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SUMMARY

Excess dormant origins bound by the minichromosome maintenance (MCM) replicative helicase complex play a critical role in preventing replication
stress, chromosome instability, and tumorigenesis.
In response to DNA damage, replicating cells must
coordinate DNA repair and dormant origin firing
to ensure complete and timely replication of the
genome; how cells regulate this process remains
elusive. Herein, we identify a member of the Fanconi
anemia (FA) DNA repair pathway, FANCI, as a key
effector of dormant origin firing in response to replication stress. Cells lacking FANCI have reduced
number of origins, increased inter-origin distances,
and slowed proliferation rates. Intriguingly, ATRmediated FANCI phosphorylation inhibits dormant
origin firing while promoting replication fork restart/
DNA repair. Using super-resolution microscopy,
we show that FANCI co-localizes with MCM-bound
chromatin in response to replication stress. These
data reveal a unique role for FANCI as a modulator
of dormant origin firing and link timely genome replication to DNA repair.

INTRODUCTION
In mammalian cells, chromosomes are replicated from multiple
origins that initiate throughout the S phase of the cell cycle
(Blow et al., 2011). The regulation of DNA replication occurs in
two phases: origin licensing in the G1 phase and origin firing during S phase. Replication licensing starts as cells exit mitosis and
involves the recruitment of the minichromosome maintenance
proteins (MCM2–7) (Bell and Botchan, 2013) to replication
origins by origin recognition complex (ORC), Cdc6 and Cdt1
proteins, to assemble the pre-replicative complex (pre-RC)
(Blow and Dutta, 2005; Diffley, 2004; O’Donnell et al., 2013).
Firing of replication origins is triggered through the activation
of the MCM2–7 complex by two conserved protein kinases,

the Dbf4-dependent Cdc7 kinase (DDK) and the cyclin-dependent kinase (CDK).
During DNA replication, the presence of endogenous or exogenous sources of replication stress causes individual replication
forks to slow or stall. How do cells overcome perturbed replication forks to finish genome replication in a timely manner?
A critical response to overcome this type of replication stress
is to fire additional licensed origins to complete replication within
the intervening regions of the stalled forks; these backup replication origins are referred to as ‘‘dormant origins’’ (McIntosh and
Blow, 2012). The MCM2–7 complex is loaded onto DNA in
20-fold excess over the number of active replication origins
and ORCs in the cell, presumably at dormant origins (Lei et al.,
1996; Rowles et al., 1996). Studies by Blow and others showed
that mild depletion of MCM5 (a subunit of MCM2–7) reduced
overall chromatin-bound MCM proteins but did not affect normal
rates of DNA synthesis in human cells. However, when treated
with inhibitors that cause mild replication stress (stress that
doesn’t activate replication checkpoint), MCM5-depleted cells
experienced reduced levels of DNA synthesis and viability due
to the lack of dormant origin firing (Ge and Blow, 2010; Ge
et al., 2007; Ibarra et al., 2008). Furthermore, mice expressing
reduced levels of MCM2–7 have fewer dormant origins, are
genomically unstable, and are cancer prone (Alver et al., 2014;
Kawabata et al., 2011; Kunnev et al., 2010; Pruitt et al., 2007;
Shima et al., 2007). Interestingly, in precancerous and cancer
cells, the aberrant expression of oncogenes significantly decreases cellular nucleotide levels (Bester et al., 2011); this nucleotide deficiency leads to reduced replication fork speeds and
more frequent fork stalling, placing a higher requirement
on dormant origin firing to alleviate replication stress in cancer
cells. These studies demonstrate that dormant origin firing is
a physiologically important mechanism to maintain normal
DNA replication rates in order to prevent genomic instability
and tumorigenesis. The signaling network that regulates the
firing of dormant origins upon replication stress is currently
unknown.
Fanconi anemia (FA) is a human chromosome instability
syndrome characterized by progressive bone marrow failure
and cancer predisposition (D’Andrea, 2010; Moldovan and
D’Andrea, 2009). FA is a genetically heterogeneous disorder,
caused by mutations in one of at least 16 genes. The FA gene
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products all function in a common FA genome stability pathway
critical for interstrand crosslink (ICL) repair (Kottemann and
Smogorzewska, 2013; Moldovan and D’Andrea, 2009; Wang,
2007). A large set of the FA proteins form a multi-subunit nuclear
ubiquitin ligase complex required to monoubiquitinate and activate two downstream FA components, FANCD2 (Garcia-Higuera et al., 2001) and its interacting partner FANCI (Sims
et al., 2007a; Smogorzewska et al., 2007). Monoubiquitination
of FANCI-FANCD2 is reversed by the deubiquitinating enzyme
(DUB) USP1 (Nijman et al., 2005; Sims et al., 2007a). The role
of the FA pathway in DNA repair has been intensely studied,
and a unifying model has emerged describing how FA proteins
coordinate the convergence of multiple DNA repair pathways,
including homologous recombination (HR) and translesion synthesis (TLS), for the repair of ICLs (Knipscheer et al., 2009; Kottemann and Smogorzewska, 2013; Räschle et al., 2008). Cells
derived from either FA patients or USP1 knockout cells are hypersensitive to the ICL-inducing agent mitomycin C (MMC), but
they also exhibit chromosome aberrations, including gaps and
breaks, a sign of DNA damage that is reminiscent of incomplete
DNA replication (Auerbach and Wolman, 1976; Kim et al., 2009).
The FA pathway is strongly activated by hydroxyurea (HU)
(Taniguchi et al., 2002), which, unlike ICL-inducing agents
(such as MMC or reactive aldehydes) (Garaycoechea et al.,
2012), does not elicit DNA lesions that require removal but induces replication fork slowing or stalling through the depletion
of the nucleotide pool (Petermann et al., 2010). Additionally,
recent studies found that FANCD2 and FANCI associated with
the replisome in response to replication fork arrest and that the
FA pathway is critical for protecting stalled replication forks
from nuclease-mediated degradation of nascent strands in the
presence of high-dose (4 mM) HU treatment (Lossaint et al.,
2013; Schlacher et al., 2012). Unlike high-dose HU, however,
low-dose (%200 mM) treatment remains permissive for DNA
replication, whereby slower-moving or stalled forks can be
compensated for or rescued by the activation of adjacent
dormant origins (Ge et al., 2007). Despite our greater understanding of the role of FA in ICL repair, how the FA pathway protects against additional forms of replication stress is not well
understood.
Herein, we report that FANCI plays a critical role in the regulation of dormant origin firing upon replication stress, and this
occurs through an FA-pathway-independent mechanism. We
found that ATR-mediated phosphorylation of FANCI is a negative
regulator of dormant origin firing despite still being able to promote replication restart/DNA repair, which is FA pathway dependent. Furthermore, cellular resistance to ICLs requires both
FA-pathway-dependent and -independent functions of FANCI.
Finally, we employed super-resolution (SR) microscopy to
show that the phosphorylation status of FANCI may be key in
localizing FANCI to the proper chromatin-binding complexes
for its control of dormant origin firing.
RESULTS
FANCI Is Enriched at Sites of Replication Origins
Upon activation of the FA pathway, the level of monoubiquitinated FANCI is low in comparison to FANCD2 (Sims et al.,
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2007a). To determine whether this unmodified pool of FANCI
interacts and functions with a separate protein complex, we
purified native FANCI from the soluble nuclear fraction of HeLa
extracts using conventional purification techniques as previously
described (Sims et al., 2007b, 2011) and analyzed the FANCIassociated proteins by mass spectrometry (MS) (Figure 1A).
We found that the soluble, unmodified FANCI associated with
MCM3 and MCM5, two subunits of the MCM2–7 replicative helicase complex, and confirmed this interaction by coimmunoprecipitation (coIP) experiments in U2OS cells (Figure 1A). Indeed,
a recent study showed that both FANCI and FANCD2 interact
with MCM2–7 at the replisome (Lossaint et al., 2013). In addition
to its essential role as a replicative helicase of actively elongating
replication forks, MCM2–7 also plays a critical genome-stabilizing role in dormant origin firing under replication stress (Ge et al.,
2007; Kawabata et al., 2011). Using chromatin immunoprecipitation (ChIP), we showed that FANCI can be found enriched at
sites of well-characterized replication origins (Salsi et al., 2009)
but not at DNA regions that are upstream of these origins.
FANCI was also enriched at the Lamin B origin in FANCA-deficient cells, suggesting that the complete FA core complex is
not required for the targeting of FANCI to replication origins
(Figures 1B–1D).
Next, we tested whether DNA synthesis levels were affected
in FANCI knockdown U2OS cells by measuring nucleotide
analog (EdU) incorporation by fluorescence-activated cell sorting (FACS) analysis. In the absence of HU, the cell-cycle profile
and replication rates of FANCI-depleted cells were similar to
Ctrl knockdown cells (Figures 1E, S1A, and S1B). However, after
treatment with low-dose HU for 4 hr, FANCI knockdown resulted
in fewer EdU-positive cells, suggesting that FANCI is required to
maintain normal DNA replication during conditions of replication
stress (Figure 1F). These results are in agreement with previous
studies demonstrating the role of MCM2–7 (MCM5 knockdown
in Figure 1F) in promoting dormant origin firing in order for cells
to ensure timely completion of genomic DNA replication in the
presence of low-dose HU (Ge et al., 2007) and allows us to
test whether FANCI behaves similarly as MCM2–7 in regulating
dormant origin firing.
FANCI Is Required for Dormant Origin Firing
during Mild Replication Stress
To gain insight into the possible functions of FANCI during replication stress, we employed single-molecule DNA fiber analysis
to assess replication fork dynamics in human cells (Bianco
et al., 2012; Michalet et al., 1997). We analyzed individual DNA
fibers from untreated or low-dose HU-treated asynchronous
growing human retinal pigment epithelial cells (RPEs) after
sequential pulse labeling of cells with IdU and CldU (see schematic, Figure 2A). In the presence of mild replication stress,
FANCI knockdown reduced the percentage of active replication
origins without affecting other types of replication fork structures, suggesting that FANCI is required for origin firing under
mild replication stress (Figures 2B–2D). Interestingly, the depletion of FANCD2 enhanced origin firing in a manner that is dependent on FANCI, as co-depletion of both FANCI and FANCD2
reduced origin firing to that of FANCI knockdown alone (Figures
2B–2D). The loss of FANCD2 also resulted in reduced stalled
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Figure 1. FANCI Interacts with the MCM Replicative Helicase Complex
(A) Purification scheme of the FANCI complex from HeLa nuclear extracts. After DEAE-cellulose chromatography, FANCI and FANCD2 are separated. The
polypeptides that co-eluted with FANCI at the last chromatographic step were visualized by silver stain and identified by MS. Gel filtration fractions from Superose
6 were probed with antibodies against FANCI, MCM3, and MCM5. CoIP was done using the indicated antibodies from U2OS nuclear extracts.
(B–D) Enrichment of DNA obtained with antibodies against FANCI, MCM5, or ORC2 as determined by ChIP analysis using chromatin prepared from HeLa or FA-A
(FANCA-deficient patient) cells corrected with FANCA WT or empty vector. qPCR analysis was performed using primer sequences for validated origin sites or
their upstream counterpart as indicated (Salsi et al., 2009). Results are displayed as fold increase as compared to IgG Ctrl (anti-GFP). In (D), differences in fold
increase between FA-A + FANCA WT and FA-A + Vector for LaminB Ori is not significant (p > 0.05).
(E) FACS analysis showing normal cell-cycle distribution between Ctrl and FANCI siRNA knockdown U2OS cells.
(F) U2OS cells were transfected with the indicated siRNAs and treated with 200 mM HU for 4 hr followed by a 30 min EdU pulse. DNA and EdU content
were analyzed by FACS and displayed as percent EdU-positive cells. For all of the figures, the asterisks represent either *p < 0.05, **p < 0.01, ***p < 0.001,
or ****p < 0.0001.
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Figure 2. FANCI Is Required for Dormant Origin Firing during Conditions of Replication Stress
(A) Schematic for DNA fiber analysis. RPE cells were treated with 200 mM HU for 4 hr and then pulse-labeled sequentially with IdU (green) and CldU (red) for 20 min
each in the presence of HU after separate washes. Images depicting the different classes of replication structures used to determine the frequency of replication
origins. DNA fibers were extracted, denatured, and stained by antibodies on the slides.
(B) RPE cells were transfected with the indicated siRNAs and treated with different HU doses for 4 or 18 hr. Samples were then analyzed by western blot to confirm
knockdown efficiency. The monoubiquitinated form of either FANCI or FANCD2 is represented by the slower-migrating band.
(C) The percentage of new origin firing (counted as the sum of second label firing and bi-directional forks over the total number of different replication structures)
was measured in RPE cells transfected with the indicated siRNAs and left untreated or treated with 200 mM HU.
(D) The percentage of stalled and terminated forks were also measured and quantified as in (C).
(E) The percentage of new origin firing was measured in FANCD2-deficient patient cells (PD20) complemented with either vector only, FANCD2 WT, or FANCD2
K561R mutant and left untreated or treated with HU as in (C).
(F) RPE cells were transfected with the indicated siRNAs and left untreated or treated with 200 mM HU, and DNA fibers were analyzed for changes in IODs. IODs
were measured as the distance between two adjacent initiation sites during IdU pulse, and median values are indicated in kb. Over 50 fibers were analyzed in
each condition. Box and whiskers in all graphs indicate 25%–75% and 10%–90% percentiles, respectively. The lines represent the median values. For the
measurement of IODs, the p value was calculated by the Mann-Whitney rank-sum t test.

forks in the presence of low-dose HU, which is likely due to
increased origin firing to help alleviate replication stress (Figure 2D). We also showed that the role of FANCD2 for restricting
origin firing in response to low-dose HU is independent of its
monoubiquitination status, as the K561R monoubiquitinationdefective mutant can suppress origin firing at similar levels to
its wild-type (WT) counterpart (Figure 2E). The depletion of
326 Molecular Cell 58, 323–338, April 16, 2015 ª2015 Elsevier Inc.

FANCD2, while inhibiting FANCI monoubiquitination, led to an increase in the number of active origins (Figure 2B). This suggests
that the FA core complex (ubiquitin ligase complex for FANCI
and FANCD2 monoubiquitination) is likely not required for
FANCI-mediated origin firing during replication stress, and only
a sub-population of FANCI is necessary for origin firing. As predicted, the depletion of FANCA (Figure S1D) or other FA core

complex members (data not shown) in either U2OS or RPE cells
had no effect on the number of active origins in the presence of
low-dose HU. Interestingly, only the loss of FANCD2, and not
members of the FA core complex, enhanced origin firing in a
FANCI-dependent manner, suggesting that FANCD2 binding to
FANCI may be inhibitory for origin firing. This supports the notion
that an intermediary modification on FANCI preceding monoubiquitination could be the trigger for modulating FANCI function at
dormant origins.
A reduction in the number of active origins in FANCI-depleted
cells under mild replication stress suggests a dormant origin
firing defect. If this were due to a loss of dormant origin firing,
the distance between adjacent replication origins would increase. After assessing the inter-origin distance (IOD) in normal
versus FANCI-depleted RPE cells, we found that the median
IOD in HU-treated FANCI-depleted cells was significantly
increased (74.8 kb) relative to that observed in HU-treated
WT cells (51.5 kb), suggesting that FANCI depletion causes a
loss in dormant origin firing in response to replication stress
(Figure 2F). In contrast, FANCD2 knockdown reduced the
IOD, suggesting that FANCD2 is a negative regulator of
dormant origin firing. The median IOD in untreated cells was
relatively similar in either FANCD2 or FANCI knockdown conditions, as compared to normal RPE cells. Collectively, our data
suggest that FANCI functions independently of the canonical
FA pathway to promote dormant origin firing under mild replication stress.
MCM4 N-Terminal Mutant Bypasses the Requirement of
FANCI for Dormant Origin Firing
We have shown that FANCI interacts with MCM proteins and
localizes to replication origins; however, it is unclear at which
step is FANCI needed to facilitate dormant origin firing. The
DDK phosphorylation of MCM proteins activates the MCM2–7
replicative helicase by facilitating the loading of additional components, including Cdc45 and the GINS complex (Masai et al.,
2006; Owens et al., 1997; Zou and Stillman, 2000). DDK phosphorylation sites have been mapped to MCM2 Ser 40 and additional residues on MCM2 and MCM4 (Cho et al., 2006; Francis
et al., 2009; Lei et al., 1997; Montagnoli et al., 2006). To assess
whether FANCI plays a role in modulating DDK activity, we
examined the levels of MCM2 Ser 40 phosphorylation in
FANCI-depleted cells. Interestingly, the levels of MCM2 phosphorylation were significantly reduced in FANCI-depleted
untreated cells or cells treated with low-dose HU (Figures 3A
and 3D). Genetic models in lower eukaryotes have shown
that DDK activity is required to initiate DNA replication through
the phosphorylation of the N-terminal serine/threonine-rich
domain (NSD) of MCM4, which is essential to relieve the inhibitory function of the NSD to initiate DNA unwinding (Sheu et al.,
2014; Sheu and Stillman, 2006, 2010). In yeast, mutations in the
NSD of MCM4 could partially bypass the requirement of DDK
for the initiation of DNA replication. To determine whether the
suppression of origin activation observed when FANCI is
depleted are the result of reduced DDK activity (Figure 3A),
we tested whether generating an RPE cell line overexpressing
an N-terminal deletion mutant in mouse MCM4 could compensate and restore origin activation in FANCI-depleted cells

treated with low-dose HU. The N terminus of MCM4 is highly
divergent, making the NSD of budding yeast difficult to accurately define within the mouse MCM4 sequence. Despite these
differences, it is clear that the N-terminal region of mouse
MCM4 does contain many S/T residues and can be defined
as residues 1–144 prior to the highly conserved AAA+
ATPase family and zinc finger motifs involved in double-hexamer formation (Figure 3B; data not shown) (Sheu and Stillman,
2010). To define the inhibitory domain within the N terminus of
mammalian MCM4 capable of bypassing the requirement of
DDK, we generated two MCM4 N-terminal deletion mutants
(D90N-term and D144N-term) (Figure 3B). These mutants
were expressed with a C-terminal emerald GFP tag (EmGFP)
(Kuipers et al., 2011). After checking the localization of both
mutants, we found that the D90N-term mutant was expressed
exclusively in the nucleus, similar to WT, while the D144Nterm was distributed between both the nucleus and the cytoplasm (data not shown). Therefore, we decided to focus on
the functional assessment of the D90N-term mutant. The stable
expression of the MCM4 D90N-term mutant in RPE cells did
not alter its cell-cycle distribution (Figure S1E) or affect protein
expression of critical replication factors in comparison to
normal RPE cells (data not shown). To functionally validate
that the MCM4 D90N-term mutant can indeed bypass the
requirement of DDK activity to activate origin firing, we used
the Cdc7 inhibitor PHA 767491 to assess the levels of MCM2
phosphorylation and origin firing with DNA fiber analysis
in comparison of normal RPE with the MCM4 D90N-term
mutant-expressing cells (Montagnoli et al., 2008) (Figure 3C).
We showed that normal RPE cells displayed a reduction in
MCM2 phosphorylation and the number of active replication
origins when treated briefly (4 hr) with the Cdc7 inhibitor
(Figure 3C). In contrast, MCM4 D90N-term mutant-expressing
RPE cells could maintain stable levels of origin firing when
treated with the Cdc7 inhibitor (Figure 3C). Importantly,
we then showed that the decrease in the levels of origin firing
caused by FANCI knockdown during mild replication stress
could be rescued in RPE cells expressing the MCM4 D90Nterm mutant (Figure 3D). This demonstrates that FANCI is likely
to function as a regulator of DDK activity to help activate the
MCM2–7 helicase.
FANCD2 Restricts Replication Fork Speed during
Replication Stress
Although we showed that FANCD2 plays a critical role in suppressing dormant origin firing in response to mild replication
stress (Figure 1), it was unclear whether FANCD2 also functions
to control replication fork speed. We monitored DNA chain elongation from replication tracks labeled with consecutive pulses of
IdU and CldU using increasing doses of HU (Figures S1C and 4).
The depletion of FANCD2 in RPE cells resulted in longer track
lengths and faster replication fork speeds at higher doses of
HU (Figure S1C and Figures 4A and 4B). Surprisingly, FANCD2
monoubiquitination is not required for this function, as both
FANCD2 WT and K561R mutant are capable of restricting
replication fork speed in PD20 cells (Figure 4C). In contrast,
FANCI does not share this trait with FANCD2 at the replisome
(Figure 4A).
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(F010191) patient-derived cells (Figures
5H and S1F). It was previously shown
that the corresponding K525R mutant
in chicken DT40 cells, while incapable
of being monoubiquitinated, was still
proficiently phosphorylated by the
ataxia telangiectasia and Rad3-related
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FANCI
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monoubiquitination, nuclear foci formation, and ICL repair (see schematic,
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critical inhibitory role in the regulation
of dormant origin firing in response to
mild replication stress (Ge and Blow,
2010; Schwab et al., 2010), but the
downstream phosphorylation target(s) of ATR has not be fully
elucidated.
To determine whether FANCI was indeed phosphorylated
in the K523R monoubiquitination-defective mutant, we generated a phospho-specific antibody targeting the highly conserved phosphorylated Ser 556 and 559 residues on FANCI
(pS556+559 FANCI antibody). We showed that, in both wholecell and FANCI-enriched cell lysates, the phospho-specific
antibody was able to recognize the endogenous and ectopically
expressed FANCI phosphorylated species in MMC- or HUtreated samples, but not in untreated cells (Figures 5B–5D).
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Importantly, phosphorylation on exogenous FANCI was detectable in GFP-FANCI K523R-expressing cells treated with either
MMC or HU (Figures 5C and 5G). Curiously, FANCI phosphorylation is not sufficient for enhanced FANCD2 binding, as the
K523R mutant does not bind to FANCD2 as robustly as WT
FANCI (Figure 5G).
A possible explanation as to why the K523R mutant is only
partially functional for dormant origin firing is that phosphorylation of FANCI can still occur in the absence of monoubiquitination and that phosphorylation is the more relevant trigger
to inhibit dormant origin firing. To address this, all six of the
S/T-Q ATR phospho-consensus sites on human FANCI were
changed from Ser to Ala (6SA, phospho-dead mutant) or to
Asp (6SD, phospho-mimic mutant) and tested for their ability
to prevent FANCI phosphorylation and/or rescue dormant origin
firing in RPE cells depleted of endogenous FANCI (Figures 5A
and 5H). The 6SA mutant was indeed unable to be phosphorylated using the phospho-specific FANCI antibody in the presence of MMC or HU (Figures 5C and 5G). FANCI phosphorylation
on Ser residues 556 and 559 was dependent on ATR kinase
activity since treatment with an ATR inhibitor (VE-821) (Reaper
et al., 2011) potently blocks FANCI phosphorylation (Figure 5E).
Importantly, ATR-mediated FANCI phosphorylation requires the
presence of FANCD2, as FANCD2 knockdown abrogates FANCI
phosphorylation (Figure 5F). While expression of the GFP-FANCI
6SA mutant could not fully complement HU-induced FANCD2
monoubiquitination when compared to WT, the 6SA mutant
was able to rescue dormant origin firing and cell growth defects
in cells treated with low-dose HU (Figures 5H, 5I, and S2A).
Complementation of FA-I cells with WT or 6SA also gave similar
results as in the RPE cells for the rescue of dormant origin firing
(Figure S1F). In contrast, expression of the 6SD mutant could
not rescue dormant origin firing and cell growth defects under
conditions of replication stress (Figures 5H and 5I). These
data demonstrate that ATR-mediated FANCI phosphorylation
is indeed inhibitory for dormant origin firing and normal cell
proliferation, and suggest that the unmodified FANCI serves
a critical role in activating dormant origins in response to mild
replication stress.
ATR-Mediated FANCI Phosphorylation Is Required for
Replication Restart in Response to Replication Stress
Next, we determined the functional consequences of the phosphorylation site mutants in promoting replication fork stability/
restart during severe replication stress conditions. Previous
studies have shown that the canonical FA pathway (FANCD2

monoubiquitination) is critical for many aspects of replication
fork stability under conditions of severe replication stress
(R2 mM HU) (Chaudhury et al., 2013; Lossaint et al., 2013;
Schlacher et al., 2012). However, it is unclear whether phosphorylation of FANCI is required for these FA-pathway-related
functions. Unlike low-dose HU treatment, which allows DNA
replication to continue through the firing of dormant origins,
long-term (18 hr) treatment of cells with high-dose HU will cause
the majority of forks to irreversibly stall or collapse (Petermann
et al., 2010). Exposing cells to high-dose HU for only a short
period of time (4 hr) will enable most of the stalled forks to properly restart or recover (Petermann et al., 2010). Treatment of
HeLa cells with high-dose HU stimulates FANCI phosphorylation
on the S/T-Q sites (pS556 + 559 FANCI) and also for other
ATR substrates, including Chk1 (pS-345) and H2AX (pS139)
(Figure 5B). To analyze the functional consequence of FANCI
phosphorylation during conditions of transient high-dose HU
exposure, DNA fiber analysis were implemented to measure
replication fork restart/recovery in RPE cells. To measure replication fork restart, the double nucleotide analog labeling protocol was modified to allow for detection of fork recovery after
the removal of HU (Figure 6A). Unlike the FANCI 6SD mutant,
the 6SA and K523R mutant-expressing RPE cells displayed
reduced levels of fork restart, as reflected by an increase in the
percentage of stalled forks (Figure 6A). We also show that
depletion of different upstream FA pathway components,
including FANCD2 or FANCA, also resulted in elevated levels
of stalled forks (Figure 6A). These findings are consistent with
the FA pathway performing important genome protective roles
at stalled replication forks (Chaudhury et al., 2013; Schlacher
et al., 2012). Collectively, these data suggest that depending
on the magnitude of replication stress, phosphorylated and
monoubiquitinated FANCI may function concomitantly as both
a positive regulator of replication fork restart at stalled forks
and as an inhibitor of dormant origin firing in the vicinity of
stalled forks.
FANCI-Dependent Dormant Origin Firing Is Required
for Cellular ICL Resistance
Since FANCI functions as an integral part of the FA pathway to
confer cellular resistance to ICLs, we asked whether this newly
discovered role of FANCI in dormant origin firing alleviates
MMC-induced DNA damage. Confirming previous studies
(Ishiai et al., 2008), we showed that FANCI is inducibly phosphorylated upon MMC treatment using the phospho-specific FANCI
antibody (Figure 5C), suggesting that dynamic regulation of

(C) RPE cells transfected with FANCI siRNA and complemented with either GFP-FANCI WT, K523R, or 6SA were untreated or treated with MMC (1 mM). Extracts
were subjected to coIP with anti-GFP beads and were analyzed by western blot with the indicated antibodies.
(D) RPE cells treated with either HU (2 mM) or MMC (1 mM) for the indicated times were subjected to coIP with anti-FANCI antibody or IgG control and analyzed by
western blot with the indicated antibodies.
(E) RPE cells were treated with HU (2 mM) for 18 hr with or without the ATR inhibitor (VE-821) at 10 mM for 4 hr as indicated and analyzed by western blot.
(F) RPE cells transfected with the indicated siRNAs and treated with the indicated dose of HU for 18 hr and were analyzed by western blot.
(G) RPE cells transfected with Ctrl or FANCI siRNA and complemented with either GFP-FANCI WT, 6SA, K523R, or 6SD mutants were treated with HU (2 mM) and
subjected to coIP with anti-GFP beads and were analyzed by western blot with the indicated antibodies.
(H) Measurement of percent origin firing in FANCI-depleted RPE cells complemented with different GFP-FANCI expression constructs and treated with
200 mM HU.
(I) Measurement of cell proliferation in HU-treated RPE cells as indicated. p values for Ctrl versus siFANCI or siFANCI versus siFANCI + WT, + 6SA, or + K523R
are < 0.05 for the 7 day time point. p value for siFANCI versus siFANCI + 6SD is > 0.05.
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Figure 6. Phosphorylation of FANCI Is Required for Replication Fork Restart during Replication Stress
(A) A schematic for measuring replication fork restart using DNA fiber technique. Cells are labeled first with IdU for 20 min, then treated with 2 mM HU for 4 hr to
block DNA replication. Following a wash step to remove the HU, cells are then pulsed with CldU for 30 min. Regions on the DNA fibers with both colors labeled
demonstrate fork restart, whereas fibers with only the green track represent forks that could not restart. The frequency of ‘‘green only’’ tracks over total forks is
displayed as percent of stalled forks. FANCI-depleted RPE cells complemented with different FANCI WT and mutant expression constructs or RPE cells depleted
of FANCA or FANCD2 by siRNAs were treated with 2 mM HU for 4 hr to measure stalled forks, and samples were analyzed by western blot with the indicated
antibodies.
(B) Schematic of MMC-treated RPE cells that are analyzed for percent origin firing. RPE cells depleted of FANCI and complemented with different GFP-FANCI
expression constructs as indicated were processed for % origin firing measurements.
(C) MMC sensitivity growth assay displayed as percent cell survival using Syto60 staining with the indicated MMC dose in RPE cells. p values for Ctrl versus
siFANCI or siFANCI versus siFANCI + WT or + 6SA are <0.05 for the 0.4 nM MMC dose. p values for siFANCI versus siFANCI + 6SD or + K523R are >0.05 at the
same dose.

phosphorylated FANCI may be important in mediating both DNA
repair and/or dormant origin firing. RPE cells treated with MMC
were assessed for changes in replication fork dynamics after
FANCI knockdown or rescue with WT, 6SA, or 6SD mutants.
The dose of MMC used (1 mM) did not slow the replication fork
speed or increase fork stalling dramatically in a global manner
(Figures S2B and S2C). The replication fork speed in MMCtreated cells was also relatively similar between Ctrl and FANCI
knockdown cells, suggesting that the loss of FANCI did not
lead to acute stalling of replication forks (Figure S2B). Importantly, we found that FANCI, but not FANCD2 or FANCA, is
required to maintain the level of origin firing after transient MMC
332 Molecular Cell 58, 323–338, April 16, 2015 ª2015 Elsevier Inc.

treatment (Figures 6B and S2D). Similar to low-dose HU treatment, the expression of either WT or the 6SA mutant in FANCIdepleted cells was capable of rescuing dormant origin firing,
but not K523R or the 6SD mutant (Figure 6B). Monoubiquitinated
FANCI (and FANCD2) has an established role at the replication
fork to initiate ICL repair (Knipscheer et al., 2009). Consistent
with its canonical function in ICL repair, the 6SA mutant could
only partially rescue MMC-induced DNA damage, as measured
by the MMC-induced cytotoxicity and G2/M accumulation assay
(indicative of unrepaired ICLs activating the G2/M checkpoint)
(Figures 6C and S2E). Surprisingly, the 6SD mutant displayed
a more severe phenotype for MMC-induced cytotoxicity and

G2/M accumulation as compared to the 6SA mutant (Figures 6C
and S2E). Collectively, our data demonstrate the relevance of
origin firing as a cellular response to alleviate ICL damage.
Whether dormant origin firing adjacent to ICL-induced fork stalling events contribute directly to the repair process remains to be
determined.
SR Imaging Detects FANCI Co-Localization with the
MCM Complex
Despite being able to show a functional separation between the
different phosphorylation mutants, it remains unclear why the
phosphorylated form of FANCI is defective for dormant origin
firing in response to replication stress. It is possible that the
phosphorylation status of FANCI is a critical modulator of its
localization to different functional complexes on chromatin. To
accurately map the nuclear organization of FANCI, FANCD2,
and the MCM5 proteins in relation to nascent DNA, we employed
single-molecule localization-based SR microscopy (Heilemann
et al., 2008; Rust et al., 2006) to obtain typically an order of
magnitude higher resolution images than conventional microscopy (Agullo-Pascual et al., 2013; Pavlides et al., 2013; van
de Linde et al., 2011) (see Figure S3A). To ensure that the
observed co-localization/signal overlaps between MCM5 and
FANCI or FANCD2 and FANCI do not stem from random events,
we carried cross-correlation analysis of intra- and inter-overlap
events (Coltharp et al., 2014), which showed that localization of
complexes is indeed unique (Figures S3 and S4). Similar S phase
nuclei were picked for analysis based on the EdU pulse-labeled
staining pattern. Using this analysis, we found a higher level of
co-localization/overlap between the FANCI 6SA mutant and
MCM5 proteins in comparison to WT or the 6SD mutant in
response to mild replication stress (Figures 7A and 7B). In
contrast, the FANCI 6SA mutant co-localized less often with
FANCD2, in comparison to WT or the 6SD mutant (Figures 7C
and 7D). This is in agreement with our coIP data, showing that
the 6SD mutant associates much better with FANCD2 than the
6SA mutant (Figure 5G). Collectively, our data suggest that the
phosphorylated form of FANCI is likely excluded from MCMcontaining complexes on chromatin (dormant origins) when
bound to FANCD2; FANCI in this phosphorylated state is refractory to dormant origin activation. In contrast, unphosphorylated
FANCI may remain bound to MCM2–7 but excluded from
FANCD2-associated replisomes; FANCI in this unphosphorylated state is still permissive for dormant origin firing. Thus, by
using SR microscopy, we were able to resolve co-localization
differences between the phosphorylated and nonphosphorylated forms of FANCI and how they correlate spatially with the
MCM or FANCD2 proteins.
DISCUSSION
In this study, we provide evidence supporting a critical role
for FANCI in regulating dormant origin firing in response to
replication stress (Figure 7E). By using either 6SA or 6SD ATR
phospho-site mutants of FANCI in a cell-based reconstitution
assays and a phospho-specific FANCI antibody, we were able
to demonstrate that phosphorylation at the S/T-Q cluster of
FANCI inhibits the ability of FANCI to promote dormant origin

firing in response to mild replication stress. Unmodified FANCI
is likely proficient for dormant origin firing but is insufficient for
promoting replication fork restart under severe replication stress
or DNA repair after MMC treatment. Regions of the DNA with
slower-moving forks may require unphosphorylated FANCI to
promote dormant origin firing, enabling the cell to complete replication in a timely manner. Larger numbers of stalled forks will
trigger ATR activation, which stabilizes and repairs replication
forks through unknown mechanisms (Byun et al., 2005). Here,
we demonstrate that FANCI phosphorylation by ATR promotes
replication fork restart/recovery. Severe replication stress may
cause cells to preferentially suppress dormant origin firing to preserve licensed origins during cell-cycle checkpoint activation
and allow for the stalled replication forks more time to restart
or recover (Petermann and Helleday, 2010). It could be too
dangerous for cells to initiate more replication forks, as once
these backup origins are done firing, no new origins can be
licensed until after the cells undergo mitosis. On the other
hand, mild replication stress can be easily overcome through
dormant origin firing in the absence of checkpoint activation
and likely does not require more time-consuming and potentially
error-prone HR-dependent DNA transactions involved during
replication fork restart (Carr and Lambert, 2013; Guirouilh-Barbat et al., 2014). Thus, dormant origin firing can only be effective
as a quasi-repair strategy under mild replication stress conditions where the newly established replication forks have a low
probability of stalling.
Studies on the DNA repair-independent role of the FA pathway
have only recently been appreciated. Work was largely confined
to the cellular response necessary to counteract high levels of
replication stress, where stalled forks can be substrates for
nuclease attack or DSB formation, which would then require
mechanisms for fork stabilization/protection or replication
restart (Lossaint et al., 2013; Schlacher et al., 2012; Yeo et al.,
2014). Prior to this study, very little was known about whether
members of the FA pathway provide additional function(s) to
alleviate mild replication stress that persists in the absence of
checkpoint activation. Importantly, conditions that mimic mild
replication stress is recapitulated during cancer initiation and
progression model systems whereby oncogenes induce replication stress via perturbation of the available nucleotide pools in
these cells to promote uncontrolled DNA replication, leading to
genomic instability and malignancy (Bester et al., 2011). Understanding the molecular pathways that help alleviate mild replication stress will inevitably provide key insights into a physiological
process designed to counteract replication stress in normal
and malignant cells. Based on our findings, we showed that
FANCI has at least two non-overlapping roles in counteracting
replication stress (see model, Figure 7E): first, in cells encountering severe replication stress (high-dose HU), ATR-mediated
FANCI phosphorylation and subsequent FA core complex and
FANCD2-dependent monoubiquitination of FANCI signifies the
critical molecular event that promotes replication fork protection
and/or restart of stalled forks. We speculate that this event
could also be linked to DNA repair, as ICL repair requires many
of the same components of the FA pathway as for replication
fork restart, although supporting evidence for this remains to
be seen. Second, in cells exposed to mild replication stress
Molecular Cell 58, 323–338, April 16, 2015 ª2015 Elsevier Inc. 333

A

B

+ HU
MCM5+FANCI

overlap

MCM5+FANCI+DNA

6SA + HU

overlap+DNA

overlap+DNA

MCM5
FANCI
DNA

i(a)

i(b)

ii(a)

ii(b)

ii
i

WT

number of overlaps (normalized)

6SA

6SD

C

+HU

-HU
ns

0.25

*

ns

6SA

6SD

ns

**

ns

6SA

6SD

non-random overlap
random overlap

0.20
0.15
0.10
0.05
0.00
WT

WT

D

+ HU
FANCD2+FANCI

overlap

FANCD2+FANCI+DNA

overlap+DNA

6SD + HU

overlap+DNA

FANCD2
FANCI
DNA
ii

WT

i(a)

i(b)

ii(a)

ii(b)

i

number of overlaps (normalized)

6SA

6SD

E

+HU

-HU
0.40

**

ns

****

****

*

****

WT

6SA

6SD

WT

6SA

6SD

0.30

non-random overlap
random overlap

0.20
0.10
0.00

Replication Stress
Nucleotide deficiency
DNA damage
Oncogene activation

High

Low

ATR

D2

FANCI
PPase?

Restrict DNA synthesis

P
FANCI
D2
FA core ligase

DDK

P

MCM2-7

P
Ub
FANCI
D2
Ub

Dormant origin firing

Replication Restart/DNA Repair
or Fork Protection

Figure 7. SR Imaging Detects FANCI Co-Localization with the MCM Complex
(A and C) SR images of the nuclei of U2OS cells stably expressing either FLAP-tagged FANCI WT (top row), 6SA (middle), or 6SD (bottom) that is treated with
200 mM (+HU) and pulsed labeled with EdU for 1 hr. Localization of MCM5, FANCD2, FANCI, and newly synthesized DNA were visualized using antibodies against
MCM5, FANCD2 or GFP (FANCI) and direct labeling of EdU with Click-iT chemistry (Scale bar, 5 mm).
(B and D) Co-localization (overlap) measurements of FANCI with either MCM5 or FANCD2 as revealed by SR imaging. The magnified images depict an SR image
of either a FANCI 6SA or 6SD mutant-expressing U2OS nucleus treated with HU (MCM5, green; FANCD2, green; FANCI, blue; newly synthesized DNA, red; scale
bar, 3 mm). The magnification of the marked region (i) shows an example of a localization overlap event between MCM5 (or FANCD2) and FANCI in the way of
either two-color co-localization, i(a), or two-color overlap, i(b); while the magnification of region (ii) shows an example of a lack of a localization overlap event
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(legend continued on next page)
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(low-dose HU), the unphosphorylated form of FANCI participates
in dormant origin firing likely through the activation of the DDK,
and this occurs independently of the FA core complex and
FANCD2 (Figure 7E). Interestingly, we found that loss of FANCD2
elevates dormant origin firing, but not in the absence of FANCI,
suggesting that FANCD2 acts as an inhibitor of dormant origin
firing through FANCI. This is consistent with previous studies
showing that the loss of FANCD2 stimulates new origin firing in
cells treated with HU or APH in other human cell lines (Chaudhury
et al., 2013; Panneerselvam et al., 2014). It remains to be determined whether FANCD2 is able to inhibit this function of FANCI
through direct binding to the FANCI or the MCM complex or
whether other intermediary proteins are involved. We favor the
former prediction as an ubiquitin-binding domain of FANCD2 is
suggested to bind to monoubiquitinated FANCI (Rego et al.,
2012). It is unknown whether other FA proteins regulate dormant
origin firing differentially through FANCI or whether FANCI is truly
unique among the FA members to promote dormant origin firing
in response to replication stress (Tumini et al., 2011).
We found that dormant origin activation plays an unanticipated role in alleviating replication stress caused by MMCinduced DNA damage. According to the current model of replication-dependent ICL repair, a second adjacent fork converging
onto the ICL may participate in the ICL repair process (Huang
et al., 2013; Jones and Huang, 2012; Knipscheer et al., 2009;
Kottemann and Smogorzewska, 2013; Zhang and Walter,
2014). This critical second fork may arise from the firing of additional adjacent origins. If this is indeed the case, it will be important to understand mechanistically how FANCI and/or other FA
proteins are able to couple DNA repair and adjacent origin firing
together in the vicinity of the ICL-damaged regions of the
genome. Mutations in the factor(s) that regulate this coupling
event could contribute to the FA disease and/or cancer susceptibility. Furthermore, whether dormant origin activation plays an
important part in the repair and cellular tolerance to other types
of DNA damaging agents, including UV damage, reactive aldehydes, or double-strand break inducers, is unknown.
It remains unclear how FANCI promotes dormant origin firing
in response to replication stress. When local replication forks
are inhibited or slowed, MCM2–7 complexes are activated by
the DDK (Diffley, 2010), leading to the firing of dormant origins
to ensure that genomic replication is completed in a timely
manner. It has been suggested that ATR signaling intersects
with DDK-mediated activation of the MCM2–7 helicase complex
(Yamada et al., 2013), but the molecular details have remained

vague. In our study, we showed that FANCI likely works at or
upstream of DDK-mediated activation of the MCM complex,
as the loss of the inhibitory domain of MCM4 can rescue
FANCI-depleted cells for dormant origin activation. Interestingly,
we observed a reduction in MCM4 protein levels in FANCIdepleted cells. We speculate that FANCI may directly associate
with MCM4 to prevent its turnover in the pre-RC complex. How
N-terminal phosphorylation of MCM4 by different upstream
kinases regulates FANCI or DDK recruitment to the MCM2–7
complex remains to be determined.
By focusing on the mechanistic role of FANCI during replication stress, we have been able to demonstrate a FA-pathwayindependent function for FANCI in the regulation of dormant
origin firing, which is a key component needed to manage
the deleterious effects of replication stress. Importantly, it was
recently highlighted that replication stress is a potent driver of
functional decline in aging hematopoietic stem cells (HSCs)
(Flach et al., 2014). As HSCs are particularly vulnerable to
replication stress, these are the same cells that are defective
in the FA disease (D’Andrea, 2010; Garaycoechea et al., 2012;
Kottemann and Smogorzewska, 2013). In the future, understanding precisely how the FA pathway and FANCI responds
to and protects against replication stress will be of high clinical
relevance, especially for the development of improved therapeutic interventions for FA patients and others requiring bone
marrow transplantations.
EXPERIMENTAL PROCEDURES
Cell Culture, Antibodies, Purifications, and Reagents
U2OS, HeLa, and Phoenix-GP cells (ATCC) were grown in DMEM (Life
Technologies) with 10% fetal bovine serum (FBS), 1% Pen-Strep, and 1%
glutamine at 5% CO2 in 37 C incubator. FA patient-derived FANCI-deficient
(F010191), FANCD2-deficient (PD20), and FANCA-deficient (GM6914) fibroblasts were grown in 15% FBS. hTERT immortalized RPE-1 cells (ATCC)
were grown in DMEM/F-12 medium (Life Technologies) supplemented with
10% FBS, 3% sodium bicarbonate, and 1% Pen-Strep. The Cdc7 inhibitor,
PHA 767491, was purchased from Santa Cruz Biotech and the ATR inhibitor,
VE-821, from EMD Millipore. For conventional purification of FANCI complexes, standard chromatographic methods were used (Sims et al., 2007b,
2011). Transfections, western blotting, and co-immunoprecipitation methods
and sources of antibodies, reagents, and plasmids used in this study are
presented in the Supplemental Experimental Procedures.
DNA Fiber Analysis
DNA fibers were prepared as described previously (Terret et al., 2009).
In brief, cells were labeled sequentially with IdU and CldU. Cells were

number of overlap events normalized between MCM5 (or FANCD2) and FANCI from the nuclei of either WT-, 6SA-, or 6SD-expressing U2OS cells. The gray bar
shows the average number of overlaps between MCM5 (or FANCD2) and FANCI from the same nuclei (intra-overlap); these events are related and therefore
represent a non-random occurrence. In contrast, the white bar shows the average number of overlaps detected between different nuclei (inter-overlap); these
events are unrelated and represent a random occurrence.
(E) Cartoon model depicting how a phosphorylation switch mediated by the ATR kinase (and an unknown protein phosphatase) can exert control over FANCI to
either activate or inhibit dormant origin firing in response to different levels or types of replication stress. Cells exposed to minimal levels of replication stress will
result in more dormant origin firing to help rescue slowed or stalled forks. During low levels of replication stress, dormant origin firing is likely operational as a
default setting due to the absence of ATR signaling. In contrast, higher exposure to DNA damage or replication stress will result in robust and sustained ATR
activation, leading to FANCI and Chk1 phosphorylation and reduced dormant origin firing. This may give cells more time to activate DNA repair and restart
replication forks; both of these events could be mediated, in part, through FANCI phosphorylation and monoubiquitination. FANCD2 has an unanticipated role in
inhibiting FANCI-mediated dormant origin firing independent of its monoubiquitination status. FANCI can activate dormant origins by promoting DDK-dependent
phosphorylation of MCM complexes to relieve MCM proteins from its inhibitory state. We predict that phosphorylation of FANCI will shift the pool of FANCI
from MCM-bound dormant origins to stalled replication forks.
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trypsinized/resuspended and spotted onto a glass slide and lysed. Slides were
then tilted at an angle to allow the fibers to spread by gravity flow. Slides were
then labeled with fluorescent antibodies and imaged on a Deltavision microscope. To obtain extended fiber tracks for measuring IODs, agarose plugs
containing DNA were prepared as described previously (Aris and Pommier,
2012),(Conti et al., 2001). The DNA was then stretched onto silane-treated
slides (Genomic Vision) by Molecular Combing System (Genomic Vision).
Images were captured and analyzed using SoftWoRX (Applied Precision,
General Electric). Results were based on three independent experiments. At
least 150 pulse-labeled forks were scored in each experiment unless otherwise indicated. Fork speed was calculated by dividing the track length in kb
by the labeling time. Details can be found in the Supplemental Experimental
Procedures.
Cell Growth, Cytotoxicity, and FACS Assays
For cell growth assay, cells were transfected with siRNAs and then replated in
the presence or absence of HU and then counted subsequently, treated with or
without HU, and then counted manually with a hemocytometer on different
days. For MMC cytotoxicity assay, cells were fixed with 4% paraformaldehyde
and stained with SYTO60 fluorescence probe (Life Technologies) and quantified with a Li-Cor Odyssey. Results were based on three independent experiments. Detailed conditions for cell growth, cytotoxicity, and FACS methods
are described in the Supplemental Experimental Procedures.
SR Microscopy
Details on microscopy setup for SR imaging and experimental details for image capture and analyses are described in the Supplemental Experimental
Procedures.
Statistical Analysis
Error bars represent SD of at least three independent experiments. p values
were calculated using a two-tailed Student’s t test, if not specified.
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Räschle, M., Knipscheer, P., Enoiu, M., Angelov, T., Sun, J., Griffith, J.D.,
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