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Fanconi Anemia (FA) is an inherited multi-gene cancer predisposition syndrome that is characterized on the cellular
level by a hypersensitivity to DNA interstrand crosslinks (ICLs). To repair these lesions, the FA pathway proteins are
thought to act in a linear hierarchy: Following ICL detection, an upstream FA core complex monoubiquitinates the
central FA pathway members FANCD2 and FANCI, followed by their recruitment to chromatin. Chromatin-bound
monoubiquitinated FANCD2 and FANCI subsequently coordinate DNA repair factors including the downstream FA
pathway members FANCJ and FANCD1/BRCA2 to repair the DNA ICL. Importantly, we recently showed that FANCD2 has
additional independent roles: it binds chromatin and acts in concert with the BLM helicase complex to promote the
restart of aphidicolin (APH)-stalled replication forks, while suppressing the firing of new replication origins. Here, we
show that FANCD2 fulfills these roles independently of the FA core complex-mediated monoubiquitination step.
Following APH treatment, nonubiquitinated FANCD2 accumulates on chromatin, recruits the BLM complex, and
promotes robust replication fork recovery regardless of the absence or presence of a functional FA core complex. In
contrast, the downstream FA pathway members FANCJ and BRCA2 share FANCD2’s role in replication fork restart and
the suppression of new origin firing. Our results support a non-linear FA pathway model at stalled replication forks,
where the nonubiquitinated FANCD2 isoform – in concert with FANCJ and BRCA2 – fulfills a specific function in
promoting efficient replication fork recovery independently of the FA core complex.

Introduction

Fanconi Anemia (FA) is a recessively inherited genomic insta-
bility syndrome caused by mutation in any one of 16 known FA
genes. Clinically, FA patients exhibit congenital abnormalities,
progressive bone marrow failure and a strong predisposition to
cancers such as acute myeloid leukemia and squamous cell carci-
nomas.1,2 Cells from FA patients are hypersensitive to DNA
interstrand crosslinks (ICLs) and show spontaneous chromo-
somal aberrations that are further exacerbated upon treatment
with replication-inhibiting agents such as hydroxyurea (HU) or
aphidicolin (APH).3-5 To promote the repair of DNA ICLs, the
16 FA pathway members are thought to function in a linear hier-
archy that can be broadly divided into 3 tiers: an upstream FA
core complex, a central FANCD2-FANCI protein heterodimer
and several downstream FA pathway members including breast
cancer-associated proteins FANCD1/BRCA2 (breast cancer asso-
ciated 2), FANCN/PALB2 (partner and localizer of BRCA2)
and FANCJ/BRIP1 (BRCA1-interacting protein 1).1,6 DNA
ICLs are mostly repaired in S-phase when they block the

progression of replication forks.7-9 Detection of an ICL triggers
the recruitment of the FA core complex [FANCA, -B, -C, -E, -F,
-G, -L]. Once recruited, the FA core complex – with FANCL as
the catalytic subunit – functions as an E3 ubiquitin ligase that
monoubiquitinates both members of the central FANCD2-
FANCI heterodimer. Monoubiquitinated FANCD2 and FANCI
are then recruited to chromatin and into DNA repair foci at
DNA ICLs.10,13 Subsequently, chromatin-bound FANCD2 and
FANCI are thought to coordinate downstream FA nucleases like
SLX4/FANCP and XPF(FANCQ)/ERCC1 with FANCJ,
BRCA2 and FANCN to mediate incisions at the DNA ICL fol-
lowed by homologous recombination (HR) repair of the newly
generated DNA double strand break (DSB).14-20

Recent studies from our laboratory and others revealed novel
FA pathway functions at replication forks that are stalled in the
presence of HU or APH. The FA core complex, FANCD2 and
BRCA2 function to protect nascent DNA strands at stalled repli-
cation forks from nucleolytic degradation.5,21,21 Importantly,
FANCD2 also regulates the BLM helicase pathway to mediate
restart of the stalled replication forks, while simultaneously
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suppressing the firing of new replication origins.21,23 Intrigu-
ingly, our previous findings also showed that FANCD2 can
recruit and assemble BLM pathway members such as BLM and
Topoisomerase IIIa (Top3A) on chromatin independently of
FANCI, indicating a separation of function between these 2 cen-
tral FA pathway members.21 Consequently, these results raised
the question of whether FANCD2 fulfills its new role in replica-
tion fork recovery in concert with – or independently of – the
upstream FA core complex and the downstream FA pathway
members.

In the current study, we show that – unlike FANCD2 – the
FA core complex members FANCA, FANCC, FANCG and
FANCL are dispensable for the restart of APH-stalled replication
forks and the suppression of new origin firing. FA core complex-
deficient cells recruit nonubiquitinated FANCD2 to chromatin
after APH treatment, followed by FANCD2-dependent assembly
of fork restart factors and robust replication fork recovery. In
contrast, cells lacking downstream FA pathway members FANCJ
or BRCA2 fail to restart APH-stalled replication forks, and show
a significant increase in new replication origin firing. Our results
strongly support a novel, non-linear FA pathway model where
nonubiquitinated FANCD2, FANCJ and BRCA2 form a team
that acts completely independently of the FA core complex to
coordinate molecular actions of the replication fork restart
machinery.

Results

The FA core complex is dispensable for the restart of APH-
stalled replication forks

Using a dual labeling DNA fiber assay, we recently showed
that FANCD2 promotes the restart of APH-stalled replication
forks, while simultaneously suppressing new origin firing.21,23 In
this assay, replication tracts are first labeled with DigUTP (red
label) for 25 min, treated without or with 30 mM APH for
6 hours to cause replication fork arrest, followed by second label-
ing with BioUTP (green label) for 40 min (Fig. 1A). Reproduc-
ibly, FANCD2-deficient patient cells show an approximately
2.5-fold reduction in replication fork restart efficiency (Fig. 1B),
accompanied by an approximately 4.5-fold increase in new origin
firing events (Fig. 1B). To investigate if these mechanisms
depend on the FA core complex that is thought to act upstream
of FANCD2, we considered that this complex is composed of 3
subcomplexes: 2 ancillary modules, FANCA-FANCG and
FANCC-FANCE-FANCF, and the actual catalytic module
FANCB-FANCL (Fig. 1C).24-27 We chose FA patient-derived
cell lines deficient for FANCA, FANCC and FANCL, each lack-
ing one of the 3 FA core modules, and their isogenic counterparts
corrected with the respective wild type gene (PD220 and
PD220CA, PD331 and PD331CC, 913/1T and 913/1TCL).
We observed robust APH-induced FANCD2 monoubiquitina-
tion in the PD220CA, PD331CC and 913/1TCL cells, con-
firming efficient gene correction (Fig. 1D). Using the same DNA
fiber assay described in Figure 1A, we first analyzed FANCA-
and FANCC-deficient cells for fork restart after APH treatment.

We found that the proportion of replication forks competent for
restart was essentially unaffected in cells lacking FANCA or
FANCC compared to their corrected counterparts (Fig. 1E, parts
i and ii); moreover FANCA- or FANCC-deficient cells did not
show a significant increase in new origin firing (Fig. 1F, parts i
and ii).

Importantly, recent studies revealed that cells lacking either
one of the ancillary FA core modules still contain very low
amounts of FANCD2Ub, whereas cells deficient for the catalytic
core module do not.26,27 Thus, we next tested if FANCL-defi-
cient cells are capable of replication fork recovery after APH
treatment. Strikingly, the FA patient-derived FANCL-deficient
cells exhibited normal replication fork restart efficiencies and
robust suppression of new origin firing, comparable to the cor-
rected cells (Fig. 1E, part iii; Fig. 1F, part iii). Moreover, a genet-
ically engineered human FANCL knockout cell line (HCT116/
FANCL¡/¡) showed no defects in replication fork restart and no
increase in new origin firing after APH treatment compared to
wild type HCT116 cells (Fig. S1A-C). Lastly, we argued that
FANCG may be required for replication fork recovery, since
FANCG can act independently of other FA core complex mem-
bers to regulate formation of a separate protein complex
(BRCA2-FANCD2-FANCG-XRCC3) (Fig. S2A).28-30 How-
ever, replication fork restart efficiencies and suppression of new
origin firing were normal in patient-derived FANCG cells com-
pared to wild type cells (Fig. S2B–D), ruling out that FANCG
or FANCG-dependent protein complexes are crucial for these
mechanisms. Taken together, our results indicate that the 3
known FA core complex modules – and thus likely the entire FA
core complex – are dispensable for the restart of APH-stalled rep-
lication forks and the simultaneous suppression of new origin
firing.

The nonubiquitinated FANCD2 isoform is crucial
for replication fork restart in FA core complex-deficient cells

Our finding that the FA core complex is dispensable for the
restart of APH-stalled replication forks immediately suggested
that the FA core complex-dependent FANCD2Ub formation is
dispensable for FANCD2’s role during fork recovery. In that
case, the nonubiquitinated FANCD2 isoform would be responsi-
ble for the successful replication fork restart observed in FA core
complex-deficient cells. To test this, we treated PD331CC or
PD331 cells with control siRNA or FANCD2 siRNA to generate
wild type, FANCC-, FANCD2-, or FANCC/FANCD2 double-
deficient cells, followed by dual-label DNA fiber analysis
(Fig. 2A). As expected, wild type and FANCC-deficient cells
exhibited normal replication fork restart efficiencies (Fig. 2B,
wild type: 78.4%; FANCC-deficient: 74.4%) and were able to
suppress new origin firing events (Fig. 2C) in response to APH.
In striking contrast, FANCD2-deficient and FANCC/FANCD2
double-deficient cells showed a significant and comparable
decrease in fork restart efficiencies (Fig. 2B, FANCD2-deficient:
37.8%; FANCC/FANCD2 double-deficient: 39.3%) and a sig-
nificant, comparable increase in new origin firing (Fig. 2C, »3.5
fold increase in FANCD2- and FANCC/FANCD2 double-defi-
cient cells). Thus, depletion of FANCD2 renders cells deficient
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Figure 1. For figure legend, see page 345.
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for replication fork restart and suppression of new origin firing,
irrespective of the absence or presence of a functional FA core
complex.

Nonubiquitinated FANCD2 is recruited to chromatin in an
APH-responsive manner

Our results above indicated that cells utilize selectively the
nonubiquitinated FANCD2 isoform to promote the restart of
APH-stalled replication forks. Thus, one would expect the nonu-
biquitinated FANCD2 isoform to accumulate on chromatin in
response to APH. To test this, we isolated chromatin fractions
from FANCC-proficient (PD331CC) or -deficient (PD331) cells
that had been untreated or treated with APH for different lengths
of time (2 h, 6 h or 24 h). As expected, FANCC-proficient
cells contained chromatin-bound FANCD2 even in absence of
APH, and showed a continuous increase in FANCD2 chromatin
binding following APH treatment (Fig. 2D).31,32 In agreement
with previous studies, the chromatin fractions from FANCC-
proficient cells contained predominantly the FANCD2Ub iso-
form33; however a small amount of nonubiquitinated FANCD2
was detectable as well (Fig. 2D). Importantly, similar amounts of
nonubiquitinated FANCD2 were chromatin-bound in FANCC-
deficient cells; moreover the nonubiquitinated FANCD2 isoform
accumulated further on chromatin in response to APH treatment
(Fig. 2D). In addition, we found that Top3A, a member of the
BLM complex that binds chromatin and promotes replication
fork restart in a FANCD2-dependent manner, exhibited compa-
rable chromatin binding behavior in FANCC-proficient and
-deficient cells (Fig. 2D). These results demonstrate that nonubi-
quitinated FANCD2 binds chromatin in an APH-responsive
manner and recruits BLM complex members independently of
the FA core complex.

A monoubiquitination-dead FANCD2K561R mutant binds
chromatin and promotes replication fork restart

To further test the role of FANCD2Ub formation during rep-
lication fork restart, we analyzed FANCD2-deficient patient cells
(PD20) that were complemented with either (i) empty vector,
(ii) wild type FANCD2 (PD20CFANCD2WT) or (iii) a monou-
biquitination-dead FANCD2 mutant (PD20CFANCD2K561R)
(Fig. 3A). Interestingly, we found that total protein levels of

FANCD2K561R were significantly higher than those of
FANCD2WT in PD20 cells (Fig. 3A, compare lanes 2 and 3, or
5 and 6). Concomitantly, both FANCD2WT and FANCD2K561R

were present in chromatin fractions isolated from unperturbed or
APH-treated cells, indicating that the FANCD2K561R mutant
has residual chromatin binding ability (Fig. 3B). In agreement
with this, the DNA fiber analysis revealed that the replication
fork restart defect in FANCD2-deficient cells (Fig. 3C, PD20:
39.3%) was significantly relieved by expressing FANCD2WT

(Fig. 3C, PD20CFANCD2WT: 84.5%) or the FANCD2K561R

mutant (Fig. 3C, PD20CFANCD2K561R: 74.8%). Simulta-
neously, the significant increase in new origin firing observed
in PD20 cells (Fig. 3D; »4.5 fold increase compared to
PD20CFANCD2WT) was partially suppressed in
PD20CFANCD2K561R cells (Fig. 3D; »2 fold increase com-
pared to PD20CFANCD2WT). Taken together, these results
indicate that the nonubiquitinated FANCD2 isoform plays a
crucial role at sites of APH-stalled replication forks to promote
fork restart and suppression of new origin firing.

The “downstream” FA pathway members FANCJ
and BRCA2 cooperate with FANCD2 to promote replication
fork restart

The BRCA1 (breast cancer-associated 1) protein is a critical
DNA repair factor that is responsible for the recruitment of
FANCD2, as well as downstream FA pathway members FANCJ
and BRCA2, to sites of DNA damage.6,13,34 Importantly, we
recently showed that BRCA1 also functions upstream of
FANCD2 to promote the restart of APH-stalled replication
forks.23 Thus, we asked if the other BRCA1-dependent DNA
repair factors, FANCJ and BRCA2, are involved in FANCD2-
dependent replication fork restart as well. We chose a FANCJ-
deficient patient cell line (752/1T), and its corrected wild type
counterpart (752/1TCJ). Furthermore, we treated 752/1TCJ
and 752/1T cells with control siRNA or FANCD2 siRNA to
generate wild type, FANCD2-, FANCJ-, or FANCD2/FANCJ
double-deficient cells, followed by dual-label DNA fiber analysis.
As expected, APH treatment induced FANCD2Ub formation
normally in FANCJ-deficient cells (Fig. 4A).35,36 Following
APH treatment, the proportion of replication forks competent
for restart was severely – and equally – reduced in FANCD2-

Figure 1 (See previous page). The 3 FA core subcomplexes are dispensable for the restart of APH-stalled replication forks. (A) Representative images of
DNA fibers accompanied with a schematic of defining sites of replication. Red tracts: DigU; green tracts: BioU. (B) Left panel: Replication fork restart effi-
ciencies were compared between FANCD2-proficient (PD20CFANCD2WT) and -deficient (PD20) cells. Replication restart efficiency 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
C DigU-BioU). Right panel: The number of new sites of replication originating during the 40 min recovery period after APH treatment was compared
between PD20CFANCD2WT and PD20 cells. New origins of replication were measured as the number of green-only (BioU) tracts per unit length. [N.B.
The same DNA fiber assay analysis described in Fig. 1B for analyzing replication fork restart and new origin firing following APH treatment was used
throughout this study.] (C) Schematic representation of the 3 FA core subcomplexes: FANCA-FANCG, FANCC-FANCE-FANCF, and FANCB-FANCL. FA patient-
derived cell lines lacking FANCA, FANCC, or FANCL (proteins circled in red) were used to represent cells deficient for the respective FA core subcomplex.
(D) WCEs from untreated or APH-treated, isogenic cell pairs that were either proficient or deficient for FANCA (lanes 1-4), FANCC (lanes 5-8) or FANCL
(lanes 9-12) were analyzed for the presence of FANCD2 and FANCD2Ub. Tubulin, loading control. (E) Replication fork restart efficiencies after APH treat-
ment was compared between isogenic cell pairs proficient or deficient for (i) FANCA, (ii) FANCC or (iii) FANCL. (F) The number of new replication sites
originating during BioU labeling after APH treatment was compared between isogenic cell pairs proficient or deficient for (i) FANCA, (ii) FANCC or (iii)
FANCL.
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and FANCJ-deficient cells (Fig. 4B, 40.3% and 39.5%). More-
over, this defect in fork restart was not further exacerbated in
FANCD2/FANCJ double-depleted cells (Fig. 4B, 38.8%). In
parallel, the proportion of newly originated replication tracts
increased significantly and equally (Fig. 4C, »5-fold) in
FANCD2-, FANCJ- and FANCD2/FANCJ double-deficient
cells compared with wild-type cells. Thus, FANCD2 and FANCJ

cooperate to promote the recovery of APH-stalled replication
forks.

Next, we sought to determine whether BRCA2 promotes rep-
lication fork recovery, possibly in concert with FANCD2. To
this end, we treated a wild type cell line (PD331CC) with siCon-
trol, siFANCD2, siBRCA2 or siFANCD2/BRCA2 to generate
wild type, FANCD2-, BRCA2-, or FANCD2/BRCA2

Figure 2. The nonubiquitinated FANCD2 isoform promotes the recovery of APH-stalled forks in FA core complex-deficient cells. (A) WCEs showing the
efficiency of siRNA-mediated FANCD2 knockdown in FANCC-proficient or -deficient cells. Generated cell types: Wild type (PD331CC, siControl), FANCC-
deficient (PD331, siControl), FANCD2-deficient (PD331CC, siFANCD2) and FANCC/FANCD2 double-deficient (PD331, siFANCD2). Tubulin, loading control.
(B) Replication fork restart efficiencies after APH treatment were compared between the 4 cell types described in (A). (C) The number of new replication
sites originating during BioU labeling after APH treatment was compared between the 4 cell types described in (A). (D) Left panel: FANCC-deficient or
-proficient cells were either untreated or treated with APH for the indicated time points. Chromatin fractions isolated from these cells were analyzed for
the presence of FANCD2, FANCD2Ub and Top3A. H2AX, loading control. Right panel: Immunoblot signals for FANCD2 shown the in left panel were ana-
lyzed by densitometry and normalized against H2AX signals using ImageJ.
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double-deficient cells (Fig. 4D). As expected, BRCA2-deficient
cells were able to support FANCD2Ub formation in response to
APH treatment.37 DNA fiber analysis revealed that FANCD2-
and BRCA2-deficient cells exhibited strongly – and equally –
reduced replication fork restart efficiencies (Fig. 4E, 40.4% and
39.9% that were not further reduced in the FANCD2/BRCA2
double-deficient cells (Fig. 4E, 42.1%). Simultaneously, we
observed that FANCD2-, BRCA2- and FANCD2/BRCA2 dou-
ble-deficient cells showed a significant and similar increase in
newly fired replication origins (Fig. 4F, »3-4 fold) compared
with the wild type cells.

Our finding that BRCA2 promotes replication fork restart
seemingly contradicts 2 previous studies that used cell lines
expressing BRCA2 mutants with C-terminal truncations to test
the roles of BRCA2 at hydroxyurea (HU)-stalled replication
forks. Both studies reported that BRCA2 was crucial to protect
HU-stalled replication forks against nuclease-mediated DNA
strand degradation, but was not required to mediate replication
fork restart.22,38 To address this discrepancy, we first sought to

exclude the possibility that our findings were due to off-target
effects of the employed BRCA2 siRNA. We repeated the DNA
fiber assay in cells treated with a second BRCA2 siRNA
(siBRCA2#2) that targets a different BRCA2 exon (Fig. S3A).
Following APH-treatment, we observed strongly reduced replica-
tion fork restart efficiencies (Fig. S3B, 37.5%) accompanied by a
significant increase in newly fired origins (Fig. S3C, 3-4 fold) in
the siBRCA2#2-treated cells, supporting our initial results
(Fig. 4D-F) that BRCA2 promotes replication fork restart and
the suppression of new origin firing. Simultaneously, we found
that the siBRCA2#2-treated cells exhibited a severe shortening of
nascent DNA strands at APH-stalled replication forks compared
to the wild type cells (Fig. S3D), confirming the previous find-
ings that BRCA2 protects stalled replication forks from nucleo-
lytic degradation.22,38

Lastly, we wanted to test if BRCA2’s role in fork restart
extends to HU-stalled replication forks. We treated cells with
siControl or siBRCA2 (Fig. S4A), followed by DNA fiber analy-
sis. Following HU-treatment, BRCA2-deficient cells exhibited a

Figure 3. FANCD2K561R binds chromatin and promotes restart of APH-stalled replication forks. (A) FANCD2-deficient cells (PD20) complemented with
either empty vector, FANCD2WT or FANCD2K561R were either untreated or treated with APH, and analyzed for FANCD2 and FANCD2Ub. Ku-86, loading
control. (B) The 3 cell types described in (A) were either untreated or treated with APH for 6h or 24h, and chromatin fractions from the cells were ana-
lyzed for the presence of FANCD2 and FANCD2Ub. Ku-86, loading control. (C) Replication fork restart efficiencies after APH treatment were compared
between the 3 cell types described in (A). (D) The number of new replication sites originating during BioU labeling after APH treatment was compared
between the 3 cell types described in (A).
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Figure 4. FA pathway members FANCJ and BRCA2 cooperate with FANCD2 for the recovery of APH-stalled replication forks. (A) WCEs showing the effi-
ciency of siRNA-mediated FANCD2 knockdown in FANCJ-proficient or -deficient cells. Generated cell types: Wild type (752/1TCJ, siControl), FANCD2-defi-
cient (752/1TCJ, siFANCD2), FANCJ-deficient (752/1T, siControl) and FANCD2/FANCJ double- deficient (752/1T, siFANCD2). All 4 cell lines were untreated
or treated with APH, and WCEs from these cells were analyzed for the presence of FANCJ, FANCD2 and FANCD2Ub. Tubulin, loading control. (B) Replica-
tion fork restart efficiencies after APH treatment were compared between wild type, FANCD2-, FANCJ- and FANCD2/FANCJ double-deficient cells (C) The
number of new replication sites originating during BioU labeling after APH treatment was compared between Wildtype, FANCD2-, FANCJ- and FANCD2/
FANCJ double-deficient cells. (D) WCEs showing the efficiency of siRNA-mediated FANCD2 and BRCA2 knockdown in wild type (PD331CC) cells. Gener-
ated cell types: wild type (PD331CC, siControl), FANCD2-deficient (PD331CC, siFANCD2), BRCA2-deficient (PD331CC, siBRCA2) and FANCD2/BRCA2 dou-
ble-deficient (PD331CC, siFANCD2/siBRCA2). All 4 cell lines were untreated or treated with APH, and WCEs from these cells were analyzed for the
presence of BRCA2, FANCD2 and FANCD2Ub. Ku-86: loading control. (E) Replication fork restart efficiencies after APH treatment were compared between
wild type, FANCD2-, BRCA2- and FANCD2/BRCA2 double-deficient cells. (F) The number of new replication sites originating during BioU labeling after
APH treatment was compared between wild type, FANCD2-, BRCA2- and FANCD2/BRCA2 double-deficient cells.
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severe reduction in replication fork restart efficiencies (Fig. S4B,
35.8%) and showed a significant increase in new origin firing
(Fig. S4C, 4-fold), comparable to those phenotypes observed in
APH-treated BRCA2-deficient cells (see Fig. 4E and F; Fig. S3B
and C). Taken together, our results indicate that a complete
absence of full length BRCA2 causes severe replication fork
recovery defects. Moreover, our findings demonstrate that
BRCA2 acts in concert with FANCD2 to promote the restart of
APH- or HU-stalled replication forks while simultaneously sup-
pressing the firing of new replication origins.

Discussion

In this study, we expand on our previous findings that
FANCD2 functions in the restart of APH-stalled replication
forks and the simultaneous suppression of new origin firing. Our
new results show that FANCD2 shares this role with FA pathway
members FANCJ and BRCA2, but not with the FA core complex
proteins. Our data strongly support a non-linear FA pathway

model during the recovery of APH-stalled replication forks, via
mechanisms that depend selectively on the nonubiquitinated iso-
form of FANCD2 (Fig. 5).

The idea that FANCD2 does not rely on the FA core complex
to recover stalled replication forks is supported by recent findings
that FANCD2 binds HU-stalled replication forks, where it inter-
acts with the MCM helicase independently of the FA core com-
plex protein FANCA.39,40 Interestingly, it was also shown that
FANCD2 and BRCA2 – but not FANCA or FANCC – promote
cellular resistance to topoisomerase II inhibitors that cause DNA
DSBs.41,42 Moreover, FANCD2 is known to promote S-phase
checkpoint activation in response to ionizing radiation in a man-
ner that depends on ATM-mediated FANCD2 phosphorylation
but occurs independently of FA core complex-mediated FANC-
D2Ub formation.43 These findings indicate a functional separa-
tion between FANCD2 and the FA core complex and support
the idea that FANCD2Ub formation is dispensable not only for
replication fork restart, but for other FANCD2-dependent func-
tions as well.

Importantly, in the light of recent findings that only
cells lacking the catalytic
FANCB-FANCL module
are truly devoid of any E3
ubiquitin ligase activity
toward FANCD2, we must
assume that the FANCA-,
FANCC- and FANCG-defi-
cient cells used in our study
still contain trace amounts
of FANCD2Ub.26,27 Never-
theless, our combined find-
ings strongly support a
model where replication
fork restart occurs indepen-
dently of FANCD2Ub for-
mation: (i) FA patient cells
of complementation groups
A, C, G and L, as well as a
human FANCL knockout
cell line, are equally compe-
tent for replication fork
restart; (ii) FANCD2WT and
FANCD2K561R can both
promote replication fork
restart at similar levels
and (iii) nonubiquitinated
FANCD2 binds chromatin
and recruits other replication
fork restart proteins in
an APH-inducible manner.
Interestingly, a recent study
also showed that human
cells lacking the FANCA-
FANCG and the FANCC-
FANCE-FANCF module
fail to recruit FANCB-

Figure 5. Distinct FA pathway models during DNA ICL repair vs. the restart of an APH-stalled replication fork. (A)
Linear FA pathway model during DNA ICL repair. When replication forks converge at a DNA ICL (represented by a
red line in the figure), the upstream FA core complex is activated and monoubiquitinates FANCD2, followed by its
recruitment to the ICL on chromatin. Chromatin-bound FANCD2Ub then coordinates the actions of downstream
DNA repair factors, including FANCJ and BRCA2, to facilitate ICL repair. (B) Non-linear FA pathway model during
the recovery of APH-stalled replication forks. When a single moving replication fork is temporarily stalled by APH-
treatment, nonubiquitinated FANCD2 is recruited to chromatin independently of the FA core complex. Chromatin-
bound nonubiquitinated FANCD2 then functions in concert with FANCJ and BRCA2 to promote replication fork
restart.
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FANCL to chromatin and do not contain any FANCD2Ub, but
still exhibit residual chromatin-bound FANCD2.27 Together,
these findings strongly indicate that nonubiquitinated FANCD2
is recruited to APH-stalled replication forks independently of
the FA core complex to promote fork restart. At the same time,
APH treatment does robustly trigger FANCD2Ub formation;
moreover chromatin-bound FANCD2 exists predominantly as
the FANCD2Ub isoform, even in unperturbed cellular condi-
tions. What then is the role of the FANCD2Ub formation in
response to APH? Intriguingly, the Jasin laboratory showed that
FANCD2 and FANCA are required to protect nascent DNA
strands at HU-stalled replication forks from nucleolytic degra-
dation.5 Thus, the FANCD2Ub isoform may specifically func-
tion in replication fork protection, whereas nonubiquitinated
FANCD2 mediates fork restart. These 2 mechanisms appear to
be functionally uncoupled, since nascent DNA strand degrada-
tion at the stalled fork does not interfere with successful restart
of DNA synthesis in FA core complex-deficient cells.

It is noteworthy that while the FANCD2K561R mutant can
support replication fork restart and suppress new origin firing
after APH treatment, it is not as efficient as FANCD2WT (see
Fig. 3C and D). This indicates that the FANCD2K561R mutant
has additional defects that are not related to its inability to
become monoubiquitinated. In further support of this idea, we
previously found in Xenopus egg extracts that xFANCD2K562R –
unlike nonubiquitinated xFANCD2WT – fails to stably associate
with late-replicating chromatin.21 Interestingly, several studies
including ours observed that FANCD2-deficient cells comple-
mented with the FANCD2WT or FANCD2K561R gene constructs
contain much higher protein levels of FANCD2K561R than
FANCD2WT (see Fig. 3A), possibly reflecting the cells’ attempt
to increase the amount of chromatin-bound FANCD2K561R (see
Fig. 3B).44,45 We speculate that transient chromatin interactions
of FANCD2K561R are sufficient to partially promote replication
fork restart and suppression of new origin firing.

In contrast to the FA core complex, at least 2 of the
“downstream” FA pathway members, FANCJ and BRCA2, now
join the growing group of replication fork restart proteins includ-
ing FANCD2, BRCA1, BLM, MRE11, RAD51 and
CtIP.21,23,46,47 Intriguingly, each of these proteins has been
implicated in HR repair of DNA DSBs, strongly supporting a
model where the recovery of APH-stalled replication forks
involves HR mechanisms.

FANCJ’s role in fork recovery is not surprising, since it
interacts with known fork restart factors including BRCA1,
FANCD2 and BLM.23,44,48 In fact, since FANCJ – like
FANCD2 – stabilizes BLM in human cells, the replication
restart defects seen in cells depleted of FANCJ, FANCD2 or
both may be partly due to a lack of available BLM pro-
tein.21,49 Unexpectedly however, another study reported only
mildly delayed fork restart kinetics in FANCJ-deficient
chicken DT40 cells.50 However, this discrepancy could be
due to differences in molecular mechanisms between human
and chicken cells; moreover our study analyzed fork restart
after a complete DNA synthesis block, whereas the conditions
used by Schwab et al. allowed continuous slow DNA

synthesis in presence of HU, which may account for the less
severe phenotype observed by these authors.

Our discovery that BRCA2 is required for the restart of APH
or HU-stalled replication forks seemingly contradicts 2 previous
reports that BRCA2 protects nascent DNA strands at stalled rep-
lication forks, but is not required for replication fork restart.22,38

Importantly, both studies used cells that express residual C-ter-
minally truncated BRCA2 proteins: (i) human CAPAN-1 cells
(BRCA2 truncated after aa 1981), (ii) mouse embryonic stem
cells carrying the BRCA2lex1/lex2 alleles (BRCA2 truncated after
aa 3088/3139), and (iii) V-C8 hamster cells (BRCA2 truncated
after aa 2494/2567).51-53 In contrast, we observed severe fork
restart defects in siBRCA2-depleted cells. This suggests that
BRCA2-dependent fork recovery may not require the BRCA2
C-terminus and predicts that separate regions on BRCA2 are
responsible for its roles in fork protection versus fork restart.

Lastly, in the context of BRCA2’s new role, it seems counter-
intuitive that FANCG, and thus the FANCG-dependent
BRCA2-FANCD2-FANCG-XRCC3 complex is dispensable for
fork restart, while every complex member other than FANCG is
crucial for this mechanism.21,47 Additional studies will be neces-
sary to solve this puzzle.

In summary, our study reveals a clear separation of function
within the 3-tiered FA pathway and demonstrates that FANCD2
and at least 2 of the “downstream” FA pathway proteins fulfill a
crucial function at stalled replication forks that is completely
independent of the FA core complex and its E3 ligase activity.
The ability of FA core complex-deficient cells to promote fork
restart mechanisms that rely heavily on FANCD2 and other FA
proteins may contribute to the milder phenotypes typically asso-
ciated with inherited mutations in FA core complex genes.54-56

Materials and methods

Cell lines and cell culture techniques
PD220 (FANCA-deficient), PD220CA (retrovirally comple-

mented with wild type FANCA)57,58 and PD352i (FANCG-defi-
cient) patient cells57,59 were obtained from the FA Cell
Repository at the Oregon Health & Science University.
GM00637 cells, used as control cell line for assays with PD352i
cells, were purchased from the Coriell Institute, USA. PD331
(FANCC-deficient) and PD331CC (retrovirally complemented
with wild type FANCC) were a gift from Dr. Rosselli.3,60 PD20
(FANCD2-deficient), PD20CFANCD2WT (complemented
with wild type FANCD2) and PD20CFANCD2K561R (comple-
mented with monoubiquitination-dead FANCD2 mutant) were
a gift from Dr. Kupfer.44 In addition, we generated the following
cell lines: 913/1T C S91IN (FANCL-deficient) and 913/1T C
S91FLcoIN (retrovirally complemented with wild type FANCL);
752/1T C S91IN (FANCJ-deficient) and 752/1T C S91FJcoIN
(retrovirally complemented with wild type FANCJ). The 913/1T
cells carry 2 heterozygous FANCL mutations (c.1007_1009del-
TAT D p.I336_C337delinsS; g.35021C>G D p.K125_
L126insNYELINEKEFR).61 The 752/1T cells carry a homozy-
gous FANCJ frameshift mutation (c.308delG D pG103fsS). All
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cells described above were cultured in DMEM (GIBCO) with
10% FBS and 1% Penicillin-Streptomycin.

HCT116 WT cells and HCT116 FANCL–/– cells were a gift
from Dr. Chen.62 These cells were cultured in Mc Coy’s media
(Corning) enriched with 10% FBS, 1% Pencillin-Streptomycin
and 1% Glutamine. Cells were treated with Aphidicolin (Sigma;
30mM for 6 hours or Hydroxyurea (Sigma; 4 mM for 5 h) unless
indicated otherwise.

DNA fiber assay
We used a DNA fiber protocol as previously described.21

Moving replication forks were labeled with digoxigenin-dUTPs
(DigU) for 25 min and then with biotin-dUTPs (BioU) for
40 min. To allow efficient incorporation of the dUTPs, a hypo-
tonic buffer treatment (10mM HEPES, 30mM KCl, pH 7.4)
preceded each dUTP-labeling step. To visualize labeled fibers,
cells were mixed with a 10-fold excess of unlabeled cells, fixed
and dropped onto slides. After cell lysis, DNA fibers were
released and extended by tilting the slides. Incorporated dUTPs
were visualized by immunofluorescence detection using anti-
digoxigenin-Rhodamine (Roche) and streptavidin-Alexa-Fluor-
488 (Invitrogen). Images were captured using a Deltavision
microscope (Applied Precision) and analyzed using Deltavision
softWoRx 5.5 software. Replication restart efficiency was mea-
sured 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 C DigU-BioU).
New origins of replication were measured as the number of
green-only (BioU) tracts per unit length. All DNA fiber results
are the means of 2 or 3 independent experiments (300 DNA
fibers per experiment). Error bars represent the standard error of
the mean and significance was determined by student’s t-test. All
values for DNA fiber data analysis following recovery from APH
treatment are provided in Table S1. Statistical significance at
P < 0.01, P < 0.001 and P < 0.0001 is indicated as *, ** and
***, respectively.

siRNA experiments
iGENOME non-targeting siRNA was used as a control for all

siRNA experiments. siRNA duplexes for iGENOME non-target-
ing siRNA and FANCD2 (sequence- CAACAUACCUCGACU-
CAUUUU) were purchased from Dharmacon research (Thermo
Scientific, MA, USA). Transfections were performed using Dhar-
maFECT1 transfection reagent according to the manufacturer’s
protocol. siRNA duplex for BRCA2 was purchased from Invitro-
gen (siBRCA2: BRCA2HSS101095; targets exon 10;
siBRCA2#2: BRCA2HSS101097; targets exon 18) and transfec-
tions were performed using RNAiMax lipofectamine reagent
according to the manufacturer’s protocol. All siRNAs were used
at a final concentration of 20 nM.

Preparation of whole cell extract (WCE) and chromatin
fractions from human cells

To prepare whole cell extracts, cells were washed in PBS,
resuspended in lysis buffer (10 mM Tris, pH 7.4, 150 mM

NaCl, 1% NP-40, 0.5% Sodium Deoxycholate, 1 mM EDTA,
1 mM DTT, complete protease inhibitor cocktail) and incubated
on ice for 10 min. Cell extracts were centrifuged for 5 min at
10000 g, and the supernatant was used for further analysis.
Chromatin fractions were prepared as described.63 3 £ 106 cells
were washed in PBS, pelleted and resuspended in 1 ml cytoskele-
ton buffer. After 10 min incubation on ice, the suspension was
centrifuged at 5000 g for 3 min. The supernatant was discarded
and the resultant pellet containing chromatin-bound sample was
washed 3 times with CSK buffer. The chromatin pellet was
resuspended in 150 ml CSK buffer and mixed with equal volume
of 2X LDS Nupage LDS sample buffer. Samples were sonicated
briefly prior to PAGE analysis.

Immunoblotting
Protein samples were separated on denaturing gradient gels

and transferred to Immobilon P membranes (Millipore). After
blocking in 5% milk, membranes were incubated overnight with
the primary antibodies. Subsequent incubation with Horseradish
peroxidase-conjugated rabbit secondary antibodies (Jackson
Labs) or mouse secondary antibodies (Bio-Rad) was carried out
for 1 hour. Protein bands were visualized using an ECL Plus sys-
tem (Millipore).

Antibodies
Commercial antibodies were used against human FANCD2

(Santa Cruz, sc-20022), Tubulin (Abcam, ab7291), H2AX
(Bethyl, A300-083A), BRCA2 (Calbiochem, OP95), Top3A
(Proteintech 14525-1-A), Ku86 (Santa-Cruz, sc-5280). Antibod-
ies were used at the following dilutions in WB: FANCD2
(1:1000), BRCA2 (1:500), H2AX (1:10000), Tubulin
(1:10000), Top3A (1:1000), Ku-86 (1:500).
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