-induced ATR recruitment to chromatin and subsequent checkpoint activation.
Indeed, we observed reduced chromatin association of ATR and ATRIP in FAAP24-
depleted cells following MMC treatment (Figure S4A). We next examined the impact of
FAAP24 in ICL-induced checkpoint response by monitoring the abundance of CDC25A,
which is rapidly degraded upon the activation of G2/M checkpoint (Bartek et al., 2004). In
FAAP24 short hairpin RNA (shRNA) stable cells, degradation of CDC25A was defective
after MMC treatment compared to scramble shRNA cells (Figure S4B). We also analyzed
the phosphorylation of Histone H3 as a measure of mitotic entry (Figure S4C and S4D).
Scramble and FANCA shRNA cells showed an intact G2/M checkpoint response. However,
in contrast to this, knockdown of FAAP24 specifically disrupted the MMC-induced, but not
the UV-induced, checkpoint response (Figure S4C and S4D). These results therefore suggest
that FANCM/FAAP24 plays an important role in ICL-induced checkpoint activation.

The DNA translocase activity of FANCM is dispensable for ICL-induced RPA foci formation
but required for optimal checkpoint activation

Our results thus suggest that FANCM/FAAP24 activates the ICL checkpoint by promoting
RPA recruitment to ICL-stalled replication forks. Previous studies have shown that FANCM
possesses ATP-dependent DNA translocase activity in vitro (Gari et al., 2008; Meetei et al.,
2005; Mosedale et al., 2005), which may expose ssDNA regions by opening DNA helix. We
therefore tested whether this activity could contribute to FANCM/FAAP24-dependent RPA
recruitment (Figure 4A and 4B). We examined RPA foci formation in FANCM-depleted
FANCM siRNAmir cells (Deans and West, 2009) complemented with either wild-type
FANCM or ATPase mutant K117R FANCM. The defect in RPA foci formation in FANCM-
depleted cells was rescued by the expression of either wild-type FANCM or K117R
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FANCM, indicating that ICL-induced RPA foci formation does not require the DNA
translocase activity of FANCM (Figure 4A and 4B). However, expression of K117R
FANCM did not efficiently recover RPA2 phosphorylation compared with wild-type
FANCM (Figure 4C). These data indicate the K117R FANCM-corrected cells exhibit a
checkpoint defect despite their intact RPA foci formation.

We next examined the ICL-induced checkpoint responses in these cells (Figure 4D).
FANCM-depleted cells failed to efficiently degrade CDC25A following MMC treatment,
consistent with the results from FAAP24-depleted cells (Figure S4B). Wild-type FANCM-
corrected cells recovered the efficient CDC25A degradation in response to MMC treatment,
while K117R FANCM-expressing cells showed a moderate defect in CDC25A degradation.
These results further suggest that the DNA translocase activity of FANCM is dispensable for
RPA foci formation, but is required for efficient checkpoint activation downstream of RPA
foci formation.

The DNA binding activity of FAAP24 is required for ICL-induced RPA foci assembly
Given that DNA translocase activity of FANCM was dispensable for ICL-induced RPA foci
formation, we next tested whether DNA binding activity of FAAP24 is required for RPA
foci formation. FAAP24 contains two tandem helix-hairpin-helix (HhH) DNA binding
motifs at its carboxyl terminus (Figure 5A), which are necessary for structure-specific DNA
binding activity and interaction with FANCM (Ciccia et al., 2007; Ciccia et al., 2008).
Expression of wild-type FAAP24 recovered the levels of FANCM and FANCD2
monoubiquitination in FAAP24 shRNA cells (Figure 5B). In contrast, a C-terminal
truncated mutant of FAAP24, lacking the (HhH)2 domains, failed to correct these defects
(Figure 5B). Furthermore, correction with wild-type FAAP24 recovered RPA foci formation
and RPA2 phosphorylation (Figure 5B and 5C), while C-terminal truncated mutant of
FAAP24 was defective in these functions. These data thus indicate that DNA binding
activity of FAAP24 is critical for FANCM/FAAP24-mediated RPA foci formation and
RPA2 phosphorylation.

To further investigate the role of FANCM/FAAP24 in ICL-induced RPA recruitment, we
employed a DNA pull-down assay to detect RPA binding to ICL DNA in vitro. For this
study, we used biotin-labeled double-stranded DNA (dsDNA) as a DNA template instead of
stalled replication fork structures. Due to its high affinity to ssDNA in vitro, RPA may bind
to ssDNA regions at fork structures even in the absence of FANCM/FAAP24. To
circumvent this potential problem, we developed a system using ICL-containing dsDNA for
the RPA binding assay, where RPA can bind to dsDNA in an ICL-dependent manner. Using
this system, FANCM/FAAP24-dependent RPA binding to ICL DNA was examined. ICL
formation on DNA was induced by PUVA treatment in vitro and confirmed by gel
electrophoresis (Figure 6A). ICL DNA migrated more slowly than DNA without ICL on a
denaturing gel. The recombinant His-tagged wild-type FAAP24 bound preferentially to ICL
DNA, which is consistent with previous work (Shen et al., 2009) (Figure 6B). In contrast,
the binding of C-terminal truncated FAAP24 to ICL DNA was not increased, indicating that
the C-terminal (HhH)2 domains of FAAP24 are critical for the structure-specific DNA
binding activity of FAAP24. We next examined the RPA binding to ICL DNA in the nuclear
extracts derived from scramble or FAAP24 shRNA cells (Figure 6C). Increased binding
affinity of both FAAP24 and RPA to ICL DNA was observed in scramble shRNA cells. In
contrast, in the absence of FAAP24, ICL-dependent RPA binding was not detected. We also
tested the stability of DNA templates in nuclear extracts and there was no detectable level of
DNA processing (Figure S5A).

Taken together, these results suggest that FANCM/FAAP24, presumably with MHF
proteins, forms a unique structure with RPA at the stalled replication fork and promotes
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efficient RPA binding, which may in turn recruit other checkpoint proteins and initiate
ATR-mediated checkpoint signaling (Figure 6D and Figure S5B).

DISCUSSION
Molecular basis of ICL hypersensitivity

A wide variety of DNA damaging agents can activate the FA core complex dependent
monoubiquitination of FANCD2, including MMC, IR, UV, and HU (Andreassen et al.,
2004; Garcia-Higuera et al., 2001). However, FA cells are hypersensitive to ICL agents
compared to other DNA damage agents and the molecular mechanism underlying this ICL
hypersensitivity remains unclear. Here we show that FANCM, and its binding partner
FAAP24, may be critical determinants of this crosslinker hypersensitivity. The FANCM/
FAAP24 complex appears to have an affinity for ICL-stalled replication forks. FANCM/
FAAP24 can recruit RPA to these sites, even in the absence of a long stretch of ssDNA.
Once RPA is efficiently recruited, it can further recruit ATR and ATRIP (Figure 6D).

Interestingly, in FANCA shRNA cells, depletion of FANCA only slightly affected ICL-
induced RPA foci compared to the depletion of FAAP24 (Figure S1A-S1C), suggesting that
the FA core complex may not be involved in ICL-induced RPA foci formation. However, it
has been shown that xFANCL-depleted Xenopus extracts have a defect in RPA binding on
chromatin (Ben-Yehoyada et al., 2009). While this could reflect differences in depletion
efficiencies or species, one possibility of the discrepancy is that xFANCL depletion may co-
deplete xFANCM or xFAAP24 in Xenopus extracts. It is also possible that xFANCL may
function in RPA recruitment independent of FA core complex.

Given the fact that FA cells, including FANCA deficient cells, exhibit partial intra-S phase
checkpoint defects in response to ICL (Centurion et al., 2000; Sala-Trepat et al., 2000), it is
possible that the FA core complex plays a role in the efficient S-phase checkpoint activation
downstream of RPA foci formation.

The function of FANCM/FAAP24 in the ICL checkpoint response
FANCM/FAAP24 also plays a more general role in the replication checkpoint response
(Collis et al., 2008). Collis et al showed that FANCM and FAAP24 are components of a
protein complex containing HCLK2, which is involved in ATR-mediated checkpoint
response after replication stress. We tested whether reduced ATR activity, resulting from
depletion of either FANCM or FAAP24, was the cause of the defect in RPA foci assembly.
We compared the effects of ATR depletion or FAAP24 depletion on RPA foci assembly.
ATR depletion did not decrease MMC or HU-induced RPA foci formation (Figure S2A). In
contrast, FAAP24 depletion specifically disrupted MMC-induced RPA foci formation,
indicating that the decrease in RPA foci assembly by FAAP24 depletion occurs in an ATR-
independent manner. We also tested RPA foci assembly of a RPA2 phospho-mimetic mutant
(RPA2-D4) and a RPA2 phospho-deficient mutant (RPA2-A9) (Vassin et al., 2004) after
FANCM/FAAP24 depletion (Figure S2B). MMC-induced RPA2 foci formation was
similarly reduced in FAAP24-depleted cells expressing either RPA2 phospho-mimetic
mutant (Figure S2C and S2D) or RPA2 phospho-deficient mutant (Figure S2E and S2F).
These results further confirmed that the defect in RPA foci assembly by FANCM/FAAP24
depletion is independent of RPA phosphorylation by ATR.

The checkpoint mediator protein TopBP1 binds and activates the ATR/ATRIP complex
(Burrows and Elledge, 2008; Kumagai et al., 2006). More recently, TopBP1 has been shown
to interact with BACH1/FANCJ and function in the DNA replication checkpoint (Gong et
al., 2010). Following MMC treatment, the presence of TopBP1 on chromatin fractions did
not differ from those of control cells (Figure S4A). However, another study reported that
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FANCM-deficient DT40 cells fail to retain TopBP1 on chromatin after CPT treatment
(Schwab et al., 2010). The discrepancies in these studies could be explained, at least in part,
by the differences in cell type, DNA damaging agent, or depletion efficiencies of the
proteins. Based on our observation, we assume that FANCM/FAAP24-mediated ATR
activation after ICL damage, is unlikely due to the promotion of chromatin association of
TopBP1.

Proposed working model for FANCM/FAAP24-dependent RPA recruitment
There are several models for FANCM/FAAP24 mediated RPA recruitment. First, FANCM/
FAAP24 may form a specific structure at the ICL-stalled replication forks, where FANCM/
FAAP24 binding may expose small regions of ssDNA, so that RPA can gain access to the
ICL lesions. Second, FANCM/FAAP24 may directly bind to RPA. Although neither
FANCM nor FAAP24 contains RPA2 interaction motifs, similar to those found in TIPIN,
XPA, UNG2, and RAD52 (Mer et al., 2000; Unsal-Kacmaz et al., 2007), previous work has
shown that the yeast homologue of FANCM, mph1, interacts with RPA through its C-
terminal motif (Banerjee et al., 2008). Third, FANCM/FAAP24 may indirectly bind to RPA
through interaction with other DNA repair proteins. FANCM was originally immunoisolated
as a member of the BRAFT (for BLM, RPA, FA, and Topo III3B1) complex (Meetei et al.,
2003). Indeed, recent reports have shown that FANCM associates with BLM, which is
known to interact with RPA (Brosh et al., 2000; Deans and West, 2009; Meetei et al., 2005).

In summary, in addition to the general role of FANCM/FAAP24 in DNA replication
checkpoint, we found that FANCM/FAAP24 participates early in ICL-induced DNA
damage response through regulating RPA foci formation at ICL-stalled replication forks
(Figure 6D and S5B). This function of FANCM/FAAP24 may contribute, at least in part, to
the ICL-specific cellular response and implicate an important role for FA proteins in ICL
DNA damage response.

Experimental Procedures
Cell Culture and constructs

HeLa and HEK293 Flip-in cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Invitrogen) supplemented with 15% fetal bovine serum. FAAP24 and FANCA
shRNA stable HeLa cells were generated based on lentiviral pLKO-puro vector (Open
Biosystem). shRNA resistant cDNAs for wild-type and C-terminal truncated FAAP24
mutant were cloned into pcDNA3.1(+) Myc vector. Site-directed mutagenesis was
performed following the instructions of QuickChange protocol (Stratagene). Plasmid
transfection was performed using Lipofectamine 2000 (Invitrogen). All the siRNAs were
purchased from Qiagen and transfected using Lipofectamine™ RNAimax (Invitrogen).
Information regarding siRNA sequences can be found in the supplemental information.

Antibodies
Anti-FAAP24 and anti-FANCM antibodies were described previously (Kim et al., 2008).
Other antibodies used in this study are as follows: anti-RPA2 antibody (EMD biosciences);
anti-ATM, anti-ATRIP, anti-phospho-RPA2-S33, and anti-phospho-RPA2-S4/S8 antibodies
(Bethyl Laboratories); anti-FANCD2, anti-CtIP and anti-CDC25A antibodies (Santa Cruz
Biotechnology); anti-KU70 antibody (NeoMarkers); anti-phospho-CHK1-S317, anti-
phospho-CHK1-S345, anit-phospho-CHK2-T68, anti-ATR, Alexa Fluor 488 conjugated
phospho-Histone H3 (S10) antibodies (Cell signaling Technology); anti-γ-H2AX antibody
(Upstate); anti-ORC2 antibody (BD Pharmingen); and anti-α-Tubulin antibody (Sigma).
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PUVA treatment
Cells were washed with PBS and incubated in PBS containing 100 ng/ml of 8-
methoxypsoralen (Sigma) for 15 min. After incubation, cells were irradiated with UV-A in
the presence of 8-methoxypsoralen.

Detection of ss DNA with BrdU incorporation
ssDNA generated by DNA damage was detected as described previously with minor
modifications (Raderschall et al., 1999). Briefly, cells were grown for 36 h in culture
medium containing 20 μM BrdU and then cultured without BrdU overnight before treatment
with different damaging agents. Cells were fixed with cold methanol, rinsed with acetone
and then incubated with Anti-BrdU antibody (BD Biosciences) without DNA denaturation.
The total amount of incorporated BrdU was determined under denatured condition using 2
M HCl treatment.

Immunofluorescence
Cells were pre-extracted with extraction buffer (0.5% Triton-X100 in 200 mM HEPES at pH
7.4, 50 mM NaCl, 3 mM MgCl2 and 300 mM sucrose) on ice for 5 min prior to fixation with
4% paraformaldehyde. RPA foci were detected using anti-RPA2 antibody and visualized
using Alexa Fluor 488-conjugated secondary antibody. The quantification of cells with RPA
foci was performed by counting the number of cells with RPA foci. At least 200 cells were
counted from each sample. Data are represented as mean ± SD from three independent
experiments.

Preparation of ICL DNA in vitro
Biotinylated 1 kb DNA fragments were incubated with 20 μg/ml 8-methoxypsoralen at room
temperature for 30 min prior to UV-A irradiation. The efficiency of crosslinking was
confirmed on denaturing alkaline agarose gel. 1 kb DNA fragments were prepared by PCR
amplification from pME18S plasmid and the locations of PCR primers were randomly set.

DNA Binding Assay
DNA binding assays and preparation of nuclear extract were performed as described
(Shiotani and Zou, 2009) with modifications. The biotinylated DNA fragments were
attached to streptavidin-coated magnetic beads according to manufacturer’s instructions
(Dynal). The beads coated with DNA were incubated with purified wild-type FAAP24 or C-
terminal truncated FAAP24 mutant with nuclear extracts in the binding buffer [10 mM Tris-
HCl, (pH 7.5), 100 mM NaCl, 10% glycerol, 0.01% NP-40, and 10 μg/ml bovine serum
albumin]. After a 30-min incubation at room temperature, beads were retrieved and washed
2 times with the binding buffer. The proteins bound to beads were denatured in the SDS
sample buffer, separated on SDS-PAGE, and analyzed by immunoblotting.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ICL fails to generate ssDNA at stalled replication forks
(A) A schematic model comparing stalled DNA replication forks caused by ICL and HU/
UV. (B) Representative images showing less ssDNA generated by MMC treatment
compared to HU or UV treatments. HeLa cells were labeled with 20 μM BrdU for 36 hr,
then were treated with MMC (1 μM, 6 hr), HU (2 mM, 6 hr) or UV (30 J/m2, 6 hr post
irradiation), respectively. ssDNA was detected using anti-BrdU antibody without
denaturation. The BrdU intensity under the denaturing condition (2 M HCl) shows total
BrdU incorporation. (C) Quantification of ssDNA generation shown in (B). The percentage
of BrdU-positive cells was determined by counting at least 500 cells from each sample. Data
are represented as mean ± SD from three independent experiments. (D) Immunoblot
showing similar activation of DNA damage response in the conditions described in (B).
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Figure 2. FANCM and FAAP24 are selectively required for MMC-induced RPA foci formation
and RPA2 phosphorylation
(A) Representative images showing the requirement of FANCM and FAAP24 for MMC-
induced RPA foci assembly but not other replication stress. HeLa cells were treated with
MMC (1 μM, 6 hr), HU (2 mM, 6 hr), CPT (500 nM, 6 hr) or UV (30 J/m2, 6 hr post
irradiation) respectively at 48 hr after transfection with either FANCM or FAAP24 siRNAs.
RPA foci were detected using anti-RPA2 antibody. (B) Quantification for RPA foci shown
in (A). The percentage of cells containing RPA foci was determined by counting at least 200
cells from each sample. Data are represented as mean ± SD from three independent
experiments. (C) Immunoblot showing that depletion of either FANCM or FAAP24 more
severely reduced RPA2 phosphorylation following MMC treatment. HeLa cells were treated
as described in (A). Different mobility of RPA2 caused by phosphorylation is indicated as
“B” (baseline) and “H” (hyperphosphorylated), respectively. (D) Time-course of RPA2
phosphorylation in FAAP24- or FANCM-depleted cells. HeLa cells transfected with
indicated siRNAs were harvested at 0, 6, or 12 hr post treatment with MMC (1 μM) or HU
(2 mM). (E) Dose-response of RPA2 phosphorylation in FAAP24- or FANCM-depleted
cells. HeLa cells transfected with siRNAs were treated with MMC or HU at indicated
concentrations for 8 hr.
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Figure 3. FANCM and FAAP24 are required for RPA foci formation and RPA2 phosphorylation
following PUVA-induced ICL formation
(A) Representative images of ssDNA staining and RPA foci showing that PUVA treatment
induced RPA foci but not ssDNA. ssDNA and RPA foci were detected using anti-BrdU
antibody or anti-RPA2 antibody 4 hr after PUVA treatment in HeLa cells. The
immunostaining intensities are compared to those of UVC treatment. (B) Quantification of
ssDNA staining and RPA foci shown in (A). The percentages of cells containing ssDNA
(left panel) or cells containing RPA foci (right panel) were determined by counting at least
200 cells from each sample. Data are represented as mean ± SD from three independent
experiments. (C) Representative images showing FAAP24-dependent RPA foci formation
after PUVA treatment. RPA foci were detected in HeLa cells with scramble shRNA or
FAAP24 shRNA 4 hr after PUVA treatment. (D) Quantification of RPA foci shown in (C).
The percentage of cells containing RPA foci was determined by counting at least 200 cells
from each sample. Data are represented as mean ± SD from three independent experiments.
(E) Immunoblot showing reduced RPA2 phosphorylation in FAAP24-depleted cells. Cells
were treated as described in (C). Different mobility of RPA2 caused by phosphorylation is
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indicated as “B” (baseline) and “H” (hyperphosphorylated), respectively. (F) Representative
images showing that CtIP depletion resulted in a mild reduction in RPA foci compared to
the depletion of FAAP24. HeLa cells were treated with PUVA at 48 hr after transfection
with indicated siRNAs. Immunoblot showing the depletion efficiency of indicated proteins
(upper panel). After co-staining with RPA and γ-H2AX, RPA foci formation was compared
in CtIP-, FAAP24-, or CtIP- and FAAP24-depleted cells (lower panel). (G) Quantification
of RPA foci formation shown in (F). The percentage of cells containing RPA foci among γ-
H2AX-positive cells was determined by counting at least 200 γ-H2AX-positive cells from
each sample. Data are represented as mean ± SD from three independent experiments.
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Figure 4. The DNA translocase activity of FANCM is dispensable for ICL-induced RPA foci
assembly
(A) Representative images showing that K117R FANCM rescued the defective RPA foci
formation in FANCM-depleted cells. Non-targeting control siRNAmir, FANCM siRNAmir,
and wild-type FANCM or K117R FANCM-corrected FANCM siRNAmir HEK293 Flip-in
cells were treated with MMC (10 μM) for 12 hr. RPA foci were detected using anti-RPA2
antibody. (B) Quantification of RPA foci induced by 2 and 10 μM MMC treatment as
described in (A). The percentage of cells containing RPA foci was determined by counting
at least 200 cells from each sample. Data are represented as mean ± SD from three
independent experiments. (C) Immunoblot comparing the defects in RPA2 phosphorylation
in the condition as described in (A). Different mobility of RPA2 caused by phosphorylation
is indicated as “B” (baseline) and “H” (hyperphosphorylated), respectively. (D) Immunoblot
(left panel) and quantification (right panel) for the levels of CDC25A showing that K117R
FANCM-corrected FANCM siRNAmir cells had a moderate defect in checkpoint activation.
Cells were treated with MMC and harvested at indicated time points. The level of CDC25A
was quantified and normalized with that of α-Tubulin. Data are represented as mean ± SD
from three independent experiments.
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Figure 5. DNA binding activity of FAAP24 is required for ICL-induced RPA foci formation
(A) A scheme showing full-length and C-terminal truncated FAAP24. (B) Immunoblot
showing wild-type FAAP24 (WT) but not C-terminal truncated FAAP24 mutant (N150)
rescued defective RPA2 phosphorylation in FAAP24-depleted HeLa cells. FAAP24 shRNA
cells, transfected with empty-vector (EV), Myc-tagged WT or N150 FAAP24, were treated
with 1 μM of MMC for 10 hr. Whole cell extracts (WCE) and chromatin enriched extracts
(Chromatin) were analyzed by immunoblotting using indicated antibodies. (C)
Quantification showing recovered RPA foci by WT but not N150 FAAP24. Cells as
described in (B) were treated with MMC 1 μM for 6 hr. RPA foci were detected using anti-
RPA2 antibody. The percentage of cells containing RPA foci was determined by counting at
least 200 cells from each sample. Data are represented as mean ± SD from three independent
experiments.
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Figure 6. RPA binding to ICL DNA is dependent on FAAP24
(A) Migration of ICL DNA on a denaturing gel. (B) Immunoblot showing that FAAP24
wild-type (WT) but not the C-terminal truncated FAAP24 mutant (N150) binds to ICL
DNA. Biotinylated control DNA or ICL-DNA (100 ng) were attached to streptavidin-coated
beads and incubated with purified His-tagged WT FAAP24 or N150 FAAP24. (C)
Immunoblot showing that RPA loading to ICL DNA was decreased in FAAP24-depleted
nuclear extracts. Nuclear extracts (100 μg) derived from HeLa scramble or FAAP24 shRNA
cells were incubated with biotinylated control DNA or ICL-DNA (100 ng) respectively. The
DNA-bound FAAP24, RPA2 and KU70 were detected. (D) Proposed working model for the
role of FANCM/FAAP24 in the ICL-induced checkpoint response.
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