
RESEARCH COMMUNICATION

ATR couples FANCD2
monoubiquitination to the
DNA-damage response
Paul R. Andreassen, Alan D. D’Andrea,1 and
Toshiyasu Taniguchi

Department of Radiation Oncology, Dana-Farber Cancer
Institute, Harvard Medical School,
Boston, Massachusetts 02115, USA

Fanconi anemia (FA) is a multigenic autosomal recessive
cancer susceptibility syndrome. The FA pathway regu-
lates the monoubiquitination of FANCD2 and the as-
sembly of damage-associated FANCD2 nuclear foci.
How FANCD2 monoubiquitination is coupled to the
DNA-damage response has remained undetermined.
Here, we demonstrate that the ATR checkpoint kinase
and RPA1 are required for efficient FANCD2 monoubiq-
uitination. Deficiency of ATR function, either in Seckel
syndrome, which clinically resembles Fanconi anemia,
or by siRNA silencing, results in the formation of radial
chromosomes in response to the DNA cross-linker, mi-
tomycin C (MMC), thus mimicking the chromosome in-
stability of FA cells.
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Fanconi anemia (FA) is an autosomal recessive disease
associated with cancer susceptibility (D’Andrea and
Grompe 2003). FA cells are hypersensitive to DNA cross-
linking agents, such as mitomycin C (MMC) and cispla-
tin, and display chromosome instability characterized by
the formation of radial chromosomes (D’Andrea and
Grompe 2003). These cellular phenotypes indicate that
FA cells have a defect in the DNA-damage response.

The genes for eight FA subtypes (A, C, BRCA2/D1, D2,
E, F, G, and L) have been cloned, and the encoded FA
proteins cooperate in a common pathway. Six of the FA
proteins (A, C, E, F, G, and L) assemble into a nuclear
complex that is required for the monoubiquitination (ac-
tivation) of FANCD2 (Garcia-Higuera et al. 2001;
D’Andrea and Grompe 2003; Meetei et al. 2003a). Mono-
ubiquitinated FANCD2 is subsequently targeted into
DNA repair foci containing BRCA1 (Garcia-Higuera et
al. 2001), BRCA2/FANCD1 (Wang et al. 2004), Rad51
(Taniguchi et al. 2002a), and NBS1 (Nakanishi et al.
2002). Deficiencies of FANCD2 monoubiquitination and
foci formation, resulting either from mutations in the
genes for upstream FA proteins or nonubiquitinable mu-

tants of FANCD2, are associated with cellular hypersen-
sitivity to cross-linking agents and with chromosome
instability (Garcia-Higuera et al. 2001).

FANCD2 is monoubiquitinated both during S phase
(Taniguchi et al. 2002a) and in response to various DNA
damaging agents, including ionizing radiation (IR) and
MMC (Garcia-Higuera et al. 2001). The monoubiquitina-
tion of FANCD2 is required for its localization to DNA-
damage foci (Garcia-Higuera et al. 2001). Although it is
clear from these observations that FANCD2 monoubi-
quitination is activated by DNA damage, it has not been
determined how this process is coupled to the DNA-
damage response or to S-phase progression.

At the center of the DNA-damage response, the check-
point protein kinases ATM (ataxia telangiectasia mu-
tated) and ATR (ATM and Rad3-related) phosphorylate
numerous proteins involved in checkpoint function and
DNA repair and thereby coordinate these processes
(Abraham 2001; Osborn et al. 2002). It is generally be-
lieved that ATM and ATR act in parallel pathways that
respond to different DNA stresses, including double-
strand breaks (DSBs) and collapse of replication forks
(treatment with IR or hydroxyurea [HU], respectively).
Whereas ATM phosphorylates FANCD2 in response to
IR, we previously demonstrated that ATM-deficient
cells are proficient for FANCD2 monoubiquitination
and foci formation (Taniguchi et al. 2002b). Thus, ATM
is not required for activation of FANCD2 in the FA path-
way.

ATR is mutated in one complementation group of
Seckel syndrome (SCKL1; O’Driscoll et al. 2003), an au-
tosomal recessive disorder resembling FA, Nijmegen
Breakage syndrome, and other diseases involving im-
paired DNA-damage responses. ATR is present at the
replication fork (Lupardus et al. 2002; Tercero et al.
2003). It is activated when the replication fork encoun-
ters DNA damage and then phosphorylates several sub-
strates, including its partner kinase, Chk1 (Liu et al.
2000; Zhao and Piwnica-Worms 2001). The RPA com-
plex recruits ATR to newly synthesized, single-strand
DNA (ssDNA), generated at sites of damage (Zou and
Elledge 2003).

In the present study, we demonstrate using RNA
silencing and Seckel syndrome cells that ATR is re-
quired for efficient FANCD2 monoubiquitination and
FANCD2 foci assembly in response to various genotoxic
stresses, including IR and MMC. Further, ATR-deficient
Seckel syndrome cells form radial chromosomes in re-
sponse to MMC, thus establishing a genetic relation-
ship between Seckel syndrome and Fanconi anemia.
FANCD2 monoubiquitination also requires the DNA-
damage sensor RPA1. This is the first demonstration of a
DNA-damage response in which ATR is required for the
response to either replication stress or IR without any
role for ATM.

Results and Discussion

Inhibition of FANCD2 monoubiquitination
by ATR silencing

Given the central role of the ATR kinase in surveillance
of DNA damage (Abraham 2001; Osborn et al. 2002), we
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suppressed ATR in HeLa (Fig. 1A, lanes 1–6) and U2OS
cells (Fig. 1A, lanes 7–12) with siRNA (Fig. 1A). ATR
protein was suppressed by siATR, but not siGFP (green
fluorescent protein). ATR suppression resulted in loss of
MMC-inducible FANCD2 monoubiquitination. By con-
trast, silencing of FANCA with siRNA inhibited
FANCD2 monoubiquitination both without treatment
and following exposure to MMC.

We next tested the effect of ATR silencing on
FANCD2 monoubiquitination in response to various
DNA damaging agents (Fig. 1B). In untreated control
U2OS cells, transfected with GFP siRNA, and in un-
treated cells transfected with two different sets of ATR
siRNA (A or B), FANCD2 was present mainly as a non-

ubiquitinated isoform (FANCD2-S). Treatment of con-
trol cells with HU, MMC, or IR activated the monoubi-
quitination of FANCD2 (FANCD2-L). Suppression of
ATR with siRNA A strongly inhibited FANCD2 mono-
ubiquitination in response to HU, MMC, or IR (Fig. 1B,
lanes 8–14). The ratio of monoubiquitinated to nonubiq-
uitinated FANCD2 (L/S ratio) under each condition is
shown below the lanes in Figure 1B. ATR siRNA B simi-
larly suppressed damage-induced monoubiquitination of
FANCD2 follow-ing treatment with HU (Fig. 1B, lanes
15–17). FANCD2 monoubiquitination in response to
HU, MMC, and IR was similarly suppressed by siATR in
HeLa cells (data not shown).

Chk1 protein kinase is a substrate of ATR and is acti-
vated by phosphorylation at S345 (Liu et al. 2000). Chk1
was strongly phosphorylated at S345 following exposure
to the replication inhibitor HU, and less strongly follow-
ing exposure to MMC (Fig. 1B, lanes 3,5). Silencing of
ATR suppressed Chk1 phosphorylation.

It has been reported that ATR is required for FANCD2
phosphorylation in response to psorelen/UV-A (Pichierri
and Rosselli 2004), but this was not associated with a
failure to up-regulate FANCD2 monoubiquitination.
This previous study (Pichierri and Rosselli 2004) used an
inducible system for the expression of dominant-nega-
tive ATR and this may not have inhibited endogenous
ATR sufficiently to suppress FANCD2 monoubiquitina-
tion. Unlike our observation that ATR is required for
FANCD2 monoubiquitination in response to multiple
DNA-damage stresses, it is not clear whether this previ-
ously reported role for ATR in FANCD2 phosphoryla-
tion (Pichierri and Rosselli 2004) is stress-specific. By its
dependence upon ATR, the monoubiquitination of
FANCD2 is coupled to the DNA-damage response and in-
tegrated with other DNA repair and checkpoint processes.

Whereas ATR is required for FANCD2 monoubiquiti-
nation in response to many types of DNA damage, in-
cluding IR, ATM is not required for FANCD2 mono-
ubiquitination (Taniguchi et al. 2002b). We tested an
ATM siRNA for the ability to inhibit FANCD2 mono-
ubiquitination in response to DNA damage (Fig. 1C).
Silencing of ATM did not inhibit FANCD2 monoubi-
quitination in response to HU, MMC, or IR, and in-
stead yielded an increased FANCD2 L/S ratio. Exposure
of HeLa cells to wortmannin, an inhibitor of PI3-kinase
activity, also indicates a role for ATR in the regula-
tion of FANCD2 monoubiquitination (Supplementary
Fig. 1).

To exclude the possibility that effects of ATR silenc-
ing on FANCD2 monoubiquitination are due to changes
in cell-cycle distribution, we analyzed the effects of ATR
siRNA on the cell-cycle distribution of U2OS cells
(Fig. 1D). Histograms of DNA content, comparing cells
treated with GFP siRNA or ATR siRNA, were similar in
untreated cells and cells treated with HU (Fig. 1D). ATR
deficiency resulted in an increased G2 accumulation
following exposure to MMC, but only a modest decrease
in the percentage of cells actively synthesizing DNA in
S phase, relative to control cells treated with MMC,
as quantitated by bromodeoxyuridine (BrdU) incorpo-
ration (Fig. 1D, inset in histograms). S phase is the
phase when FANCD2 is monoubiquitinated (Taniguchi
et al. 2002a; Rothfuss and Grompe 2004). Thus, the ef-
fect of ATR silencing on FANCD2 monoubiquitina-
tion did not result from an indirect effect on cell-cycle
progression.

Figure 1. ATR is required for damage-inducible monoubiquitina-
tion of FANCD2. (A) ATR siRNA A strongly inhibits MMC-induced
monoubiquitination of FANCD2 in HeLa and U2OS cells. Silencing
of FANCA suppresses FANCD2 monoubiquitination either with or
without exposure to MMC. (B) Silencing of ATR with siRNA in
U2OS cells suppresses FANCD2 monoubiquitination following ex-
posure to HU, MMC, or IR for the indicated times. Suppression of
ATR activity is demonstrated by decreased phosphorylation of Chk1
on S345 in response to silencing. (C) Silencing of ATM does not
decrease FANCD2 monoubiquitination. (D) Flow cytometric analy-
sis demonstrates that inhibition of damage-induced monoubiquiti-
nation of FANCD2 by suppression of ATR is not due to an alteration
of cell-cycle progression. Histograms of DNA content are displayed,
with S-phase index measured by BrdU incorporation as described
(Andreassen et al. 2001), inset in each histogram.
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Inhibition of FANCD2 foci assembly and induction
of radial chromosomes by ATR silencing

Because monoubiquitination is required for the assem-
bly of FANCD2 foci, we examined the effect of ATR
silencing on FANCD2 foci formation in HeLa cells, in
which S phase and damage-induced FANCD2 foci have
been well characterized (Garcia-Higuera et al. 2001;
Taniguchi et al. 2002a). ATR and FANCD2 colocalized
in HeLa cells following exposure to MMC (Fig. 2A). This

is in accord with Pichierri and Rosselli (2004), who ob-
served the colocalization of FANCD2 and ATR follow-
ing DNA cross-linking by psoralen/UV-A. Further, trans-
fection with ATR siRNA eliminated ATR foci in >95%
of cells (Fig. 2A) and suppressed FANCD2 monoubiqui-
tination (Figs. 1A, 4A, below) in HeLa. Silencing of ATR,
but not ATM, suppressed FANCD2 foci formation fol-
lowing treatment with HU or MMC, but did not alter the
formation of FANCD2 foci in untreated HeLa cells (Fig.
2B). Using synchronization in G1 by selective detach-
ment of mitotic cells and release from nocodazole treat-
ment, we found that silencing of ATR decreased MMC-
induced FANCD2 foci assembly but had no effect on
FANCD2 foci assembly during S phase in the absence of
exogenous DNA damage (Fig. 2C). S-phase cells, identi-
fied by incorporation of BrdU, increased at 10 h following
release from synchronization (23%) and peaked at 14.5 h
(73%; data not shown).

The development of radial chromosomes is a measure
of cellular sensitivity to MMC, and FA cells deficient for
FANCD2 monoubiquitination display elevated levels of
radial chromosomes (D’Andrea and Grompe 2003). Ac-
cordingly, we found that silencing of ATR in trans-
formed IMR90 cells, a cell line with a normal human
karyotype and baseline normal MMC sensitivity, in-
duced the formation of radial chromosomes following
exposure to MMC (Fig. 2D). In agreement with Casper et
al. (2002), inactivation of ATR did not induce significant
karyotypic abnormalities in untreated cells. In contrast,
transformed IMR90 cells transfected with GFP or ATM
siRNA exhibited only low levels of chromosome damage
in response to MMC. Interestingly, ATR is also required
for resistance to cisplatin (Yazlovitskaya and Persons
2003), which, like MMC, is a DNA cross-linker.

ATR-deficient Seckel cells are deficient in FANCD2
monoubiquitination and FANCD2 function

Seckel syndrome and FA share several clinical features,
including varying degrees of microcephaly, dwarfism,
thumb abnormalities, aplastic anemia, and cancer sus-
ceptibility (Chanan-Khan et al. 2003), suggesting the pos-
sibility of a mechanistic link between these diseases. We
examined FANCD2 monoubiquitination in a Seckel syn-
drome cell line with biallelic mutation in ATR (Fig. 3A;
O’Driscoll et al. 2003). Although untreated Seckel cells
displayed monoubiquitinated FANCD2, the L/S ratio did
not increase following DNA damage by IR or MMC (Fig.
3A, lanes 4–6,7–9). Control TERT immortalized normal
fibroblasts (PD846F) showed a normal damage-inducible
increase in FANCD2 monoubiquitination (Fig. 3A, lanes
1–3). The deficient monoubiquitination of FANCD2 in
Seckel cells in response to treatment with IR or MMC
was corrected by stable retroviral transduction of ATR
(Fig. 3A, lanes 10–12). Whereas ATR is required for effi-
cient damage-inducible FANCD2 monoubiquitination,
FA subtypes A, C, E, F, G are required for FANCD2
monoubiquitination both during S phase of an unper-
turbed cell cycle and in response to DNA damage
(Taniguchi et al. 2002a). Thus, the control of FANCD2
monoubiquitination by ATR is an additional regulatory
mechanism specific to DNA damage.

FANCD2 foci formed in untreated Seckel cells (Fig.
3B). However, although an increased percentage of con-
trol fibroblasts (PD846) and corrected Seckel cells

Figure 2. ATR is required for FANCD2 function following DNA
damage. (A) ATR colocalizes with FANCD2 at DNA-damage foci
formed by treatment of HeLa cells with 0.5 µM MMC for 24 h.
Silencing of ATR with siATR A can be detected by immunofluores-
cence microscopy, and such cells are deficient for FANCD2 foci. (B)
Silencing of ATR, but not ATM, leads to a strong decrease in the
percentage of cells with FANCD2 foci following treatment with HU
or MMC, relative to cells transfected with GFP siRNA. (C) HeLa
cells treated with siGFP or siATR have similar levels of FANCD2
foci assembly during S phase in the absence of exogenous DNA
damage. Cells were treated with 0.04 µg/mL nocodazole for 12 h, 4
d after transfection, and were synchronized in G1 by release in drug-
free medium. MMC was added at 5 h release, where appropriate.
Values represent three counts of 150 cells each. Standard deviation
was <10% of the ordinate value. (D) Transformed human diploid
fibroblasts (IMR90) deficient for ATR, following transfection with
two different ATR siRNAs (A and B), have elevated formation of
radial chromosomes in response to 48 h treatment with 0.032 µM
MMC, relative to IMR90 cells transfected with GFP or ATM siRNA.
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(Seckel-ATR) displayed FANCD2 foci in response to HU
or MMC, Seckel cells did not. Conversely, Seckel cells
displayed hypersensitivity to MMC, as determined by
cytogenetic analysis, whereas the normal cells did not
(Fig. 3C). This is in agreement with the finding of
O’Driscoll et al. (2003) that these Seckel cells have el-
evated sensitivity to MMC. These results further suggest
that the deficiency in ATR function in Seckel cells dis-
rupts the FA pathway.

The FANCA, C, E, F, G, and L proteins form a nuclear
complex that is required for monoubiquitination of
FANCD2 (Garcia-Higuera et al. 2001; D’Andrea and
Grompe 2003; Meetei et al. 2003a). Because FANCL has
ubiquitin ligase activity, this complex may be the spe-
cific multi-subunit ubiquitin ligase for FANCD2 (Meetei
et al. 2003a). As possible mechanisms of ATR-dependent
control of FANCD2 monoubiquitination, (1) ATR may
directly phosphorylate FANCD2 and lead to increased
FANCD2 monoubiquitination, (2) ATR may phosphory-
late members of the FA complex and thereby increase
the monoubiquitin ligase activity of the FA complex, or
(3) known substrates of ATR, such as BRCA1 or Chk1,
may mediate the regulation of FANCD2 monoubiquiti-
nation by ATR. Because FANCD2 is a direct substrate of
ATM (Taniguchi et al. 2002b), and because ATM and
ATR share common substrates (Tibbetts et al. 2000), we
speculate that FANCD2 may be a direct substrate of
ATR. Accordingly, FANCD2 can be phosphorylated in
vitro by ATR at sites distinct from those phosphorylated
by ATM (Supplementary Fig. 2). FANCA and FANCG
are also phosphoproteins (Kupfer et al. 1999; Qiao et al.
2001), but the responsible kinase(s) and consequences for
FANCD2 monoubiquitination have not been deter-
mined. The precise mechanism of ATR-dependent acti-

vation of FANCD2 by monoubiquitination has not yet
been determined.

RPA1 acts as a sensor of DNA damage required
for efficient FANCD2 monoubiquitination

RPA1 binds to newly generated ssDNA at sites of DNA
damage or replication stress, leading to the activation of
ATR (Zou and Elledge 2003). Given the role of ATR in
FANCD2 monoubiquitination, we next tested whether
RPA1 is also required in this process (Fig. 4). Decreasing
the levels of RPA1 protein (RPA70) with siRNA inhib-
ited ATR activation following treatment with MMC, as
measured by the suppression of a slower migrating form
of Chk1 that is detected in control cells (HeLa-siGFP;
Fig. 4A, cf. lanes 2 and 6). Attenuation of RPA1 protein

Figure 3. Cells derived from a Seckel syndrome patient are defec-
tive in the activation of the FA pathway. (A) Immunoblots with
TERT immortalized fibroblasts, either wild type (PD846), ATR-de-
ficient Seckel cells (FO2-98), Seckel cells with empty vector, or
Seckel cells corrected by the expression of ATR were prepared from
untreated specimens or cells exposed to 15 Gy IR for 12 h or 0.5 µM
MMC for 24 h. (B) Damage-induced formation of FANCD2 foci oc-
curs in control cells (PD846), but not in Seckel cells treated with 2
mM HU or 0.5 µM MMC for 24 h. (C) F02-98 Seckel cells, but not
PD846 normal controls, show a highly elevated level of radial chro-
mosomes in MMC.

Figure 4. RPA1 is required for FANCD2 monoubiquitination fol-
lowing MMC treatment. (A) Immunoblots demonstrate that attenu-
ation of RPA1 with siRNA strongly inhibits FANCD2 monoubi-
quitination in HeLa cells following treatment with 0.5 µM MMC for
24 h. (B) RPA2 colocalizes with FANCD2 in DNA-damage foci fol-
lowing 24 h treatment of HeLa cells with 0.5 µM MMC. (C) The
formation of FANCD2 foci at 24 h treatment with 0.5 µM MMC is
decreased strongly in HeLa cells in which either ATR or RPA1 had
been attenuated with siRNA. (D) Dot plots of BrdU incorporation
and DNA content demonstrate that siRPA does not suppress normal
DNA replication during S phase (box). (E) Transformed human lung
fibroblasts (IMR90) in which RPA1 has been silenced with siRNA
form radial chromosomes in response to 48 h treatment with 0.032
µM MMC.
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levels also inhibited FANCD2 monoubiquitination fol-
lowing exposure to MMC. These results suggest that
RPA1 is a sensor of DNA cross-links and is required for
efficient FANCD2 monoubiquitination. RPA1 copurifies
with the FA complex (Meetei et al. 2003b), suggesting
that the sensing of DNA damage and FA complex-depen-
dent monoubiquitination are physically linked.

Attenuation of FANCA with siRNA inhibited
FANCD2 monoubiquitination in untreated cells and
cells exposed to MMC (Figs. 1A, 4A). However, defi-
ciency for FANCA was not associated with a decrease in
Chk1 phosphorylation, as measured by the appearance of
a slower migrating form (Fig. 4A, lane 8). Further, FA
cells are proficient for Chk1 phosphorylation in response
to DNA damage, as measured with phospho-345 anti-
bodies (Pichierri and Rosselli 2004; data not shown).
These results suggest that monoubiquitination of
FANCD2 is not required for Chk1 phosphorylation and
activation.

RPA2 colocalized with FANCD2 DNA-damage foci
following MMC treatment (Fig. 4B). Consistent with a
role in activating ATR, the assembly of FANCD2 foci in
MMC was strongly decreased by siRNA for RPA1 (Fig.
4C). FANCD2 foci were present, however, in untreated
HeLa cells transfected with siRPA1. Inactivation of
RPA1 did not affect the ability of untreated HeLa cells
(Fig. 4D), or those treated with MMC (data not shown),
to efficiently replicate DNA during S phase as measured
by BrdU incorporation. RPA1 siRNA induced some G2
accumulation (Fig. 4D, indicated by arrow). Because
FANCD2 is monoubiquitinated during S phase (Rothfuss
and Grompe 2004), this demonstrates that the effects of
siRNA for RPA1 on FANCD2 monoubiquitination and
foci formation are not due to blocks to DNA replication.
Similarly, incomplete depletion of RPA from Xenopus
extracts does not interfere with DNA replication (Walter
and Newport 2000). Attenuation of RPA1, like suppres-
sion of ATR, generated an MMC-inducible elevation in
radial chromosomes in transformed IMR90 cells (Fig.
4E).

Because FANCD2 monoubiquitination following ex-
posure to MMC requires RPA1, and given that the RPA
complex recruits ATR to ssDNA (Zou and Elledge 2003),
these results suggest that RPA1 acts as a sensor of DNA
cross-links and activates ATR, leading to FANCD2
monoubiquitination. The involvement of the ssDNA-
binding protein, RPA1, suggests that the signaling of
FANCD2 monoubiquitination in response to DNA
cross-links is based upon processing to generate ssDNA.
FANCD2 monoubiquitination is coincident with the ap-
pearance of DSBs recognized by phosphorylated H2AX
protein (Rothfuss and Grompe 2004), and these DSBs
may be resected to yield ssDNA.

Because ATR is present at the replication fork during S
phase (Lupardus et al. 2002; Tercero et al. 2003), this may
allow it to mediate processes, such as FANCD2 mono-
ubiquitination, which occur regardless of the type of
DNA damage incurred. The positioning of ATR at the
advancing replication fork may also provide an explana-
tion for the coupling of damage-induced FANCD2 mono-
ubiquitination to S phase (Rothfuss and Grompe 2004).
Further, the Fanconi anemia pathway may be integrated
with other checkpoint and repair processes dependent on
ATR. Given that monoubiquitinated FANCD2 binds
BRCA2 in chromatin (Wang et al. 2004), and the recently
determined role for BRCA2, one of the roles of the FA

pathway may be to stabilize stalled DNA replication
forks (Lomonosov et al. 2003).

Materials and methods

Cell culture
U2OS, HeLa, and transformed IMR90 cells (Garcia-Higuera et al. 2001),
Seckel cells (F02-98; O’Driscoll et al. 2003), and PD846 fibroblasts im-
mortalized with pBABE-hTERT-neo (Nakanishi et al. 2002) were grown
as described.

Irradiation was delivered using a Gammacell-40 irradiator. Hydroxy-
urea was added at 2 mM, and mitomycin C was utilized at 0.5 µM.

Retroviral expression of ATR
Human ATR cDNA N-terminally tagged with FLAG, a kind gift from Dr.
Karlene Cimprich (Stanford University, Stanford, CA), was inserted into
pMMP-puro. Production of pMMP retroviral supernatants and infection
of fibroblasts was performed as described (Garcia-Higuera et al. 2001).
After 48 h, cells were selected in puromycin (1 µg/mL).

Immunoblotting
Lysates were electrophoresed by SDS-PAGE (6% polyacrylamide, bis-
acrylamide gels for ATR, ATM, FANCA, and FANCD2; 10% for Chk1
and RPA1). Proteins were then transferred to nitrocellulose, blocked, and
incubated with primary antibodies as described (Taniguchi et al. 2002b).
Antibodies included anti-FANCA (1:1000) and anti-FANCD2 (E35, 1:
1000; Garcia-Higuera et al. 2001), anti-ATR (1:1000 Santa Cruz [N19]),
anti-ATM (1:500, Novus), anti-RPA1 (1:200 Oncogene Research), anti-
phospho-S345-Chk1 (1:1000, Cell Signaling), and anti-Chk1 (1:500 Santa
Cruz [G4]). Membranes were washed, incubated with HRP-linked sec-
ondary antibodies (Amersham), and detected by chemiluminescence
(Amersham) as described (Taniguchi et al. 2002b).

siRNA and transfection
Expression of targeted genes was knocked down by transient expression
of siRNA directed against ATR (5�-AACCTCCGTGATGTTGCTTGA-
3�, A, and 5�-AAGCCAAGACAAATTCTGTGT-3�, B; Casper et al.
2002), GFP (5�-CGGCAAGCTGACCCTGAAGTTCAT-3�), RPA1 (5�-
AACACTCTATCCTCTTTCATG-3�; Zou and Elledge 2003), FANCA
(5�-AAGGGTCAAGAGGGAAAAATA-3�; Bruun et al. 2003), and ATM
(5�-AACATACTACTCAAAGACATT-3�). Cells were plated at least 16 h
prior to transfection in six-well plates to yield ∼80% confluency at the
time of transfection in 1 mL of media devoid of antibiotics. SiRNA oligos
were diluted in 100 µL Opti-MEM I to yield a final concentration of 100
nM siRNA, and were mixed with 6 µL of Lipofectamine 2000 (Invitrogen)
diluted in 100 µL of OptiMEM I. Complex formation was allowed to
proceed for 20 min at room temperature prior to dropwise addition to
cells. SiRNA complexes were incubated with cells for 6 h, at which time
cells were changed to normal growth media. At 84–96 h posttransfection,
cells were treated with MMC (0.5 µM, 12 or 24 h), HU (2 mM, 12 or 24
h), or IR (10 Gy, 7.5 or 12 h).

Immunofluorescence microscopy
Immunofluorescence microscopy on adherent cells was performed as de-
scribed (Taniguchi et al. 2002a). Primary antibodies included FANCD2
(E35, 1:200), ATR (N19, 1:100; Santa Cruz), and RPA2 (1:200, Oncogene).
Labeling with BrdU, fixation, and permeabilization for detection with a
cell proliferation kit (Amersham Pharmacia) was as described (Wu et al.
2000).

Flow cytometry
Incorporation of bromodeoxyuridine (BrdU) and measurement of DNA
content with propidium iodide were as described (Andreassen et al.
2001).

Chromosome breakage analysis
Chromosome breakage analysis was performed by the Cytogenetics Core
Facility of the Dana-Farber Cancer Institute. For the analysis of IMR90
transfected with various siRNA, cells were plated into T25 flasks at 24 h
following transfection. Beginning the next day, cells were treated with
0.063 µM MMC for 2 d. After treatment, cells were exposed to colcemid
for 12 h, swollen using 0.075 M KCl, and fixed with 3:1 methanol:acetic
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acid. Slides were stained with Wrights’s stain, and 50 metaphases were
scored for radials in two independent experiments using a blinded ap-
proach. For hTERT-immortalized fibroblasts, cells were plated in T75
flasks and treated with 0.2 µM MMC for 24 h and colcemid for the last
20 h.
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