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Fanconi anemia (FA) is a chromosome fragility syndrome

characterized by bone marrow failure and cancer suscept-

ibility. The central FA protein FANCD2 is known to relocate

to chromatin upon DNA damage in a poorly understood

process. Here, we have induced subnuclear accumulation

of DNA damage to prove that histone H2AX is a novel

component of the FA/BRCA pathway in response to

stalled replication forks. Analyses of cells from H2AX

knockout mice or expressing a nonphosphorylable

H2AX (H2AXS136A/S139A) indicate that phosphorylated H2AX

(cH2AX) is required for recruiting FANCD2 to chromatin

at stalled replication forks. FANCD2 binding to cH2AX is

BRCA1-dependent and cells deficient or depleted of H2AX

show an FA-like phenotype, including an excess of chro-

matid-type chromosomal aberrations and hypersensitivity

to MMC. This MMC hypersensitivity of H2AX-deficient

cells is not further increased by depleting FANCD2,

indicating that H2AX and FANCD2 function in the same

pathway in response to DNA damage-induced replication

blockage. Consequently, histone H2AX is functionally

connected to the FA/BRCA pathway to resolve stalled

replication forks and prevent chromosome instability.
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Introduction

Fanconi anemia (FA) is a genetic syndrome characterized by

chromosome fragility, congenital malformations, progressive

pancytopenia and cancer susceptibility (Kutler et al, 2003).

FA is a rare disease with a carrier frequency of 1/65 to 1/300

(Callén et al, 2005). There are at least 12 FA complementation

groups (A, B, C, D1, D2, E, F, G, I, J, L and M), each

connected with a distinct gene. All these genes, but FANCI,

have been cloned (reviewed in Thompson, 2005). The FA

proteins FANC-A, B, C, E, F, G, L and M assemble in a nuclear

complex (FA complex), which is required for FANCD2 activa-

tion via monoubiquitination at the residue K561 during S

phase and in response to DNA damage (Garcı́a-Higuera et al,

2001; Taniguchi et al, 2002a). FANCL has been suggested to

provide the monoubiquitin E3 ligase function for FANCD2

(Meetei et al, 2003a), although no direct evidence has been

provided to date. The recently cloned FANCJ/BRIP1 and

FANCM/Hef both have a helicase domain, but the molecular

biology of the whole FA/BRCA pathway is far from being

understood (reviewed in Thompson, 2005).

The FANCD2 gene is a key player in the FA pathway

(reviewed in Bogliolo and Surrallés, 2005). Together with

FANCL and FANCM/Hef, it is the only FA gene present in non-

vertebrates and its functionally important features are highly

conserved (Castillo et al, 2003). The FA complex is assembled

in the absence of FANCD2 indicating that FANCD2 is down-

stream to this complex in the FA pathway (Garcı́a-Higuera

et al, 2001) but upstream to other components, resulting in a

central position. Active FANCD2 colocalizes or interacts with

the breast cancer susceptibility and the double-strand break

(DSB) repair proteins BRCA1, Rad51 and BRCA2/FANCD1 in

DNA damage-induced nuclear foci or during S phase (Garcı́a-

Higuera et al, 2001; Taniguchi et al, 2002a; Hussain et al,

2004; Wang et al, 2004).

Both BRCA1 and BRCA2/FANCD1 interact with the re-

combination protein Rad51 and are involved in DSB repair

by homologous recombination (HR) (Patel et al, 1998;

Venkitaraman, 2002). It has also been proposed that FA

proteins mediate translesion DNA synthesis and, therefore,

promote replication block bypass (Niedzwiedz et al, 2004;

reviewed in Thompson, 2005). Repair by HR predominates

during S/G2 phase of the cell cycle when sister chromatids

are present. The fact that FANCD2 forms foci with BRCA1 and

RAD51 during S phase suggests that the FA/BRCA pathway

is involved in HR repair of DSB during S phase (Taniguchi

et al, 2002a; D’Andrea, 2003; D’Andrea and Grompe, 2003;

Nakanishi et al, 2005). Indeed, a number of recent publica-

tions indicate that FANCD2 participates in the resolution of

DNA interstrand crosslinks (ICL)-induced stalled replication

forks (Andreassen et al, 2004; Hussain et al, 2004; Pichierri

et al, 2004; Rothfuss and Grompe 2004; Wang et al, 2004)

possibly by ensuring correct replication fork repair by HR

(reviewed by Pichierri and Rosselli, 2004a; Macé et al, 2005).

ATR but not ATM is present at stalled replication forks

(Abraham, 2001; Lupardus et al, 2002; Tercero et al, 2003)

and, consistently, the ICL-activated kinase is ATR, not

ATM (Pichierri and Rosselli, 2004b). Once activated, ATR
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phosphorylates FANCD2, probably allowing subsequent

monoubiquitination of FANCD2 (Andreassen et al, 2004;

Pichierri and Rosselli, 2004b; Ho et al, 2006). Interestingly,

ATR-mediated FANCD2 phosphorylation in response to ICLs

depends on both an intact FA complex and nibrin, the product

of the NBS1 gene, mutated in Nijmegen breakage syndrome

patients (Pichierri and Rosselli, 2004b). NBS1 also interacts

with FANCD2 after DNA damage (Nakanishi et al, 2002). In

turn, RAD50-MRE11-NBS1 (RMN) foci formation after ICLs

requires the FA complex (Pichierri et al, 2002). Consistent

with a crosstalk between ATR, NBS1 and the FA/BRCA path-

ways, not only FA cells but also NBS and Seckel syndrome

cells with leaky splicing mutations leading to low levels

of ATR are hypersensitive to MMC (Nakanishi et al, 2002;

O’Driscoll et al, 2003) and NBS; Seckel syndrome and

FA patients share some clinical features (Andreassen et al,

2004). In addition, FA proteins crosstalk with other proteins

involved in maintaining chromosome stability such as

ATM and BLM (Taniguchi et al, 2002b; Meetei et al,

2003b; Pichierri et al, 2004), building an integrated network

of genome stability pathways (Surrallés et al, 2004;

Venkitaraman, 2004).

Exposure to ultraviolet radiation C (UVC) results in repli-

cation arrest as most of the DNA polymerases are unable

to replicate templates containing UV-induced DNA lesions

(Ward and Chen, 2001). Consistently, FANCD2 becomes

monoubiquitinated and forms foci in response to not only

MMC and X-rays, but also UVC (Garcı́a-Higuera et al, 2001;

Pichierri et al, 2004). ATR inactivation leads to the inhibition

of histone H2AX phosphorylation and phosphorylated H2AX

(gH2AX) foci formation upon treatment with UVC or hydro-

xyurea (HU), indicating that H2AX is phosphorylated by ATR

in response to replication blockage (Ward and Chen, 2001).

Conversely, ATM is not required for H2AX phosphorylation

following UVC or HU replication block (Ward and Chen,

2001). Many components of the DNA damage response

including BRCA1, the MRN complex, 53BP1, MDC1 and

Rad51 form foci that colocalize with gH2AX foci

(Fernández-Capetillo et al, 2004). As FANCD2 relocates to

the chromatin fraction upon DNA damage in a poorly under-

stood process (Montes de Oca et al, 2005), here we have

locally irradiated cells of different genetic backgrounds with

UVC to induce subnuclear accumulation of stalled replication

forks and hence study the dynamics and regulation of

FANCD2 relocation to damaged sites. These studies led us

to uncover that histone H2AX is involved in the FA/BRCA

pathway.

Results

FANCD2 dynamically relocates to UVC-induced stalled

replication forks: a functional assay for the FA/BRCA

pathway

In the first series of experiments, wild-type MRC5 fibroblasts

were locally irradiated with 20, 40 or 60 J/m2 of UVC radia-

tion through a filter with 5-mm-diameter pores and the locally

irradiated nuclear areas were visualized by immunofluores-

cence with antibodies against cyclobutane pyrimidine dimers

(CPD). At the pore size and density used, over 70% of the

nuclei initially presented a UV spot. FANCD2 presented

a diffuse or speckle nuclear pattern in the majority of non-

irradiated cells or in cells immediately after irradiation but

relocated to the site of UVC-induced damage only few hours

after irradiation (Figure 1A). FANCD2 relocation followed a

specific and consistent dynamics: immediately after irradia-

tion, no FANCD2 signal was observed at the site of damage

but the percentage of UV spots containing FANCD2 signal

progressively increased until reaching a plateau 6–8 h after

irradiation, when 70–80% of UV spots presented FANCD2

signal (Figure 1B; wild-type cells). FANCD2 signal was

present at the site of irradiation as long as the CPD were

detectable, up to 48 h after irradiation in few cells (data not

shown). Six hours after irradiation, we observed a one-to-one

correspondence between cells staining positive for both CPD

at the irradiation site and FANCD2, and no FANCD2 spots

were detected in the cells without UV-spots. These results

indicate that FANCD2 relocation correlates with the presence

of CPD.

It is known that UVC induces stalled replication forks (see

Introduction). Consistent with this notion, the pattern of

UVC-induced FANCD2 relocation correlates with the pattern

of PCNA staining (Figure 1C), reflecting that FANCD2 and

PCNA colocalize during DNA replication stress response

(Howlett et al, 2005). In addition, FANCD2 relocated to the

UV spot in exponentially growing primary human fibroblasts

but not in the same cells synchronized in the G0/G1 phase of

the cell cycle (495% of the cells in G0/G1 phase) by serum

starving (Figure 1D) or other methods (data not shown).

Finally, when cells were grown in the presence of BrdU, 80

out of 80 cells with FANCD2 signal at the site of damage were

positive for BrdU incorporation as detected with antibodies

against BrdU (Figure 1E). Our unpublished confocal micro-

scopy studies with cells expressing YFP-FANCD2 are also

consistent with FANCD2 relocating to UV locally induced

stalled forks during S phase (data not shown).

To determine whether this assay was a functional assay to

study the FA/BRCA pathway, we analyzed the dynamics of

FANCD2 relocation to the site of UVC-induced damage in

cells deficient in well-known players of the FA/BRCA path-

way (FANCA, BRCA1, ATR or ATM) and in FANCD2-deficient

cells stably transduced with a non-ubiquitinable K561R-

FANCD2 cDNA. As shown in Figure 1B, FANCD2 does not

relocate in cells deficient in BRCA1, FANCA, ATR or expres-

sing a non-monoubiquitinable K561R-FANCD2 but it nor-

mally relocates to the UV spots in wild-type cells (green),

in FANCA-deficient cells functionally corrected by retrovirus-

mediated FANCA cDNA transduction (blue), in ATM-deficient

cells (orange), in BRCA2-deficient cells and in BRCA1-

deficient cells functionally corrected by microcell-mediated

chromosome transfer (data not shown). Thus, all known

components required for FANCD2 monoubiquitination (the

upstream FA proteins, ATR and FANCD2 K561) or FANCD2

foci formation (BRCA1) in response to DNA ICLs are also

required for FANCD2 relocation to UVC-induced stalled re-

plication forks. Therefore, all the data obtained by local

irradiation and presented in Figure 1 are in keeping with all

known functional requirements of the FA pathway and there-

fore validate our approach as a novel in vivo functional assay

for dissecting the FA/BRCA pathway.

cH2AX is required for FANCD2 relocation to damaged

sites but not for FANCD2 activation

As mentioned in Introduction, histone H2AX is phosphory-

lated by ATR but not by ATM on its S139 residue in response

Crosstalk between H2AX and the FA/BRCA pathway
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to UVC-induced stalled replication forks (Shiloh, 2001;

Ward and Chen, 2001) and gH2AX is required for the accu-

mulation of several DNA repair/damage response factors to

the site of DNA damage (Fernández-Capetillo et al, 2004).

Consequently, we applied our newly developed functional

assay of local UVC-irradiation to check whether H2AX is

required for FANCD2 relocation to the site of UVC-induced

stalled replication forks. As shown in Figure 2, FANCD2 does
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Figure 1 FANCD2 relocates to the sites of UVC radiation-induced stalled replication forks in S phase: a functional assay for the FA/BRCA
pathway. Cells (human wild-type MRC5 fibroblasts) irradiated through a 5-mm-pore filter with UVC (20 J/m2) present FANCD2 signal (detected
with anti-FANCD2 antibodies in red) at the site of damage (detected with anti-CPD antibodies in green) 6 h after irradiation but not immediately
after irradiation (A). FANCD2 relocates to UV spots following a specific dynamics and in a manner dependent on ATR, FANCA, BRCA1 and
FANCD2 K561 but independent of ATM (means and s.d. of three experiments are shown in the graph) (B). PCNA and FANCD2 (red) relocate to
the site of irradiation (green) following the same dynamics (C). FANCD2 (red) relocates to the irradiated site (green) only in replicating but not
in G1 synchronized (495% of the cells in G1 phase) wild-type primary fibroblasts (D); FANCD2 relocates to UV spots (right green panel) only
in S-phase cells, as shown by BrdU incorporation (red middle panel). Nuclear counterstaining in DAPI (left blue panel) (E).
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not relocate to the site of UVC-induced damage in H2AX�/�

mouse embryonic fibroblasts (MEFs) (Figure 2A) or H2AX�/�

MEFs expressing a nonphosphorylable H2AX (H2AXS136A/S139A)

(Figure 2B). However, normal FANCD2 relocation was

observed in genetically matched wild-type MEF, indicating a

critical role for H2AX and H2AX phosphorylation in FANCD2

relocation to UVC-induced stalled replication forks.

H2AX and gH2AX are not required for FANCD2 activation,

as FANCD2 is normally monoubiquitinated in response

to UVC or MMC, both in H2AX�/� and in nonfunctional

H2AXS136A/S139A MEF cells (Figure 2C). In addition, the

kinetics of FANCD2 monoubiquitination upon UVC

(Figure 2D) or MMC (Figure 2E) treatments are not compro-

mised in H2AX-deficient cells. The reduced amount of mono-

ubiquitinated FANCD2 (FANCD2L) in H2AX�/� MEFs

observable in Figure 2D is attributable to subtle differences

in the proportion of cells in S phase between genetic back-

grounds (data not shown). These results indicate that H2AX

phosphorylation is not involved in FANCD2 activation but

rather in FANCD2 recruitment or accumulation to stalled

replication forks.

We then compared the dynamics of FANCD2 relocation

and H2AX phosphorylation at the site of local irradiation

using antibodies specific for H2AX phosphorylated at serine

139. Interestingly, the dynamics of FANCD2 relocation was

identical to the dynamics of H2AX phosphorylation at the site

of damage (Figure 2F), suggesting that FANCD2 relocates to

the site of damage immediately after H2AX phosphorylation.

As expected (Ward and Chen, 2001), H2AX phosphorylation

at the site of UV irradiation was greatly reduced in Seckel

syndrome cells expressing low levels of functional ATR (data

not shown). As previously mentioned, ATR phosphorylates

H2AX at stalled replication forks, thus further supporting the

notion that stalled replication forks are the initiating signal
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Figure 2 Relocation of FANCD2 to UVC-induced damage requires H2AX phosphorylation. FANCD2 does not relocate to locally induced stalled
replication forks with UVC in H2AX�/� MEFs (A) or in H2AX�/� MEFs expressing a nonphosphorylable H2AX (H2AXS136A/S139A) (B). H2AX is
not required for UVC- or MMC-induced FANCD2 monoubiquitination (C–E). H2AX-deficient MEF and their wild-type counterpart were treated
with either UVC (10 J/m2; C, D) or with MMC (1 mg/ml; C, E). Cells were then harvested at the indicated recovery times and analyzed by
Western blot for FANCD2 monoubiquitination. The equal loading of each slot was confirmed by probing the blot with anti-actin antibody (C–E).
Local UVC irradiation results in concurrent H2AX phosphorylation and FANCD2 accumulation at the site of irradiation, with a dynamics of
H2AX phosphorylation identical to the dynamics of FANCD2 relocation (F). (Means and s.d. of three experiments are shown in panels A, B and F.)
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for ATR-mediated H2AX phosphorylation and subsequent

FANCD2 relocation to the damaged site.

To confirm our observations with H2AX-deficient cells and

local UVC irradiation, we studied FANCD2 foci formation

upon MMC treatment in the presence or absence of H2AX by

RNA interference (RNAi) (Figure 3). Our data indicate that

depletion of H2AX by RNAi results in normal FANCD2

monoubiquitination (Figure 3A) but impaired FANCD2 foci

formation (Figure 3B–D) in response to MMC.

As FANCD2 binds to chromatin upon DNA damage

(Montes de Oca et al, 2005), we studied relocation of

FANCD2 to the chromatin fraction in HeLa cells (Figure 4A)

and in wild-type or H2AXS136A/S139A MEFs (Figure 4B) to

probe that normal MMC-induced binding of FANCD2 to

chromatin requires a functional H2AX. FANCD2 was nor-

mally detected in the chromatin pellet in HeLa cells upon ICL

(8-methoxypsoralen (8-MOP)) or UVC treatment (Figure 4A)

and in wild-type MEF upon MMC treatment (Figure 4B).

However, MMC-induced chromatin loading of FANCD2 was

strongly impaired in H2AXS136A/S139A MEFs, consistent with

the notion that FANCD2 relocation to damaged chromatin

requires a functional H2AX. However, we cannot disregard

the possibility that this impairment, at least in part, is

attributable to reduced overall levels of monoubiquitinated

FANCD2 in H2AX-deficient cells.

FANCD2 interacts with cH2AX upon DNA damage in a

BRCA1-dependent manner

We then pursued the question of whether FANCD2 is re-

cruited to the site of damage in a gH2AX-dependent manner

by performing immunoprecipitation (IP) experiments in

H2AXþ /þ , H2AX�/� or H2AXS136A/S139A MEF cell extracts

as well as in BRCA1-deficient and genetically complemented

cells. We were able to show that gH2AX and FANCD2

co-immunoprecipitate (Figure 5A). Importantly, FANCD2–

gH2AX binding was significantly dependent on DNA damage

(MMC or UVC) and was abolished in BRCA1-deficient cells

(Figure 5B) and in H2AX�/� and H2AXS136A/S139A cells,

suggesting that only phosphorylated form of H2AX is

required, in concert with BRCA1, for recruitment of

FANCD2 to damaged DNA. Consistently, we observed that

MMC-induced chromatin loading of FANCD2L is also im-

paired in BRCA1-deficient cells (data not shown), again

supporting the notion acquired in chicken cells that BRCA1

is dispensable for FANCD2 monoubiquitination but required

for FANCD2 foci formation (Vandenberg et al, 2003).

FANCD2–gH2AX interaction was further studied by surface

plasmon resonance (SPR) technique when comparing bind-

ing of recombinant human FANCD2 with gH2AX (Figure 5C).

We recognized the increase of FANCD2 binding upon in vitro

H2AX phosphorylation. This binding was abolished by coin-

jection of gH2AX with anti-gH2AX antibodies. Some binding

was also observed for H2AX protein alone that could be due

to the partial (less than 10%) H2AX phosphorylation in the

sample. Thus, all these experiments allow us to conclude that
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Figure 3 H2AX depletion by RNAi disrupts FANCD2 foci formation
ability after MMC treatment but does not impair FANCD2 mono-
ubiquitination. HeLa cells were interfered with siRNA versus H2AX
or versus GFP and treated with MMC for 0, 6 and 24 h. Western blot
showing inhibition of H2AX phosphorylation after siRNA and
normal FANCD2 monoubiquitination (A). FANCD2 foci in HeLa
cells interfered with siRNA versus GFP (B). FANCD2 foci in HeLa
cells interfered with siRNA versus H2AX (C). Graph showing
percentage of inhibition of FANCD2 foci formation in GFP-interfered
cells versus H2AX-depleted cells (D). Mean and s.d. of two inde-
pendent experiments are reported. H2AX expression was knocked
down by transfection with a SMARTpools reagent (Dharmacon,
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in DNA-damaged cells, gH2AX is involved in the recruitment

of FANCD2 to chromatin at stalled replication forks.

H2AX�/� cells are hypersensitive to MMC and both

FANCD2 and H2AX cooperate in the same pathway

in response to MMC

FA cells are phenotypically characterized by an increased

sensitivity to the chromosome breaking ability of DNA cross-

linkers such as MMC. In fact, the final diagnostic confirma-

tion of FA is an excess of chromatid-type aberrations such as

radial figures after treating the cells with crosslinking agents.

Our data on the requirement of gH2AX for FANCD2 relocation

but not for FANCD2 monoubiquitination strongly suggest that

H2AX is important for the proper functioning of the FA/BRCA

pathway. Consistent with this notion, H2AX�/� MEFs treated

with MMC have an excess of chromatid-type aberrations,

including radial figures, when compared to genetically

matched wild-type MEF (Figure 6A and B). In addition,

H2AX�/� MEF (Figure 6C) or H2AX-depleted wild-type MEF

(Figure 6D) are hypersensitive to the cytotoxic effects of

MMC, another hallmark of FA. A similar phenotype of an

excess chromosome fragility was observed in H2AX KO MEFs

reconstituted with a nonphosphorylable H2AX (Figure 6A

and B). Thus, our data indicate that H2AX-deficient cells have

FA-like cellular phenotype.

Finally, we investigated whether H2AX and FANCD2 co-

operate in response to DNA damage in the same pathway. For

that purpose, MMC sensitivity was evaluated in H2AXþ /þ ,

H2AX�/� or H2AXS136A/S139A MEF after depleting FANCD2

by RNAi. As shown in Figure 6E, siRNA FANCD2 depletion

led to an increased sensitivity to MMC in H2AXþ /þcells,

as expected. However, similar FANCD2 depletion did not

further increase the sensitivity to MMC of H2AX�/� or

H2AXS136A/S139A MEF. This indicates that FANCD2 and

H2AX are likely to function in the same pathway in response

to MMC.

Discussion

Understanding the role of the FA/BRCA pathway is essential

not only for finding a cure for the disease but also for the

general population as the FA pathway is a central node in a

complex network of tumor suppressor and genome stability

pathways (Surrallés et al, 2004; Venkitaraman, 2004), and its

disruption leads to an increasing number of sporadic cancers

(reviewed in Lyakhovich and Surrallés, 2006). However, the

downstream function/s of the FA proteins is/are still a

mystery. Here, we have focused our attention on the func-

tional requirements of FANCD2, a key protein of this pathway

as it is placed at the convergence point between ATM, ATR,

BRCA1, BRCA2/FANCD1, NBS1, RAD51 and the upstream FA

core complex proteins. In the present investigation, human

or mouse fibroblasts with different genetic backgrounds

and under various culture conditions were locally irradiated

with UVC to induce subnuclear accumulation of stalled

replication forks and the relocation of FANCD2 and other

proteins to the site of damage was measured at different times

after irradiation. This approach resulted to be a novel,

practical and versatile functional assay for the FA/BRCA

pathway as only when all known components of this path-

way are fully functional, FANCD2 does normally relocate

to the site of local irradiation.

Although FANCD2 relocates to UV-induced stalled replica-

tion forks, primary FA cells of complementation group FA-D2

(deficient in FANCD2) are only 20% more sensitive to UV

than normal cells (Kalb et al, 2004). This sensitivity might be

even stronger considering that all FA-D2 patients generally

have hypomorphic mutations and express low levels of

FANCD2 (Kalb et al, submitted). However, it is true but not

surprising that, unlike XP cells, FA cells are not known for

their hypersensitivity to UVC. The main reason is probably

that the FA pathway is only the third line of defense, after

nucleotide excision repair and translesion synthesis, against

UV-induced DNA lesions. A similar picture occurs with

ionizing radiation: FANCD2 gets phosphorylated by ATM

and monoubiquitinated in response to ionizing radiation

(Taniguchi et al, 2002b) but FA-D2 cells are not hypersensitive

to ionizing radiation. Understanding the differential spectrum

of mutagen sensitivities between genome instability syn-

dromes that crosstalk at the molecular level is an important

avenue for future research.

Here, we show that the ATR substrate histone H2AX is not

required for FANCD2 monoubiquitination in response to UVC

or MMC. However, we cannot disregard the possibility of

reduced levels of FANCD2 monoubiquitination at longer

times of mutagen exposure in H2AX-deficient cells as some

differences in intensities have been observed between experi-

ments. This might as well be explained by the variations in

the proportion of cells in S phase between H2AX-proficient

and -deficient genetic backgrounds (see Results). An alter-

native, yet speculative, possibility is that the active FANCD2

is more easily deubiquitinated in H2AX-deficient cells as it is

not properly retained at damaged chromatin. Importantly,

gH2AX is strictly required for proper accumulation of active

FANCD2 to the site of damage. Thus, FANCD2 phosphoryla-

tion and monoubiquitination are necessary but not suffi-

cient for FANCD2 relocation to stalled replication forks.

The observations that (i) FANCD2 does not relocate to

the site of damage in H2AX-deficient cells expressing a
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Figure 4 H2AX-dependent association of FANCD2 to chromatin
after DNA damage. HeLa cells were left untreated or treated with
8-MOPþUVA or with 30 J/m2 of UVC, let to recover for 6 h and then
fractionated and analyzed by Western blot (A). S1¼ cytoplasmic
fraction, S2¼nucleoplasmic fraction, P2¼ chromatin fraction. Wild
type and H2AX�/� MEFs were treated with 1mg/ml MMC for 24 h
and then fractionated and analyzed by Western blot (B). S1 and S2
fractions were pooled (Sol) and 50 mg of total protein of the Sol
fraction and of the chromatin fraction (Insol) were analyzed
by Western blot. ORC2 was used as a marker of the chromatin
fraction (A, B).

Crosstalk between H2AX and the FA/BRCA pathway
M Bogliolo et al

&2007 European Molecular Biology Organization The EMBO Journal VOL 26 | NO 5 | 2007 1345



nonphosphorylable H2AX, (ii) FANCD2 relocates to UVC

spots in concert with H2AX phosphorylation and (iii) ATR

is required for proper H2AX phosphorylation suggest that

ATR-mediated phosphorylation of H2AX at stalled replication

forks is an additional requirement for FANCD2 relocation.

Consistent with this model, gH2AX and FANCD2 co-immu-

noprecipitate in response to DNA damage, both H2AX-

deficient cells and H2AX�/� cells reconstituted with a

nonphosphorylable H2AX have a FA-like cellular phenotype,

and FANCD2 and H2AX cooperate in the same pathway in

response to MMC. In addition, H2AX depletion by RNAi

disrupts FANCD2 foci formation after ICL treatment and

results in an increased MMC sensitivity. Thus, all avenues

lead to the conclusion that gH2AX is a novel functional

requirement of the FA/BRCA pathway to resolve stalled

replication forks. It is currently accepted that UV-induced

photoproducts can be bypassed by the HR machinery when

nucleotide excision repair is saturated and our data suggest

that the FANCD2–H2AX interaction is probably functional for

the repair of these types of lesions at stalled replication forks,

not for the general response to fork stalling.

The way in which BRCA1 affects the accumulation of

FANCD2 at sites of DNA damage is not yet precisely defined.

BRCA1 has been reported to mediate FANCD2 foci formation

and to colocalize with FANCD2 at damaged sites (Garcı́a-

Higuera et al, 2001), but it does not interact with FANCD2

(Folias et al, 2002) and is dispensable for FANCD2 mono-

ubiquitination (Vandenberg et al, 2003). However, lack of

BRCA1 partially disrupts this post-translational modification

(Garcı́a-Higuera et al, 2001; Bruun et al, 2003). Consistent

with previous data (Foray et al, 2003), H2AX is normally

phosphorylated in response to MMC or UV even in the

absence of BRCA1, but normal FANCD2 binding to gH2AX

requires BRCA1. Thus, our results suggest that BRCA1 med-

iates the recruitment of FANCD2 by gH2AX to damaged

chromatin.

The role of H2AX in genome stability is controversial.

gH2AX has been reported to be essential for the recruitment

MMC
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Figure 5 BRCA1-dependent binding of FANCD2 to gH2AX upon DNA damage. FANCD2 co-immunoprecipitates with gH2AX after DNA damage
in a BRCA1-dependent manner. H2AXþ /þ , H2AXS136A/S139A, H2AX�/� MEF (A) or BRCA1�/� and BRCA�/� corrected cells (B) were not treated
(�), MMC-treated (MMC) or UVC-irradiated (UV) as described in Materials and methods. Cells were lysed and immunoprecipitated with
gH2AX, H2AX, FANCD2 or non-immune control (NI) antibodies followed by Western blot, and the protein bands were detected by probing with
FANCD2, H2AX or gH2AX antibody, respectively. Loading control was monitored either by b-actin Western (A, B, upper row) or nonspecific
binding to IgG (A, B, lowest row). Steady-state levels of gH2AX, FANCD2 or b-actin are maintained by Western blot of the corresponding
samples before IP. In panels A and B, blots 2–4 and 5–7 represent H2AX IPs and FANCD2 IPs, respectively. Direct binding of FANCD2 to gH2AX
by SPR (C). Equal aliquots of H2AX and H2AX phosphorylated by Rsk1 kinase were monitored by Western blot probed with gH2AX antibodies.
Binding sensorgram of phosphorylated H2AX to the immobilized FANCD2. FANCD2 was immobilized (5 ng/mm2) on a dextran surface, as
described in Materials and methods. Phosphorylated (A), nonphosphorylated (C) or phosphorylated H2AX premixed with anti-gH2AX
antibody diluted at 1:500 (B) was injected over immobilized FANCD2. Control binding was performed on an unrelated (MBP) protein surface
(C). The double bands of the FANCD2 WB panels in panels A and B correspond to FANCD2L (monoubiquitinated FANCD2; upper band) and
FANCD2S (non-monoubiquitinated FANCD2).
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of repair/DNA damage response proteins to the site of DNA

damage (Paull et al, 2000) or replication break sites (Furuta

et al, 2003). However, it is dispensable for the initial recogni-

tion of DNA breaks, suggesting that it is more involved in the

retention or accumulation of repair factors than in the actual

recruitment (Celeste et al, 2003a; Fernández-Capetillo et al,

2003). gH2AX may keep the broken chromosome ends teth-

ered together or prevent the premature separation of chromo-

some ends as a safeguard against exchanges (Bassing and Alt,

2004; Fernández-Capetillo et al, 2004; Xie et al, 2004). gH2AX

is not essential for NHEJ or HR in mammalian cells but,

resembling the FA pathway, it appears to modulate both
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induced chromatid-type aberrations (A) and radial (B) in MEF derived from H2AX KO mice or H2AX�/� MEF expressing a nonphosphorylable
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increases cellular sensitivity to MMC (D). FANCD2 and H2AX function in the same pathway in response to MMC (E). FANCD2 depletion by
RNAi does not further increase MMC sensibility in H2AX-deficient cells, suggesting that both FANCD2 and H2AX are in the same pathway.
H2AXþ /þ , H2AX�/� and H2AXS136A/S139A MEFs were exposed to either FANCD2 RNAi or scramble RNAi (the same RNA sequence with five
mismatches) and then exposed to MMC (200 nM for 24 h). FANCD2 immunoblot shows inhibition of FANCD2 synthesis by siRNA-FANCD2, not
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correspond to FANCD2L (monoubiquitinated FANCD2; upper band) and FANCD2S (non-monoubiquitinated FANCD2). Percent of inhibition is
calculated by TotaLab2.1 software as a ratio of FANCD2 RNAi and scRNA signals and normalized to the loading control signals (b-actin; upper
blot, lowest row). The effect of FANCD2 depletion on MMC sensitivity in the three genetic backgrounds is shown in the graph. FANCD2
depletion by RNAi in wild-type cells increases MMC sensitivity. Similar and concurrent FANCD2 depletion in H2AX-deficient cells does not
further increase MMC sensibility, suggesting that both FANCD2 and H2AX act in the same pathway in response to MMC.
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pathways probably because it increases the likelihood of

assembling a functional repair complex or prevents the

premature separation of chromosome ends by reorganizing

the chromatin structure surrounding the DSB (Fernández-

Capetillo et al, 2004: Xie et al, 2004). It is known that

FANCD2 binds to chromatin once activated by DNA damage

and that monoubiquitinated FANCD2 then recruits BRCA2/

FANCD1 into chromatin complexes suggesting that the

FA/BRCA pathway and FANCD2 function to load BRCA2/

FANCD1 on to chromatin, a process required for normal

homology-directed DNA repair (Wang et al, 2004). It is

possible that gH2AX plays a key role in this process, although

further studies are needed to elucidate this issue.

Resembling FA patients and FA KO mice with mutations in

either upstream or downstream FA genes (Navarro et al,

2006), H2AX�/� KO mice are viable and exhibit defects in

DNA repair, growth defects, male sterility (small testes),

modest radiosensitivity and hypersensitivity to MMC

(Celeste et al, 2002; this study). In addition, H2AX deficiency

increases tumor susceptibility in synergism with P53 defi-

ciency (Bassing et al, 2003; Celeste et al, 2003b), again

resembling FANCD2-deficient mice (Houghtaling et al,

2005). This phenotypic coincidence and the herein reported

functional involvement of H2AX in the FA pathway down-

stream of FANCD2 monoubiquitination open the possibility

that H2AX might be a candidate FA gene different from

BRCA2/FANCD1 and FANCJ. In a collaborative multicenter

study, we recently reported the existence of a 13th FA protein

downstream of FANCD2 monoubiquitination (de Vries et al,

2005). However, the sensitivity of H2AX-deficient cells is

lower than that observed in FA cells and we have been unable

to find H2AX mutations in any FA patient with normal

FANCD2 monoubiquitination and normal BRCA2/FANCD1

and FANCJ (data not shown). This suggests that, resembl-

ing ATR or NBS1, H2AX interacts with the FA pathway to

prevent MMC-induced damage but that H2AX itself is not

a FA gene.

The data reported here and in previously published studies

can be integrated in the following model: UVC (or MMC, HU,

8-MOP) induces DNA lesions that block replication forks

when the cell is (or once the cell enters) in S phase. The

stalled replication forks activate ATR, which will then phos-

phorylate both FANCD2 and H2AX. Phosphorylated FANCD2

is then monoubiquitinated at K561 by FANCL in concert with

the rest of the FA complex. Phosphorylated H2AX then allows

recruitment and/or retention of active FANCD2 to chromatin

at the site of stalled replication forks in concert with BRCA1.

Once the DNA lesions are repaired, no signal for ATR activa-

tion is present, leading to inactivation of the FA pathway.

Another possibility is that chromatin remodeling at the site of

irradiation mediated by gH2AX allows FANCD2 accumulation

at the damaged site and subsequent interaction of FANCD2,

ATR and the rest of the upstream components of the FA/

BRCA pathway. However, our observation that FANCD2 is

normally activated in the absence of H2AX is at variance with

this second possibility.

Materials and methods

Cell lines and culturing
The following human transformed fibroblasts cell lines were used in
this study: MRC5 and HeLa (wild type); PD20 (FANCD2�/�); PD20

retrovirally corrected with pMMp-FANCD2 cDNA; PD20 transduced
with pMMp-FANCD2/K561R; PD20 transduced with the empty
pMMp vector; FANCA�/�-transformed fibroblasts; FANCA�/� retro-
virally corrected with wild-type FANCA cDNA; CAPAN1 (BRCA2/
FANCD1-deficient); HCC1937 (BRCA1-deficient); HCC1937 cor-
rected for BRCA1 deficiency by microcell-mediated chromosome
transfer; AT-7 (ATM�/�) and F02/98 (ATR�/�). In addition, we used
primary wild-type human skin fibroblasts and MEFs derived from
histone H2AX KO mice, wild-type genetically matched counterparts,
as well as H2AX KO MEFs reconstituted with a cDNA coding for a
nonphosphorylable H2AX (H2AXS136A/S139A). All the cell lines were
cultured as described previously (Bogliolo et al, 2000; Callén et al,
2002; Surrallés et al, 2002).

Local UV irradiation
A discrete nuclear area of human fibroblasts of diverse genetic
backgrounds and under various culture conditions was locally
irradiated with UVC light by covering the cells during irradiation
with a filter with 5-mm-diameter pores. The site of irradiation (UV
spot) was visualized with antibodies against CPD and the relocation
of FANCD2 or other proteins of interest to the site of damage was
measured at different times using specific antibodies. All the
relocation experiments were repeated at least three times and 200
locally irradiated nuclei per time point and experiment were
analyzed to measure the percentage of UV spots containing the
protein of interest.

The local UVC irradiation was performed essentially by the
method of Volker et al (2001) with some minor modifications.
Briefly, cells were seeded on 18�18 mm sterile coverslips and
grown to near-confluency. Before irradiation, the medium was
aspirated and the cells were washed with phosphate-buffered saline
(PBS). The cells on the coverslips were then covered with an
isopore polycarbonate filter with pores of 5-mm-diameter (Millipore,
Bedford, MA, USA) and exposed to UVC from above with a Philips
15 W UVC lamp G15-T8. The UVC radiation dose was measured
with a VLX-3W radiometer with a CX-254 sensor (Vilber Lourmat,
France). Following this procedure, only the light passing through
the pores locally irradiated a 5mm diameter area of the nuclei. The
size of the irradiated area was confirmed by confocal microscopy
measurements (data not shown). Subsequently, the filter was
removed, fresh prewarmed medium was added back to the cells,
and cells were returned to culture conditions or immediately
processed.

Cell cycle analysis and flow cytometry
Primary fibroblasts growing on coverslips or in normal tissue flasks
(unsynchronized) or cells subjected to serum starvation were
harvested for flow cytometric analysis of the cell cycle. The
harvested cells were washed twice in PBS and fixed in cold 70%
ethanol for at least 30 min at 41C. The samples were then
centrifuged at 2000 r.p.m. and the pellets washed with PBS and
resuspended in 1 ml of PBS. The samples were then treated with
RNAse (200mg/ml final concentration), and 20 mg/ml of propidium
iodide was added to each sample. The cell-cycle distributions were
then analyzed with the flow cytometer FACScalibur (Becton
Dickinson).

Immunohistochemistry and microscopy
Cells were washed with PBS and subsequently fixed by adding PBS
containing 4% formaldehyde (Sigma-Aldrich, St Louis, MO, USA)
for 10 min at room temperature (RT). Cells were washed with PBS
and incubated with PBS and 0.5% Triton (Sigma-Aldrich) for 15 min
at RT. To visualize the site of UV irradiation, cells were washed
twice with PBS, treated with 1 M HCl for 5 min at RT to denature the
DNA and washed once with PBS. Cells were subsequently rinsed
with a washing buffer (WB) consisting of 3% bovine albumin
(Sigma-Aldrich) and 0.05% Tween 20 (Sigma-Aldrich) in PBS,
incubated with a mouse primary anti-CPD antibody at 1:200
dilution in WB for 45 min at 371C, and washed for 15 min in WB
with gentle agitation. In experiments requiring double labeling, the
primary rabbit antibodies against the specific proteins were mixed
in WB in the appropriate dilutions and incubated simultaneously
with the anti-CPD antibody. The antibodies used and the
corresponding working dilutions were as follows: anti-FANCD2
(Abcam, Cambridge, UK; 1:200; polyclonal); anti-FANCD2 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA; 1:200; monoclonal);
anti-gH2AX (R&D Systems, Minneapolis, MN, USA; 1:100; rabbit

Crosstalk between H2AX and the FA/BRCA pathway
M Bogliolo et al

The EMBO Journal VOL 26 | NO 5 | 2007 &2007 European Molecular Biology Organization1348



polyclonal); anti-PCNA (Becton Dickinson; 1:10 000). Incubation
with secondary antibodies anti-mouse Alexa Fluor 488 (Molecular
Probes, Eugene, OR, USA) and anti-rabbit Alexa Fluor 546
(Molecular Probes) diluted in WB was performed at 371C for
20 min followed by a 15 min washing step in WB with gentle
agitation. After the last antibody labeling step, the preparations
were mounted in anti-fading medium containing 40-60-diamidino-2-
phenylindole (DAPI) as a DNA counter stain (Vector Laboratories,
Burlingame, CA, USA). Using this color combination, nuclei were
visualized in blue, the site of UV irradiation in green and the
specific proteins in red. Microscopic analysis and quantification
were performed using an Olympus BX-50 fluorescence microscope.
Images were captured with either a laser confocal microscope
TCS 4D (Leica Microsystems GmbH, Heidelberg, Germany) or
a Leica DMRB epifluorescence microscope equipped with a DC
200 digital camera and the Leica DC Viewer capturing software.
Images were finally computer-edited using the Adobe Photodeluxe
1.0 program.

FANCD2 monoubiquitination studies
Cell extracts were prepared basically by the method of Tanaka et al
(1992) with some modifications. Briefly, harvested cells were
washed three times with PBS and resuspended in buffer I (10 mM
Tris–HCl pH 7.8 and 200 mM KCl) at 1�106 cells/10 ml. After the
addition of an equal volume of buffer II (10 mM Tris–HCl, pH 7.8,
200 mM KCl, 2 mM EDTA, 40% glycerol, 0.2% Nonidet P-40, 2 mM
dithiothreitol, 0.5 mM PMSF, 10 mg/ml aprotinin, 5 mg/ml leupep-
tin and 1 mg/ml pepstatin), the cell suspension was stirred for 1 h
at 41C and centrifuged at 13 000 r.p.m. for 15 min. The total protein
concentration in the supernatant was then measured using the Bio-
Rad Protein Assay (Biorad, Hercules, CA, USA) according to the
manufacturer’s instructions. Total proteins (50–100 mg) were then
loaded on a 7% SDS–PAGE and subjected to standard Western blot
procedure followed by immunodetection with monoclonal anti-
human FANCD2 (1:250 Santa Cruz Biotechnology).

Cytogenetic and cell viability assays for MMC sensitivity
Exponentially growing MEFs with different H2AX genetic back-
grounds were allowed to attach to coverslips for 24 h and
subsequently treated with 50 nM MMC for 2 days. Concurrently
growing cultures were left untreated. Cells were then harvested and
Giemsa-stained following standard cytogenetic methods. A total of
20–60 well-spread metaphases were scored per treatment point and
all the experiments were repeated 2–4 times. For cell growth/
viability assay, cells were seeded in 96-well ELISA microtiter plates
at a density of 2000 cells in a final volume of 100ml culture medium
per well. The cells were allowed to grow for 24 h and MMC was
added at increasing concentrations for 1 week. Then the viability of
the cells was assessed with Cell Proliferation KitII (XTT) (Roche,
Basel, Switzerland) according to the manufacturer’s instructions.
The plates were then read with a microtiter plate ELISA reader.
A total of 48 wells per dose and cell line were measured.

Immunoprecipitation experiments
IP was carried out as described previously (Lyakhovich and
Shekhar, 2003). Briefly, 1mg of anti-gH2AX, H2AX (Abcam, UK),
FANCD2 (FI17, Santa Cruz Biotechnology Inc.) or unrelated (non-
immune control) antibody was bound to protein A-agarose beads
(Invitrogen) in the presence of ethidium bromide (20 mg/ml) and
incubated with appropriate cell lysates overnight at 41C. After
extensive washing with PBS buffer, beads were eluted by boiling in
SDS gel sample buffer and proteins were separated by SDS–PAGE
and immunoblotted onto nylon membrane. Protein bands were
visualized with anti-rabbit or anti-mouse IgG coupled to horse-
radish peroxidase using the ECL kit (Amersham, Arlington Heights,
IL, USA).

RNAi and cytotoxicity
RNAi experiments were maintained as described by Nijman et al
(2005). Shortly, cells were grown in RPMI medium and transfected
with FANCD2 siRNA (Invitrogen, primer number 97480D01), set
of H2AFX StealthTM RNAs (Invitrogen HSS142373; HSS142373;
HSS142374) or corresponding scrambled RNA by Lipofectamin
2000 transfection (Invitrogen) two times with the an interval of
24 h. After second transfection, cells were either harvested to
prepare lysates or submitted to MMT cytotoxicity assay. The

sensitivity of siRNA-transfected MEF cells was evaluated using an
MTTassay as described previously (Zhang et al, 2004). Immediately
after second transfection, cells seeded into 96-well plates with 100 ml
of culture medium were treated with indicated concentrations of
MMC for 5 days and processed for viability assay as above.

Binding affinity measurements by SPR
Interaction between immobilized FANCD2 and phosphorylated and
nonphosphorylated H2AX was determined using SPR technique on
a BIACORe 2000 (BIAcore AB, Max Planc Institute, Munich). H2AX
(80 mM) was phosphorylated by incubation with the Rsk1 kinase
as described previously (Keogh et al, 2006). Immobilization was
carried out to the activated carboxyl groups of CM5 sensor chip by
coupling reagent 2-(2-pyridinyldithio)ethaneamine according to the
manufacturer’s procedures. Analytes were dissolved in 10 mM
HEPES pH 7.4 containing 150 mM NaCl, 3 mM EDTA and 0.005%
surfactant P-20, and were injected over the sensor chip at a flow
rate of 10 ml/min at 251C. Specificity of interaction was monitored
by competition assay with analyte premixed with corresponding
anti-phosphorylated H2AX antibody. Control experiments were
performed on an unrelated (MBP) protein surface. The blank
sensorgram was subtracted from the assay curve. All data were
interpreted using the BioEvaluation 3.2 software (Biacore).

Chromatin fractionation experiments
All chromatin fractionation experiments are based on previous
reports (Mendez and Stillman, 2000; Zou et al, 2002): briefly,
3�106 cells were washed twice with PBS (Ca2þ - and Mg2þ -free)
and resuspended in solution A (10 mM HEPES, pH 7.9, 10 mM KCl,
1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM dithiothreitol,
10 mM NaF, 1 mM Na2VO3, protease inhibitors (Roche)). Triton
X-100 was added to a final concentration of 0.1%, and the cells
were incubated for 5 min on ice. Cytosolic and soluble proteins (S1)
were separated from nuclei by centrifugation (4 min, 1300 g). Nuclei
were washed once in solution A, and then lysed in solution B (3 mM
EDTA, 0.2 mM EGTA, 1 mM dithiothreitol, protease inhibitors) for
30 min at 41C. Insoluble chromatin was then separated from soluble
nuclear proteins (S2) by centrifugation (4 min, 1700 g), washed
once in solution B and collected by centrifugation (1 min, 10 000 g).
The final chromatin pellet (P2) was resuspended in SDS sample
buffer and sonicated. In the case of MEF cells analysis, the soluble
fractions (S1 and S2) were pooled (‘Sol’ in Figure 4B) and the
equivalent of 50 mg of total proteins of the Sol fraction and of the
chromatin fraction (‘Insol’ in Figure 4B) was analyzed by Western
blot. FANCD2 was detected with the Santa Cruz sc-28194 rabbit
polyclonal antibody. 8-MetoxyPsoralen (Mop) treatment was as
follows: cells were exposed to 10mM 8-MOP (Sigma) for 20 min
followed by 10 kJ/m2 of UVA and they were recovered for the
indicated times and then fractionated.
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