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Fanconi anemia (FA) is a chromosome instability syndrome characterized by increased cancer predisposition.
Within the FA pathway, an upstream FA core complex mediates monoubiquitination and recruitment of the cen-
tral FANCDZ2 protein to sites of stalled replication forks. Once recruited, FANCD2 fulfills a dual role towards rep-
lication fork recovery: (i) it cooperates with BRCA2 and RAD51 to protect forks from nucleolytic degradation and
(ii) it recruits the BLM helicase to promote replication fork restart while suppressing new origin firing.
Intriguingly, FANCD2 and its interaction partners are also involved in homologous recombination (HR) repair
of DNA double-strand breaks, hinting that FANCD?2 utilizes HR proteins to mediate replication fork recovery.
One such candidate is CtIP (CtBP-interacting protein), a key HR repair factor that functions in complex with
BRCA1 and MRE11, but has not been investigated as putative player in the replication stress response. Here,
we identify CtIP as a novel interaction partner of FANCD2. CtIP binds and stabilizes FANCD2 in a DNA
damage- and FA core complex-independent manner, suggesting that FANCD2 monoubiquitination is dispens-
able for its interaction with CtIP. Following cellular treatment with a replication inhibitor, aphidicolin, FANCD2
recruits CtIP to transiently stalled, as well as collapsed, replication forks on chromatin. At stalled forks, CtIP
cooperates with FANCD2 to promote fork restart and the suppression of new origin firing. Both functions are
dependent on BRCA1 that controls the step-wise recruitment of MRE11, FANCD2 and finally CtIP to stalled
replication forks, followed by their concerted actions to promote fork recovery.

resolvase in complex with SLX1) (9—-12), suggesting that
chromatin-bound FANCD2"" is a docking platform for some

INTRODUCTION

Fanconi anemia (FA) is a recessively inherited genome instabil-
ity syndrome characterized by bone marrow failure and cancer
predisposition. FA patient cells are sensitive to DNA interstrand
crosslinks (ICLs) and show spontaneous chromosomal
aberrations that are further exacerbated upon treatment with
replication-inhibiting agents such as hydroxyurea (HU) or aphi-
dicolin (APH) (1,2). The 16 known FA proteins participate in a
common pathway. Following replication fork stalling, an up-
stream FA core complex (8 FA proteins) monoubiquitinates
the central FA pathway members FANCD2 and FANCI, fol-
lowed by their recruitment to chromatin and into DNA repair
foci (3,4). Monoubiquitinated FANCD2 (FANCD2Y?) functions
to recruit DNA repair factors FAN1 (Fanconi-associated nucle-
ase 1) (5—8) and SLX4 (identical to FANCP; a Holliday junction

DNA repair nucleases. Positioned further downstream in the
FA pathway are several breast cancer-associated proteins in-
cluding FANCDI1/BRCA2 (breast cancer-associated protein
2), which coordinates with upstream FA pathway members to
promote homologous recombination (HR) repair of DNA
double-stranded breaks (DNA DSBs) (13—15).

Three new studies shed light on additional FA pathway func-
tions at sites of stalled replication forks: Schlacher ez al. reported
that several FA pathway members including FANCD2 and
BRCA2 protect nascent DNA strands at stalled forks from
nucleolytic degradation (1,16). Furthermore, we demonstrated
that FANCD2 has additional roles in regulating the BLM heli-
case pathway (mutated in Bloom’s syndrome) to restart stalled
replication forks while suppressing new origin firing (17).
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Intriguingly, recent reports identified several additional key
HR proteins—including the MRE11 nuclease, RADS51 and
XRCC3 (18,19)—as crucial factors during replication fork re-
covery. Moreover, all of these proteins are able to interact with
FANCD2 (1,20-22), suggesting that FANCD2 promotes repli-
cation fork recovery in concert with members of the HR repair
machinery.

CtIP (CtBP-interacting protein) (23) is a central HR repair
factor that interacts with the MRE11/RADS50/NBS1 (MRN)
complex to mediate DNA end resection, and with BRCA1
(breast cancer associated 1) to promote HR repairin a cell cycle-
dependent manner (24—27). However, while CtIP’s role in
HR-mediated DNA DSB repair is well established, a putative
function for CtIP in replication fork recovery—possibly in
concert with FANCD2—has not been addressed.

In this study, we demonstrate that CtIP interacts with
FANCD2 and promotes FANCD2 protein stability. Moreover,
this interaction permits FANCD2 to recruit CtIP to sites of tran-
siently stalled and collapsed replication forks. At stalled forks,
CtIP cooperates with FANCD?2 to promote fork restart while
suppressing firing of new replication origins. Both functions
are dependent on the upstream factor BRCA1 that monitors re-
cruitment of MRE11, FANCD?2 and finally CtIP to stalled repli-
cation forks, followed by their coordinated actions to promote
fork recovery.

RESULTS

FANCD?2 interacts with CtIP in a DNA damage-
and monoubiquitination-independent manner

The CtIP-binding partner MRE11 interacts with FANCD2 and
promotes FANCD?2 protein stability (21). To test whether CtIP
and FANCD2 have a comparable relationship, we immunopreci-
pitated CtIP from unperturbed wild-type cells (PD20+4D2; a
FANCD?2 patient-derived cell line complemented with wild-
type FANCD?2), using antibodies against the N- or C-terminus
of CtIP (28). Both CtIP antibodies coimmunoprecipitated
FANCD?2 (Fig. 1A), eveninthe presence of the DNA intercalator
ethidium bromide (EtBr), indicating that their interaction is not
mediated by DNA. Unfortunately, we were not able to analyze
the FANCD2 —CtIP interaction in reverse, since a FANCD?2 anti-
body did not coimmunoprecipitate CtIP from wild-type cells,
possibly due to interference with the FANCD2—CtIP interaction
site. Importantly, the FANCD2 —CtIP interaction was not dimin-
ished in FANCC-deficient cells (PD331) or FANCA-deficient
cells (PD221) that cannot promote FANCD2Y" formation
(Fig. 1B and Supplementary Material, Fig. S1A, respectively),
indicating that FANCD2 monoubiquitination is dispensable
for its interaction with CtIP. To further support this finding, we
immunoprecipitated CtIP from wild-type cells that were either
untreated or treated with APH to induce FANCD2 formation.
We observed a decrease in CtIP-associated FANCD?2 levels fol-
lowing FANCD2 monoubiquitination (Supplementary Material,
Fig. S1B) demonstrating that FANCD?2’s ability to interact with
CtIP is inversely correlated with its monoubiquitination status.

Interestingly, FANCD?2 levels dropped precipitously follow-
ing CtIP knockdown (siCtIP, 50 nm) at 24 h (CtIP: 5.3%;
FANCD2: 13.9%) (Fig. 1C). On the other hand, while CtIP
protein levels remained strongly reduced at 48 h after siCtIP

treatment (15.4%), FANCD?2 protein levels had returned to
>50% (Fig. 1C). Moreover, treatment of cells with higher
siCtIP concentrations (300 nm) delayed restoration of CtIP
levels beyond 96 h, whereas FANCD?2 protein levels were com-
pletely restored at 72 h (Supplementary Material, Fig. S1). Thus,
while CtIP appeared to stabilize FANCD2, low amounts of CtIP
were sufficient. In agreement with this, a heterozygous CtIP
knockout cell line (HCT116 CtIP™ ™) containing ~20% re-
sidual CtIP protein levels nonetheless exhibited wild-type-like
FANCD2 protein concentrations (Fig. 1D). Interestingly,
siRNA-mediated knockdown of FANCD?2 did not reduce CtIP
protein levels; in fact, FANCD2 knockdown triggered a mild
upregulation of cellular CtIP protein levels (Fig. 1E), hinting
that cells may attempt to counteract the dwindling FANCD2
protein synthesis by stabilizing existing FANCD2 protein via
CtIP.

FANCD?2 recruits CtIP to transiently and terminally
stalled replication forks

FANCD?2 recruits BLM and BLM-associated DNA repair pro-
teins to transiently stalled replication forks in order to promote
fork restart (17). To test if CtIP is recruited to stalled forks in a
FANCD2-dependent manner, we isolated chromatin fractions
from FANCD2-proficient (PD20 + D2) and -deficient (PD20)
cells that had been untreated or treated with APH for different
lengths of time (30 min, 2, 6 or 24 h). Importantly in this
context, APH- or HU-stalled replication forks remain stable
and restart proficient for several hours (30 min—6h time
points), but do eventually collapse into DNA DSBs that cannot
be restarted (24 h time point) (17,19). We observed that
FANCD2-proficient cells contained chromatin-bound CtIP
(CtIP-chr) even in the absence of APH. Following APH addition,
CtIP-chr levels increased continuously with a strong peak at 24 h
(Fig. 2A). In contrast, CtIP-chr levels were already reduced in
untreated FANCD2-deficient cells and failed to increase
further at any time following cellular exposure to APH. Thus,
FANCD?2 recruits CtIP to (i) unperturbed replicating chromatin,
(i1) transiently stalled forks and (iii) fork collapse-induced DNA
DSBs. In contrast, CtIP*'~ cells (20% residual CtIP protein
levels) did not exhibit reduced FANCD2-chr levels in the
absence or presence of APH (Fig. 2B); moreover, these cells
were fully capable of promoting FANCD2 monoubiquitination
upon APH treatment (Fig. 1D). These results indicate that
FANCD?2 acts upstream of CtIP during normal replication and
following APH treatment, and is crucial to recruit CtIP to transi-
ently stalled, as well as collapsed, replication forks.

FANCD2 mediates CtIP foci formation in absence
or presence of replication stress

CtIP forms nuclear foci in unperturbed cells and in response to
DNA DSBs triggered by cellular treatment with ionizing radi-
ation (IR) (26,29,30). We analyzed CtIP foci formation in
FANCD2-proficient (PD20+D2) and -deficient (PD20) cells
that had been untreated or treated with APH for 30 min, 2, 6 or
24 h. Approximately 40% of wild-type cells contained discrete
punctuate CtIP foci in unperturbed conditions (Fig. 2C and Sup-
plementary Material, Fig. S2A). Interestingly, APH treatment
caused an initial decrease in CtIP foci-containing cells
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Figure 1. FANCD?2 interacts with CtIP and requires CtIP for its own protein stability. (A) FANCD?2 interacts with CtIP. WCE were prepared from PD20 + D2 cells
(lane 1) and subjected to IP with rabbit IgG (lanes 2 and 5; neg. control) or the anti-CtIP antibodies CtIP-1 (N-terminus, lanes 3 and 6) or CtIP-2 (C-terminus, lanes 4
and 7). IPs were performed in the absence or presence of EtBr as indicated. WCE and IP samples were analyzed for the presence of FANCD2 and CtIP by western blot.
(B) The FANCD2-CtIP interaction is FA core complex independent. WCE were prepared from PD331 and PD331 + FANCC cells and subjected to IP using rabbit IgG
(lanes 3 and 4, neg. control), and CtIP antibodies (lanes 5—8). WCE and equal volumes of IP samples were analyzed for the presence of CtIP and FANCD2. Immunoblot
signals for FANCD2 levels interacting with CtIP were analyzed by densitometry and normalized against CtIP levels using ImagelJ software. (C) CtIP promotes
FANCD?2 protein stability. Left panel: WCE were prepared from human PD20+4D2 cells (lanes 1-9) that had been untreated (lane 1), or treated with control
siRNA (siCon) or CtIP siRNA (siCtIP) for the indicated time points and analyzed for FANCD2 and CtIP. GAPDH, loading control. Right panel: Immunoblot
signals shown in the left panel were analyzed by densitometry and normalized against GAPDH signals using ImageJ. The graph shows the percentage of
FANCD2 and CtIP protein levels in siCtIP- compared with siCon-treated cells. Error bars, standard errors of the means (two independent experiments).
*P < 0.01. (D) HCT116 CtIP*~ cells maintain wild-type-like FANCD2 protein levels. WCE were prepared from human HCT116 CtIP*™ cells (lanes 1 and 2)
and HCT116 CtIP™ ™~ cells (lanes 3 and 4) that had been untreated (lanes 1 and 3) or treated with 30 wm APH for 6 h (lanes 2 and 4) and analyzed for the presence
of FANCD2 and CtIP by western blot. Tubulin, loading control. (E) siRNA-mediated FANCD2 knockdown triggers upregulation of CtIP protein levels. Left
panel: WCE were prepared from PD331+FANCC cells that had been treated with siCon (lanes 1 and 3) or siFANCD2 (lanes 2 and 4) for the indicated time
points and analyzed for FANCD2 and CtIP by western blot. Tubulin, loading control. Right panel: Immunoblot signals shown in the left panel were analyzed by densi-
tometry and normalized against GAPDH signals using ImageJ software. The graph shows the percentage of FANCD?2 and CtIP protein levels in siFANCD2- compared
with siCon-treated cells. Error bars, standard errors of the means (two independent experiments). *P < 0.01.

(10% cells at 2 h post-APH) followed by a significant increase at
24 h (75% cells at 24 h post-APH), suggesting that CtIP foci for-
mation does not occur at APH-stalled replication forks prior to
their collapse into DNA DSBs. Notably, FANCD2-deficient

Fig. S2C). Supportive of strictly FANCD2-dependent CtIP
foci formation, FANCD2 and CtIP exhibited significant foci
colocalization both in untreated cells and following APH treat-
ment for 24 h (Fig. 2D). Interestingly, both types of CtIP

cells failed to form CtIP foci at any conditions, including at
24 h post-APH treatment, indicating that FANCD2 recruits
CtIP to chromatin foci during normal replication and following
DNA DSB generation at collapsed forks. In strong support of
these findings, we obtained very similar results in FANCD2-
proficient and -deficient cells treated with HU (Supplementary
Material, Fig. S2B). Moreover, FANCD2-deficient cells failed
to support CtIP localization into chromatin foci even in response
to directly IR-triggered DNA DSBs (Supplementary Material,

foci-small, punctuate foci in untreated cells and large, bright
foci in 24 h APH-treated cells exhibited significant colocaliza-
tion with RADS51 (Supplementary Material, Fig. S2D), a
protein known to be involved in replication fork protection,
fork restart and DNA DSB repair (16,18,19). Thus, these foci
likely represent different types of DNA damage: endogenous,
replication-encountered sites of DNA lesions (small foci) and
fork collapse-induced DNA DSBs (large foci). Together, these
results indicate that FANCD2 globally regulates CtIP foci
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Figure 2. FANCD2 recruits CtIP to chromatin and into chromatin foci. (A) FANCD2 recruits CtIP to chromatin during normal replication and following replication
stress. Chromatin fractions were isolated from FANCD2-proficient (PD20+D2) or -deficient (PD20) cells that had been untreated or treated with APH for the indicated
time points, and analyzed for the presence of FANCD2 and CtIP. H2AX: loading control. (B) HCT116 CtIP* ™ cells are proficient for FANCD2 chromatin recruit-
ment. HCT116 CtIP™* cells (lanes 1 and 2) and HCT116 CtIP™~ (lanes 3 and 4) were untreated (lanes 1 and 3) or treated with 30 wm APH for 6 h (lanes 2 and 4).
Chromatin fractions were isolated from the cells and analyzed for presence of FANCD2 and CtIP. H2AX: loading control. (C) FANCD2 mediates CtIP foci formation
during normal replication and following long-term (24 h) replication stress. FANCD2-proficient (PD20-+D2) and -deficient cells (PD20) were untreated or treated
with 30 wm APH for the indicated times (30 min, 2, 6 and 24 h) and cellular nuclei were analyzed for the presence of CtIP foci. Nuclei with >5 foci were considered
positive for CtIP foci formation. (D) FANCD?2 and CtIP colocalize in nuclear foci in unperturbed cells and following APH-triggered fork collapse. FANCD2-proficient
cells (PD20+-D2) cells were untreated or treated with 30 M APH, followed by immunofluorescence staining with anti-FANCD2 and anti-CtIP antibodies. Nuclei

were counterstained with DAPI.

formation, during normal replication at endogenously generated
sites of DNA repair and following exogenously (directly or indir-
ectly) triggered DNA DSBs.

CtIP has FANCD2-dependent and -independent roles
during DNA replication

FANCD?2 cooperates with BLM to restart APH-stalled replica-
tion forks while simultaneously suppressing firing of new repli-
cation origins (17). FANCD2 and BLM also have independent
roles: FANCD2 protects stalled replication forks from

nucleolytic degradation independently of BLM, whereas BLM
supports normal replication fork velocity independently of
FANCD2 (1,17,31). We tested if CtIP was involved in one or
more of these replication-associated functions using two sets
of CtIP-proficient and -deficient cells: Set 4, PD20+D2
(“wild type”) cells treated with control siRNA (siCon) or CtIP
siRNA (siCtIP) for 48 h. At this time point, CtIP protein levels
are still strongly reduced (15%), whereas FANCD2 protein
levels have returned to at least 50% (see Fig. 1C).

Set B, wild-type HCT116 cells (CHIP*'*) or HCT116 cells
carrying one CtIP knockout allele (CtIP*"~). Since CtIP™~



cells contain low CtIP protein levels (20%) yet wild-type-like
FANCD?2 protein levels (Fig. 1D), any phenotypes observed in
these cells would be due to the absence of CtIP, not FANCD2.

Replication events in these cells were monitored with a dual-
labeling DNA fiber assay. Replication tracts were first labeled
with DigU (red label) for 25 min, then untreated or treated
with APH for 6 h to cause replication fork arrest, followed by
second labeling with BioU (green label) for 40 min (Fig. 3A).
Different from the efficient fork restart in wild-type cells, the
proportion of replication forks competent for restart after APH
treatment was severely reduced in both CtIP-deficient cell
types (Fig. 3B, siCtIP: 32.50%; HCT116 CtIP™'~: 29.90%;
P < 0.0001). Simultaneously, the number of newly originated
replication tracts increased significantly in the CtIP-deficient
cells (Fig. 3C, ~2-fold; P < 0.0001), indicating that CtIP has
crucial roles in replication fork restart and suppression of new
origin firing. In contrast, CtIP-deficient cells did not exhibit
shortening of nascent DNA strands (red label tract lengths) at
APH-stalled forks compared with wild-type cells (Fig. 3D,
siCtIP: 6.18 and 6.06 pum; CtIP™ ~: 9.58 and 9.54 pwm), suggest-
ing that CtIP is dispensable for protection of stalled replication
forks from nucleolytic degradation. Interestingly, we observed
that in unperturbed conditions, CtIP-deficient cells exhibited
shorter replication tracts per se (Fig. 3 E, siCon versus siCtIP:
5.85 and 4.58 pm (78% of wild type); CtIPY'*  versus
CtIP™~:9.32 and 6.32 M (68% of wild type; P < 0.0001) in-
dicating an unanticipated role for CtIP in maintaining normal
cellular replication fork velocity.

Together, these results suggested partial cooperation between
CtIP and FANCD2 during replication fork recovery. To test this,
we treated PD20+D2 or PD20 cells with control siRNA or CtIP
siRNA to generate wild-type, FANCD2-, CtIP- or FANCD2/
CtIP double-deficient cells, followed by dual-label DNA fiber
analysis. As expected, FANCD2- and CtIP-deficient cells exhib-
ited similarly reduced replication fork restart events (32.80 and
32.75%, P < 0.0001); moreover, this defect was not further exa-
cerbated in FANCD2/CtIP double-depleted cells (29.55%, P <
0.0001), demonstrating that FANCD2 and CtIP act in the same
pathway to restart replication forks (Fig. 4A). In parallel, the pro-
portion of newly originated replication tracts increased signifi-
cantly and equally in FANCD2-, CtIP- and FANCD2/CtIP
double-deficient cells compared with wild-type cells (Fig. 4B,
~2-fold; P < 0.0001). In contrast, only the absence of
FANCD2 but not CtIP caused significant degradation of
nascent DNA strands at APH-stalled replication forks
(Fig. 4C, 4.32 versus 6.06 pM; P < 0.0001), confirming that
FANCD?2 protects stalled replication forks even in absence of
CtIP. In addition, CtIP knockdown caused shortening of replica-
tion tract lengths in unperturbed FANCD2-proficient cells
(4.58 wm, 78% of wild type, P < 0.0001) or FANCD2-deficient
cells (4.35 pum, 74% of FANCD2 deficient, P < 0.0001;
Fig. 4D), demonstrating that CtIP acts independently of
FANCD?2 to promote replication fork velocity.

BRCALI acts upstream of FANCD2 and CtIP during
replication fork recovery

BRCALI interacts with CtIP and recruits CtIP to chromatin and
into nuclear DNA repair foci following IR-induced DNA DSB
formation (32,33). Similarly, BRCA1 colocalizes with

Human Molecular Genetics, 2014, Vol. 23, No. 14 3699

FANCD2 and promotes FANCD2 localization into nuclear
foci after cellular IR treatment (3). Moreover, BRCAIl-like
FANCD2-protects stalled replication forks from nucleolytic
degradation (1). Thus, we speculated that BRCA 1 might cooper-
ate with FANCD?2 and CtIP to promote replication fork restart
and suppression of new origin firing. To address this hypothesis,
we utilized the BRCA1-deficient cell line HCC1937 and its com-
plemented counterpart, HCC19374+BRCAL1. Following APH
treatment for 6 h, BRCA1-deficient cells showed extreme
defects in replication fork restart (Fig. SA, 24.7%; P < 0.0001;
Fig. 5A), and a simultaneous increase in new origin firing com-
pared with wild-type cells (~2-fold; P < 0.0001; Fig. 5B), com-
parable with the phenotypes observed in FANCD2- and/or
CtIP-deficient cells.

Previous studies showed that DNA DSB-triggered foci forma-
tion of BRCA1 and FANCD?2 occurred in an MRE1 1-dependent
manner (21,34), whereas CtIP and MRE11 localized to DNA
DSBs independently of one another (29). Thus, we set out to
test if the same hierarchy was maintained during these proteins’
recruitment to transiently APH-stalled replication forks. Cellu-
lar treatment with the MREI11 nuclease inhibitor mirin
significantly reduced APH-triggered recruitment of BRCAL,
FANCD?2 and CtIP to chromatin (Fig. 5C). Moreover, BRCA1-
deficient cells exhibited reduced chromatin-bound levels of
MRE11, FANCD2 and CtIP following APH treatment for
0.5-6 h (Fig. 5D). These results indicate that BRCA1 and
MRE11 stabilize each other at sites of stalled replication forks,
and then recruit FANCD?2, followed by CtIP, to promote fork re-
covery. Supportive of this idea, knockdown of MRE11 did not
further increase the replication fork restart defect observed in
CtIP-deficient cells (Supplementary Material, Fig. S3). Consid-
ering this hierarchy, we reasoned that the S/G2-phase-dependent
BRCA1-CtIP-MRN complex formation (29) might occur in a
FANCD2-dependent manner. However, antibodies against
CtIP  coimmunoprecipitated BRCA1l and MREI1l from
FANCD2-proficient and -deficient cells (Supplementary Mater-
ial, Fig. S4). Thus, interactions of CtIP with its upstream regula-
tors BRCA1 and MREI11 remain stable in FANCD2-deficient
cells but are not sufficient to stably recruit CtIP to stalled
replication forks.

DISCUSSION

In this study, we identify CtIP as novel protein interactor
of FANCD2 and demonstrate FANCD2-dependent and
-independent roles of CtIP during DNA replication and the
replication stress response.

Our findings add CtIP to a growing list of FANCD2-
interacting proteins such as MRE11 and BLM that promote rep-
lication fork recovery as well as HR-mediated DNA DSB repair,
strongly suggesting that fork restart requires HR-related
mechanisms (18,21,31,35,36). The interaction of FANCD2
with CtIP-akin to its interactions with MREI1 or BLM
(17,21)-occurs in a DNA damage and FANCD2""-independent
manner, providing additional evidence that FANCD2 monoubi-
quitination is dispensable for some of its cellular functions.

The fact that the absence of CtIP destabilizes FANCD2, com-
bined with previous findings that both FANCD2 and CtIP are
degraded in the absence of MRE11 (21,37) suggests that CtIP
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Figure 3. CtIP has crucial functions during normal replication and in response to replication stress. (A) Images of DNA fibers with a schematic of defining sites of
replication. Red tracks: DigU; green tracks: BioU. (B) CtIP is required for stalled fork restart. The efficiency of replication restart in wild type (siCon and HCT116
CtIP™*) and respectively matching, CtIP-deficient cells (siCtIP and HCT116 CtIP™ ~) was measured as the number of restarted replication forks after APH-mediated
fork stalling (DigU — BioU tracts), compared with the total number of DigU-labeled tracts (DigU plus DigU — BioU); ***P < 0.0001. (C) CtIP acts to suppress new
origin firing during replication blockade. The fraction of new sites of replication originating during the 40 min recovery period after APH treatment was compared
between wild-type (siCon and HCT116 CtIP'™) and respectively matching, CtIP-deficient cells (siCtIP and HCT116 ctipt ). Fractions were measured as the
number of green-only (BioU) tracts compared with the total number of spreading replication tracts (BioU plus DigU— BioU); ***P < 0.0001. (D) CtIP does not
protect replication forks from degradation. Lengths of nascent replication fork tracts indicating fork stability (labeled with DigU only) were measured before and
after 6 h of APH treatment. Preformed DigU track lengths did not shorten during 6 h APH-treatment in siCtIP- versus siCon-treated wild-type cells, or in
HCT116 CtIP™'~ versus HCT116 CtIP*'* cells. Median track lengths are indicated below each panel. Inset: plotted median track lengths. (E) CtIP supports
normal replication fork velocity. BioU track length distributions were determined on DigU — BioU double-labeled DNA fibers isolated from untreated (NT) wild-
type cells (siCon and HCT116 CtIP*' ™) or respectively matching, CtIP-deficient cells (siCtIP and HCT116 CtIP™ ™). Median track lengths are indicated below each
panel. Inset: plotted median track length; ***P < 0.0001. [NB: Wild-type HCT116 cells exhibit a higher average fork velocity than the (complemented or non-
complemented) PD20 cells. This might be due to different genetic backgrounds of the two cell types: PD20 cells are FA patient-derived fibroblasts, whereas
HCT116 is a non-FA, colorectal cancer-derived cell line.]
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DigU — BioU);***P < 0.0001. (B) FANCD2 and CtIP act in concert to suppress new origin firing during replication blockade. The fraction of new sites of replication
originating during the 40 min recovery period after APH treatment was compared between wild-type, FANCD2-, CtIP- and CtIP/FANCD2 double-deficient cells.
Fractions were measured as the number of green-only (BioU) tracts compared with the total number of spreading replication tracts (BioU plus DigU— BioU);
4P < 0.0001. (C) FANCD?2 protects replication forks independently of CtIP. Lengths of nascent replication fork tracts indicating fork stability (labeled with
DigU only) were measured before and after 6 h of APH treatment. Preformed DigU tract lengths do not shorten during APH treatment in CtIP-deficient cells compared
with CtIP/FANCD?2 double-deficient cells. Median track lengths are indicated below each panel. Insets: plotted median track lengths. (D) CtIP maintains replication
fork velocity independently of FANCD2. BioU track length distributions were determined on DigU — BioU double-labeled DNA fibers isolated from untreated (NT)
wild-type, FANCD2-, CtIP- and CtIP/FANCD?2 double-deficient cells. Median track lengths are indicated below each panel. Insets: plotted median track lengths.

is the true stabilizer of FANCD?2, likely via a direct physical
interaction. Interestingly, dependency of one protein’s stability
on the presence of another does not necessarily reflect the func-
tional hierarchy between the two: FANCD?2 is recruited to stalled
replication fork downstream of MRE11 but upstream of CtIP
(Figs 5C and 2A), yet both MRE11 and CtIP regulate (indirectly
or directly) FANCD2 protein stability.

FANCD2-dependent chromatin recruitment of CtIP occurs on
several levels: (i) during unperturbed replication, (ii) at stalled
forks and (iii) at DNA DSBs generated by fork collapse or IR
treatment. These results suggest that FANCD2 controls CtIP
functions not only during replication fork restart but also
during HR-mediated DNA DSB repair. In support of this idea,
independent studies by Nakanishi ef al. (14) and Chen et al.
(29) showed that FANCD2- and CtIP-deficient cells exhibit
comparable deficiencies in the HR-mediated repair of DNA
DSBs. Future studies should reveal if and how FANCD2 regu-
lates CtIP-dependent functions during HR repair, perhaps via
supporting end resection at DNA DSBs.

Unexpectedly, the acute cellular response to APH- or HU-
mediated replication fork stalling includes a significant reduc-
tion in CtIP foci formation, only to be followed by a subsequent
increase in CtIP foci numbers that peak at 24 h, when forks have
collapsed into DNA breaks (17,19). We observed that nucleotide
incorporation was completely blocked at 2 h post-APH exposure
(data not shown), indicating that replication forks are fully
stalled at this time. Moreover, the decrease in APH-triggered
CtIP foci formation at 30 minand 2 h was accompanied by a sim-
ultaneous increase in CtIP chromatin binding. Thus, while CtIP
foci formation does not necessarily mirror its chromatin binding,
APH-mediated replication fork stalling does actively block CtIP
foci formation. Interestingly, a similar phenomenon was recent-
ly shown for RADS51, a protein that-like CtIP-promotes both rep-
lication fork restart and HR-mediated repair: Petermann et al.
demonstrated that following HU exposure, the number of
RADS51 foci-positive cells decreased at 1 and 2 h, but increased
significantly at 24 h (19). The fact that we observed strong colo-
calization of CtIPand RADS1 foci in untreated conditions (small
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foci) as well as after 24 h of APH treatment (large foci), indicates
that these two proteins cooperate during the repair of endogen-
ously and exogenously triggered DNA lesions. While these
findings require further investigation, we speculate that DNA
repair proteins may not form foci at replication forks stalled
in absence of a DNA lesion. The fact that CtIP and RADS51
foci reappear in great numbers once forks have collapsed into
DNA DSBs supports amodel where foci formation of these pro-
teins is restricted to sites of DNA breaks. Alternatively, the
rather small and punctuate CtIP and RADS51 foci observed in
unperturbed cells may represent other types of DNA damage
recognized by the cell through collision with the replication
machinery. A recent study showed that CtIP foci in untreated
cells colocalize with PCNA and BrdU, possibly representing
sites of DNA lesion repair at unbroken, but currently halted
forks (30).

CtIP’s novel role in maintaining replication fork speed pro-
vides a mechanistic basis for previous observations that mouse
and chicken (DT40) CtIP knockout cells show prolonged
S-phase stages and slower overall proliferation profiles (38).
The notion that CtIP performs this role independently of
FANCD?2 is further strengthened by a recent study showing
that FANCD?2 is present exclusively at stalled, not moving rep-
lication forks (39). Since FANCD2-deficient cells exhibit
normal replication fork speed despite reduced chromatin-bound
CtIP levels (Fig. 2A), low concentrations of chromatin-bound
CtIP must be sufficient to maintain replication velocity.

Another novel role for CtIP is its FANCD2-dependent func-
tion during replication fork restart, which it shares with other
FANCD2-interacting proteins such as BLM and XRCC3.
However, unlike FANCD2, we find that CtIP is dispensable
for replication fork protection against nucleolytic degradation.
This was somewhat unexpected considering that CtIP is
crucial for the recruitment of RADS5]1, at least to sites of DNA
DSBs (38), and RADS!1 is indispensable for the protection of
stalled forks (19). Hence, RADS51’s recruitment to stalled forks
must occur independently of CtIP, predicting different mutual
regulation rules among DNA repair proteins at stalled replication
forks versus DNA DSBs. In this regard, we also observed that
BRCAIl-the other newly identified replication fork restart
factor in this study-and MRE11 appear to communicate differ-
ently during replication fork restart compared with DNA DSB
repair: MREI11 acts strictly upstream of BRCA1 (34) during
DNA DSB repair and does not rely on BCRA1 for its own
access to DNA breaks (40—42). In contrast, our results indicate
mutual stabilization of BRCA1 and MREI11 at sites of stalled
replication forks. This mutual regulation between DNA repair
proteins appears to be an emerging theme. For example, the
FA core complex member FANCM recruits FANCD2 to repli-
cating chromatin, but also relies on FANCD2 for its own chro-
matin binding (43). Similarly, the MRN complex recruits
ATM to DNA DSBs, but then requires ATM for its own activa-
tion (44). These mutual stabilization events at stalled replication
forks or DNA lesions likely empower cells with additional



flexibility, by enabling proteins that act at downstream steps of
fork recovery or DNA repair to provide regulatory feedback to
their upstream mediators.

In summary, our results show that the central FA pathway
member FANCD2 is a major regulator of CtIP functions
during replication fork recovery in cooperation with BRCA1
and MRE11 (Supplementary Material, Fig. S5). These findings
support accumulating evidence that FANCD2 coordinates key
HR proteins to mediate replication fork protection and allow
successful replication fork restart.

MATERIALS AND METHODS
Cell culture

PD20 (FANCD2 deficient), PD20+D2 (retrovirally comple-
mented with wild-type human FANCD?2), PD221 (FANCA de-
ficient) and PD221+4A (retrovirally complemented with
wild-type human FANCA) patient cells were obtained from
the FA Cell Repository at the Oregon Health & Science Univer-
sity. PD331 (FANCC-deficient FA patient cells) and PD331+C
(retrovirally complemented with wild-type human FANCC)
were a kind gift from Dr Fillipo Roselli. HCC1937 (BRCAI1-
deficient, tumor-derived cells) and HCC1937+BRCAI1 (retro-
virally complemented with wild-type human BRCAL) cell
lines were a kind gift from Dr Robert M. Brosh Jr PD20 and
PD331 cell derivatives were cultured in DMEM (GIBCO).
HCC1937 cell derivatives were grown in RPMI 1640
(GIBCO). HCT116 cell derivatives were cultured in McCoy A
medium (GIBCO).

Construction of a human CtIP*/~ heterozygous somatic cell
line (see also Supplementary Material, Figure S6)

Expression of CtIP protein in HCT116 CtIP*~ compared with
HCT116 CtIP™™ cells was analyzed by western blot of whole
cell extracts (WCE) (Fig. 1D).

Antibodies

Antibodies against CtIP have been described (28). Commercial
antibodies were used against human FANCD2 (Santa Cruz,
sc-20022 and Abcam, ab2187), GAPDH (Genetex,
GTX627408), BRCA1 (Santa Cruz, sc-642), MRE11 (Santa
Cruz, sc-5859), tubulin (Abcam, ab7291) and H2AX (Bethyl,
A300-083A).

Immunoblotting

Protein samples were separated on gradient gels and transferred
to Immobilon P membranes (Millipore). After blocking in 5%
milk, membranes were incubated with the following primary
antibodies: anti-FANCD2 (1:2000), anti-BRCA1 (1:500),
anti-CtIP (mouse monoclonal, 1:40), anti-H2AX (1:10 000),
anti-GAPDH (1:1000) and anti-tubulin (1:10 000). Horseradish
peroxidase-conjugated rabbit secondary antibodies (Jackson
Labs) or mouse secondary antibodies (Bio-Rad) were used at
dilutions of 1:10 000 and 1:3000, respectively. Protein bands
were visualized using an ECL Plus system (Amersham).
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Preparation of WCE and chromatin fractions
from human cells

Human WCE and chromatin fractions were prepared as previ-
ously described (17,45).

Immunoprecipitation from human cells

Cells were lysed in IP buffer as previously described (17).
Lysates were precleared with rabbit or mouse IgG and subjected
to immunoprecipitation with anti-FANCD2, anti-CtIP, anti-
BRCAL1 or IgG antibody in absence or presence of EtBr
(10 pg/ml) at 4°C overnight. One hundred microliters of Seph-
arose 4B beads (50% slurry) were added and rotated for
30 min at 4°C. The beads were pelleted from solution, washed
in cell lysis buffer, boiled in 1 x NuPAGE buffer (Invitrogen)
and analyzed by SDS—PAGE and western blotting.

siRNA experiments

siRNA duplexes were purchased from Dharmacon research
(Thermo Scientific, MA, USA). The sequence of CtIP siRNA
is GCUAAAACAGGAACGAAUCUU (46). The sequence
of MREI11 siRNA is GCUAAUGACUCUGAUGAUAUU.
siGENOME non-targeting siRNA was used as a control. Trans-
fections were performed using DharmaFECT!1 transfection
reagent according to the manufacturer’s protocol.

Immunofluorescence

Indirect immunofluorescence was carried out essentially as
described (47). Primary antibodies used: FANCD2 (Abcam,
ab2187, 1:4000), CtIP (mouse monoclonal, 1:400). Secondary
antibodies used: alexa Fluor 594-conjugated goat anti-rabbit
(1:1000) and Alexa Fluor 488-conjugated goat anti-mouse
(1:1000; Molecular Probes). For statistical analysis of nuclear
foci formation, images were taken using a Leica DM LB2 micro-
scope with a Hamamatsu Orca-ER camera. Quantification of
CtIP foci was carried out using ImageJ. To analyze foci coloca-
lization of two proteins, images were captured using a Delta-
vision microscope (Applied Precision) and analyzed using
Deltavision softWoRx 5.5 software.

DNA fiber assay

We used a DNA fiber protocol as previously described (17). All
shown DNA fiber results are the means of two or three independ-
ent experiments (300 DNA fibers/experiment). Error bars repre-
sent the standard error of the mean and significance was
determined by #-test and Mann—Whitney tests (Supplementary
Material, Table S1). Statistical significance at P < 0.01, P <
0.001 and P < 0.0001 is indicated as *, ** and ***, respectively.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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