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Fanconi Anemia (FA) is a cancer predisposition syndrome and the factors defective in FA are involved in DNA
replication, DNA damage repair and tumor suppression. Here, we show that FANCD2 is critical for genome stability
maintenance in response to high-linear energy transfer (LET) radiation. We found that FANCD2 is monoubiquitinated
and recruited to the sites of clustered DNA double-stranded breaks (DSBs) specifically in S/G2 cells after high-LET
radiation. Further, FANCD2 facilitated the repair of clustered DSBs in S/G2 cells and proper progression of S-phase.
Furthermore, lack of FANCD2 led to a reduced rate of replication fork progression and elevated levels of both
replication fork stalling and new origin firing in response to high-LET radiation. Mechanistically, FANCD2 is required for
correct recruitment of RPA2 and Rad51 to the sites of clustered DSBs and that is critical for proper processing of
clustered DSBs. Significantly, FANCD2-decifient cells exhibited defective chromosome segregation, elevated levels of
chromosomal aberrations, and anchorage-independent growth in response to high-LET radiation. These findings
establish FANCD2 as a key factor in genome stability maintenance in response to high-LET radiation and as a promising
target to improve cancer therapy.

Introduction

If DNA damage induced by ionizing radiation (IR) is not effi-
ciently and accurately repaired, it usually results in cell death or
chromosomal aberrations, loss of genome integrity, and carcino-
genesis. High-linear energy transfer (LET) radiation, such as
high-charge and energy (HZE) particles, is known to produce
high levels of clustered DNA damage,1-3 and that include 2 or
more individual lesions within one or 2 helical turns of the DNA
by a single radiation track.4 The 2 basic clustered DNA lesions
are double-strand breaks (DSBs) and non-DSBs. The lesions
within the clustered DNA lesion can be abasic sites, damage bases
(oxidized purines or pyrimidines), single-strand breaks and
DSBs.5,6 The clustered DSBs can be a mixture of DSBs, modi-
fied bases and single-strand breaks. Track structure simulations
suggest that a majority of DSBs induced by high-LET radiation
are associated with other lesions.7 However, the molecular mech-
anism by which cells repair clustered DSBs is still elusive.

There are 2 major pathways to repair DSBs in human cells,
non-homologous end-joining (NHEJ) and homologous recombi-
nation (HR) repair. NHEJ and HR pathways coordinate but
function differentially in response to different types of DNA
lesions and in different cell cycle phases. Due to the production

of small DNA fragments (<40 bp) in cells exposed to high-LET
IR, the affinity of Ku, a key NHEJ factor, for the damaged DNA
is decreased, and these short fragments of damaged DNA leads to
reduced efficiency of NHEJ-mediated clustered DSB repair.8,9

Evidence suggests that the HR-mediated DSB repair pathway is
partially involved in repairing clustered DSBs.10 The complexity
of DNA damage also appears to be a critical factor in facilitating
DNA end-resection,11 a crucial step in HR repair. Thus, these
data suggest that a single DNA repair pathway may not able to
deal with the clustered DNA lesions and their repair requires
coordinated and sequential activities of factors belonging to dif-
ferent DNA metabolic pathways.

The Fanconi Anemia (FA) is a rare inherited syndrome
that is characterized by congenital abnormalities, progressive
bone marrow failure, and a highly elevated risk of hematolog-
ical and squamous cell cancer.12 FA is a genetically heteroge-
neous disease, with 16 complementation groups identified to
date.13-16 A central event in the FA pathway is the monoubi-
quitination of FANCD2 and FANCI upon DNA damage;
this modification is mediated by the FA core complex, con-
sisting of 8 proteins (FANCA, B, C, E, F, G, L and M).17,18

Upon ubiquitination, FANCD2 and FANCI heterodimerize
and functionally interact with downstream FA proteins such
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as FANCD1/BRCA2, FANCN/PALB2, FANCJ/BRIP1,
FANCP/SLX4, RAD51C, and their associated protein,
BRCA1.13-15,19 Additionally, chemical inhibition of
FANCD2 sensitizes certain types of cancer to chemother-
apy,20,21 implying the significance of FA pathway in tumor
suppression.

FANCD2 plays roles in replication, recombination, repair,
and recovery in response to a variety of DNA damaging agents.
The monoubiquitinated FANCD2 co-localizes with HR repair
pathway factors such as BRCA1 and Rad51.22 Further, the basal
level of FANCD2 monoubiquitination is required for the main-
tenance of a sufficient number of licensed-replication origins to
fire at a normal rate.23 FANCD2 also interacts with CtIP to regu-
late DNA-end resection during DNA repair.24,25 FANCD2 is
clearly important in interstrand cross-link repair and have addi-
tional roles in replication fork maintenance26 and in the S-phase
checkpoint.27 As a single DNA repair pathway may not be suffi-
cient to deal with clustered DSBs, it is possible that FANCD2
may coordinate the functions of multiple DNA metabolic factors
in response to clustered DNA lesions induced by high-LET
radiation.

Here, we show that FANCD2 is monoubiquitinated in
response to high-LET Fe-particles radiation and is recruited to
the sites of clustered DSBs specifically in S/G2 cells. Further,
FANCD2 modulates proper recruitment of RPA2 and Rad51 to
the sites of clustered DSBs and is critical for the repair of clus-
tered DSBs in S/G2 cells. Furthermore, FANCD2 functions dur-
ing S-phase progression and replication fork processes in response
to Fe-particles radiation. Importantly, all these coordinated func-
tions of FANCD2 are crucial for the suppression of genomic
instability in human cells. Thus, our study reveals a previously
unidentified role for FANCD2 in the suppression of genome
instability in response to high-LET radiation.

Results

FANCD2 is activated in S/G2 cells in response to high-LET
iron-particles radiation

The monoubiquitination of FANCD2 is a critical step in the
activation of the FA pathway in response to DNA damage.17,18

Therefore, first we verified whether FANCD2 is monoubiquiti-
nated in response to Fe-particles radiation. As shown
in Figure 1A, FANCD2 was weakly monoubiquitinated in
mock-treated HT1080 cells. The level of FANCD2 monoubi-
quitination gradually increased with time after exposure of
HT1080 cells to 2 Gy Fe-particles and reached the maximum
level at 8 hours after Fe-particles radiation. Thus, similar to low-
LET IR,17 FANCD2 is monoubiquitinated in response to high-
LET Fe-particles radiation.

Evidence suggests that monoubiquitination of FANCD2 is
required for its localization to damaged DNA.17 To examine
whether FANCD2 is recruited to the sites of clustered DSBs
induced by Fe-particles radiation, we exposed FANCD2¡/¡ cells
complemented with FANCD2 to Fe-particles and immunos-
tained with anti-FANCD2 and anti-gH2AX. As shown in

Figure 1B, FANCD2 formed distinct foci along the densely ion-
izing tracks traversed by Fe-particles, and the FANCD2 foci were
detected as early as 30 min after Fe-particles irradiation. Interest-
ingly, unlike gH2AX, FANCD2 formed foci only in a subset of
cells in response to Fe-particles irradiation (Fig. S1). To verify
the type of cells that formed FANCD2 foci, we used a newly gen-
erated HT1080 cell line, HT1080-FUCCI cells28 that express
different fluorescent markers depending on the phase of the cell
cycle: G1 cells are red, early S are yellow, and S/G2 are green.
We irradiated exponentially growing HT1080-FUCCI cells with
2 Gy of Fe-particles and examined the recruitment of FANCD2
by indirect immunostaining using anti-FANCD2. We observed
distinct FANCD2 foci along the tracks of Fe-particles only in S/
G2 cells (Fig. 1C). Further, a majority of the FANCD2 foci
clearly co-localized with gH2AX foci. Thus, these results reveal
that recruitment of FANCD2 to the sites of clustered DSBs is
restricted to S/G2 phases of the cell cycle.

FANCD2 contributes to the repair of clustered DNA
damage in S/G2 cells

Next, we evaluated whether FANCD2 is important for cellular
sensitivity to Fe-particles radiation using a colony formation assay.
In general, cells were more sensitive to Fe-particles than to g-irra-
diation (Fig. 2A). Similar to a previous report,29 FANCD2¡/¡

cells were slightly more sensitive to g-irradiation than were the
FANCD2-WT cells. Similarly, FANCD2¡/¡ cells were slightly
more sensitive to Fe-particles irradiation than the FANCD2-WT
cells (Fig. 2A). The calculated relative biological effectiveness val-
ues at 10% cell survival for FANCD2-WT and FANCD2¡/¡

cells irradiated with Fe-particles relative to g-rays were 3.04 and
3.74, respectively. These results imply that FANCD2 plays a role
in cellular sensitivity to Fe-particles radiation.

To determine whether the recruitment of FANCD2 to the sites
of clustered DSBs is important for the repair of clustered DSBs, we
enumerated gH2AX foci dissolution kinetics in FANCD2-WT
and FANCD2¡/¡ cells at different times after Fe-particles exposure
(Fig. 2B). As shown in Figure 2C, the gH2AX foci dissolution
kinetics were slower in FANCD2¡/¡ cells than in FANCD2-WT
cells. Further, the number of persistent gH2AX foci was signifi-
cantly higher in Fe-irradiated FANCD2¡/¡ cells (8.7 § 0.5 foci
per cell) than in FANCD2-WT cells exposed to Fe-particles (3.6§
0.3 foci per cell; PD 0.02). The higher number of residual gH2AX
foci in FANCD2¡/¡ cells suggests that FANCD2 is involved in the
processing of clusteredDSBs.

Since recruitment of FANCD2 to the sites of clustered DSBs
was restricted to S/G2 phases, it is possible that the unrepaired
DSBs are only present in FANCD2¡/¡ cells in the S/G2 phase of
the cell cycle. To verify this, we pulse-labeled cells with ethyldeox-
yuridine (EdU) and immediately exposed cells to Fe-particles. The
cells labeled with EdU are those in S-phase at the time of irradia-
tion. We detected gH2AX foci in EdU-positive and EdU-negative
FANCD2-WT and FANCD2¡/¡ cells at different post-IR times
(Fig. 2D). The levels of gH2AX foci were indistinguishable
between EdU-negative FANCD2-WT and EdU-negative
FANCD2¡/¡ cells at 24 hours after IR (Fig. 2E). In contrast, a
majority of the EdU-positive FANCD2¡/¡ cells (90 § 2%)
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retained a significantly higher number of gH2AX foci as compared
with EdU-positive FANCD2-WT cells (1.5§ 0.3 and 6.7§ 1.27
foci per cell in FANCD2-WT and FANCD2¡/¡ cells, respectively;
p D 0.03; Fig. 2F). These results suggest that S/G2 FANCD2¡/¡

cells cannot fully repair clustered DSBs.

Dynamics of RPA2 and RAD51 at the sites of clustered
DSBs are defective in Fe-particles irradiated FANCD2¡/¡ cells

We next sought to determine why FANCD2¡/¡ cells cannot
efficiently repair clustered DSBs. Evidence suggests that the HR
pathway is required for the repair of clustered DNA damage,10

and FANCD2 participates in HR-mediated repair.22,30–32

Therefore, we reasoned that FANCD2 might collaborate with
HR pathway factors in the processing of clustered DSBs. To ver-
ify this idea, first we examined whether FANCD2 co-localizes
with Rad52, an HR factor,33,34 after Fe-particles radiation. We

irradiated U2OS cells stably expressing mCherry-Rad52 and a
cyan S/G2 marker with Fe-particles and immunostained with
anti-FANCD2. As shown in Figures 3A and S2, FANCD2
clearly co-localized with Rad52 only in S/G2 cells after Fe-par-
ticles irradiation. Thus, FANCD2 may collaborate with HR
pathway factors in repairing clustered DSBs.

A major step in HR repair is DNA-end resection.35 Evidence
suggests that DNA-end resection is important for the repair of clus-
tered DSBs.11,36 Recent reports indicate that FANCD2 interacts
with CtIP, a factor critical for DNA-end resection.24,25 Therefore,
we hypothesized that lack of FANCD2 results in defective DNA-
end resection and inefficient repair of clustered DSBs. Hence, we
evaluated the extent of DNA-end resection using RPA2 foci as a
surrogate marker. The number of RPA2 foci increased gradually in
Fe-particles irradiated FANCD2-WT cells and reached maximum
levels between 8 and 12 hours after IR (Fig. 3B and C). In contrast,

Figure 1. FANCD2 is recruited to the sites of clustered DSBs in S/G2 cells in response to high-LET radiation. (A) FANCD2 is monoubiquitinated in response
to iron (Fe)-particles radiation: Western blot shows monoubiquitylation of FANCD2 after Fe-particles. Exponentially growing HT1080 cells were exposed
to 2 Gy of Fe-particles and were harvested at indicated times after Fe-particles radiation. Approximately 100 mg of total cell lysate was separated on a
6% SDS-PAGE, and blots were probed with anti-FANCD2. Anti-DNA-PKcs was used as a loading control. The signal intensity was quantified in 2 indepen-
dent experiments using ImageJ. (B) FANCD2 is recruited to the sites of clustered DSBs: FANCD2¡/¡ cells stably expressing FANCD2 were exposed to 2 Gy
of Fe-particles and fixed at indicated times after Fe-particles radiation. Cells were immunostained with anti-FANCD2 and anti-gH2AX and were imaged
using a confocal microscope. Representative confocal images are shown. Scale bars are 10 mm. (C) FANCD2 is recruited to the sites of clustered DSBs
only in S/G2 cells: HT1080 cells stably expressing 2 different cell cycle markers, mCherry (G1) and AmCyan (S/G2), were exposed to 2 Gy of Fe-particles,
and immunostained with anti-FANCD2 at indicated times after Fe-particles radiation. Cells were imaged using a confocal microscope. Red, red/green,
and green fluorescent cells represent G1, early S, and S/G2 phases, respectively. Representative confocal images are shown. Scale bars are 10 mm.
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the number of RPA2 foci was significantly lower in Fe-particles
exposed FANCD2¡/¡ cells than in Fe-particles irradiated
FANCD2-WT cells (p D 0.01 and p D 0.006 at 8 and 12 hours,
respectively). These results imply that end-resection, as marked by
RPA2, is defective in FANCD2¡/¡ cells. We next evaluated Rad51
nucleofilament formation. The extent of Rad51 nucleofilament for-
mation at the sites of DNA damage differed in FANCD2-WT and

FANCD2¡/¡ cells (Fig. 3B and D). There were fewer Rad51
foci in Fe-particles irradiated FANCD2¡/¡ cells than in Fe-
particles-treated FANCD2-WT cells (Fig. 3D). Thus, these
results provide evidence that in the absence of FANCD2 for-
mation of RPA2 foci and Rad51 nucleofilaments are reduced,
likely contributing to the inefficient repair of clustered DSBs
in FANCD2¡/¡ cells.

Figure 2. FANCD2 is important for the repair of clustered DSBs in S/G2 cells. (A) FANCD2¡/¡ cells are moderately sensitive to Fe-particles radiation:
FANCD2-WT and FANCD2¡/¡ cells were exposed to graded doses of g-rays and high-LET Fe-particles and then subjected to a colony formation assay.
Colonies were fixed and counted. The relative survival efficiencies are plotted. The error bars represent the STDEV calculated from 4 independent experi-
ments. (B, C) FANCD2-deficient cells are defective in clustered DSBs repair: Representative confocal images show different levels of gH2AX foci at indi-
cated times after Fe-particles radiation (B). Graph shows quantification of gH2AX foci in FANCD2-WT and FANC-D2¡/¡ cells exposed to 1Gy of Fe-
particles (C). Cells were fixed with 4% PFA at indicated times after Fe-particles radiation, immunostained with anti-gH2AX and the number of gH2AX foci
was enumerated using Imaris software (Bitplane). The number of gH2AX foci in 150–200 cells was counted for each time point. Error bars represent
STDEV calculated from 3 independent experiments. (D–F) Unrepaired clustered DSBs persist in S/G2 FANCD2¡/¡ cells: Representative confocal images
show gH2AX foci in EdU-positive (S/G2) and EdU-negative (G1) cells (D). Graphs show quantification of gH2AX foci in EdU-negative (E) and EdU-positive
cells (F). Cells were labeled with EdU for 30 min and then immediately exposed to 1Gy of Fe-particles. Cells were fixed at 0.5, 4, and 24 hours after irradi-
ation, and images were acquired using confocal microscopy. The gH2AX foci in EdU-positive (G1) and negative (S/G2) cells were enumerated using Imaris
Software (Bitplane). The average number of foci at the 30-min time point was taken as 100%. Error bars represent STDEV calculated from 2 independent
experiments.
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FANCD2 functions in replication forks maintenance
in response to Fe-particles radiation

FANCD2 has been implicated in replication fork progres-
sion and efficient restart in response to replication stress.37

To verify the role of FANCD2 in replication fork processes
in response to Fe-particles radiation, we evaluated replication
fork progression, stalling, and origin firing using a single-
molecule DNA fiber technique.38 Examination of replication
fork progression showed that the replication fork lengths
(determined using IdU-labeling) were identical between
mock-treated FANCD2-WT and FANCD2¡/¡ cells (5.14 §
0.01 and 5.15 § 0.06 in FANCD2-WT and FANCD2¡/¡

cells, respectively, Fig. 4A). In contrast, replication fork
lengths (labeled with CIdU) in Fe-particles exposed
FANCD2¡/¡ cells were shorter than those in irradiated
FANCD2-WT cells (4.32 § 0.06 and 3.29 § 0.05 in
FANCD2-WT and FANCD2¡/¡ cells, respectively; P <

0.003, Fig 4B). Thus, these results imply that FANCD2 is
important for normal replication fork progression in response
to Fe-particles radiation.

Subsequently, we evaluated the extent of replication fork
restart, stalling, and new origin firing in Fe-particles irradi-
ated cells by sequential labeling of replicating DNA with IdU
and CldU before and after Fe-particles radiation, respectively.

Figure 3. Recruitment of RPA2 and RAD51 are defective in FANCD2¡/¡ cells after Fe-particles radiation. (A) FANCD2 co-localizes with Rad52 in S/G2 cells
in response to Fe-particles radiation: Representative images show co-localization of FANCD2 with Rad52 in S/G2 cells in response to Fe-particles radia-
tion. Exponentially growing U2OS cells stably expressing the AmCyan-S/G2 marker and mCherry-Rad52 were exposed to 1 Gy of Fe-particles and immu-
nostained with anti-FANCD2 at indicated times after IR. Images were acquired using a confocal microscope. Scale bars are 5 mm. (B–D) Recruitment of
RPA2 and RAD51 are attenuated in Fe-particles treated FANCD2¡/¡ cells: Representative images show recruitment and retention of RPA2 and Rad51 foci
at clustered DSBs in FANCD2-WT and FANCD2¡/¡ cells (B). Graphs show number of RPA2 (C) and Rad51 (D) foci in FANC-WT and FANC-D2¡/¡ cells. Cells
were exposed to 1 Gy of Fe-particles, fixed with 4% PFA at indicated times after IR and immunostained with anti-RPA2 and anti-Rad51. The RPA2 and
Rad51 foci in 150–200 cells were counted for each time point. Error bars represent STDEV calculated from 3 independent experiments. Scale bars are
5 mm.
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As shown in Figure 4C, 39 § 5.7% of all DNA fibers had
both IdU and CldU tracts in Fe-irradiated FANCD2¡/¡

cells, whereas 87.2 § 7.8% fibers contained both IdU and
CldU in Fe-particles irradiated FANCD2-WT cells (Fig. 4C).
These results indicate that a greater proportion of replication
forks fail to restart in Fe-particles irradiated FANCD2¡/¡

cells than in Fe-particles exposed FANCD2-WT cells.

Furthermore, we observed significantly fewer DNA fibers
containing only CldU tracts, which represent new origins of
replication, in FANCD2¡/¡ cells than in FANCD2-WT cells
(1.5 § 0.1 and 5.1 § 0.2 fold fewer in FANCD2-WT and
FANCD2¡/¡ cells, respectively, relative to mock-treated cells,
P < 0.014, Fig. 4D). Importantly, a significantly higher per-
centage of DNA fibers contained only IdU tracts, which

Figure 4. FANCD2 is critical for proper DNA replication processes in response to Fe-particles radiation. (A, B) Replication fork progression is reduced in
FANCD2¡/¡ cells in response to Fe-particles radiation: The graph shows DNA fiber length distributions in FANC-WT and FANC-D2¡/¡ cells prior to Fe-par-
ticles exposure (A). The graph shows DNA fiber length distributions in FANCD2-WT and FANCD2¡/¡ cells after Fe-particles irradiation (B). Cells were
labeled with IdU for 30 min, treated with § Fe-particles (1Gy) and then labeled with CIdU for another 30 min. DNA fibers were immunostained with
anti-BrdU (rat and mouse), images were captured using a fluorescence microscopy, and DNA fiber lengths were measured using Axiovison Software.
More than 200 DNA fibers were evaluated in each sample. Each data point is the average of 2 or 3 independent experiments. (C–E) Replication forks stall
in FANCD2¡/¡ cells in response to Fe-particles radiation: The graph shows percentages of replication fork restarts in Fe-particles irradiated FANCD2-WT
and FANCD2¡/¡ cells relative to mock-treated cells was evaluated using the {(IdU!CldU)/[IdUC(IdU!CldU)]} formula (C). The graph shows fold changes
in new origin firing in Fe-particle radiated FANCD2-WT and FANCD2¡/¡ cells relative to mock-treated cells were calculated using the {CldU/[CldUC
(IdU!CldU)]} formula (D). The graph shows fold changes in replication forks stalling in FANCD2-WT and FANCD2¡/¡ cells relative to mock-irradiated cells
were evaluated using the {IdU/[IdUC(IdU!CldU)]} formula (E). More than 200 DNA fibers in each sample were evaluated. Each data point is the average
of 2 independent experiments. Error bars represent STDEV. *-P < 0.05.
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represent stalled forks, in Fe-particles exposed FANCD2¡/¡

cells than in Fe-particles irradiated FANCD2-WT cells
(1.6 § 0.3 and 4.9 § 0.3, FANCD2-WT and FANCD2¡/¡

cells, respectively, P < 0.034, Fig. 4E). Thus, a greater pro-
portion of replication forks break in Fe-particles exposed
FANCD2¡/¡ cells than in Fe-particles-treated FANCD2-WT
cells. These results imply that FANCD2 is critical for replica-
tion fork restart and suppression of new origin firing in
response to Fe-particles radiation.

FANCD2 facilitates S-phase progression in response
to Fe-particles radiation

Evidence suggests that FANCD2 is required for intra-S
phase checkpoint activation29 and FANCD2-deficient S/G2
cells showed inefficient clustered DSB repair and defective
replication fork processes (Fig. 2E). To investigate how these
defects impact cell cycle progression, we systematically exam-
ined induction and maintenance of G1/S, intra-S, and G2/M
checkpoints in FANCD2-WT and FANCD2¡/¡ cells by flow
cytometry (Fig. 5A). First, we evaluated S-phase progression
in FANCD2-WT and FANCD2¡/¡ cells. We pulse-labeled
cells with BrdU and immediately irradiated with Fe-particles.
The BrdU-labeled cells represent those in S-phase at the time
of irradiation, and the progression of BrdU-positive cells
through cell cycle was analyzed by flow cytometry at various
time points after irradiation. Our flow cytometry data
revealed a differential progression to S phase between
FANCD2-WT and FANCD2¡/¡ cells (Fig. 5B). FANCD2¡/

¡ cells were arrested in early S-phase for the first
2–4 hours and then entered into middle S-phase at 4 hour
after Fe-particles irradiation (Fig. 5B). In contrast,
FANCD2-WT cells progressed into middle S-phase without
a delay. The early S-phase delay in FANCD2¡/¡ cells was
specific to high-LET IR, since no S-phase arrest was detected
in FANCD2¡/¡ cells in response to low-LET IR (Fig. S3).

Further, the S-phase arrest observed in FANCD2¡/¡ cells was
not a permanent arrest, as BrdU-positive cells had progressed to
G2 at 4 hours after Fe-IR (Fig. 5C). There were no significant
differences in the numbers of BrdU-positive cells in G2 phase
between FANCD2-WT and FANCD2¡/¡ cells at different times
after high-LET IR. Subsequently, we tested the contribution of
FANCD2 to the G2/M checkpoint. As previously described for
low-LET IR,29 FANCD2-WT and FANCD2¡/¡ cells showed
identical mitotic phase progression in response to high-LET IR
(Fig. 5D). FANCD2-WT and FANCD2¡/¡ cells were arrested
in mitosis during the first 6 hours after Fe-particles radiation.
However, cells began to enter into mitosis 6 hours after IR, and
the mitotic index returned to the pre-irradiation levels in
FANCD2-WT and FANCD2¡/¡ cells at 10 hours after irradia-
tion (Fig. 5D). Thus, the G2/M checkpoint is intact in
FANCD2-deficient cells in response to clustered DNA damage.
Taken together, these results reveal that FANCD2 affects only
the S-phase progression in response to Fe-particles radiation but
not the G2/M phases of the cell cycle.

FANCD2 suppresses genomic instability in response
to clustered DSBs

To investigate whether defective repair of clustered DSBs in
FANCD2¡/¡ cells leads to genome instability, we evaluated
metaphase cells for gross chromosomal aberrations after exposure
to Fe-particles. As shown in Figure 6A, the levels of chromo-
somal aberrations per chromosome were significantly elevated in
Fe-particles irradiated FANCD2¡/¡ cells (0.069 § 0.01; P D
0.008) relative to Fe-particles exposed FANCD2-WT cells
(0.048 § 0.01). Further, Fe-particles exposure resulted in the
generation of a spectrum of chromatid and chromosomal aberra-
tions in both FANCD2-WT and FANCD2¡/¡ cells (Fig. 6B).
However, the levels of tri-radials, chromosomal breaks, and acen-
trics were significantly higher in FANCD2¡/¡ cells than in
FANCD2-WT cells. Thus, these results imply that FANCD2
suppresses chromosomal instability in response to Fe-particles
radiation.

A common cause and indicator of chromosomal instability is
the formation of anaphase bridges.39,40 Anaphase bridges are
chromatin fibers connecting the 2 separating chromosome
masses. These may arise from mis-segregated whole chromo-
somes or in acentric chromosomal fragments when pulled in
opposite directions by the spindle apparatus.41 A hallmark of
failed chromosome segregation is the appearance of DAPI-posi-
tive chromosome bridges and lagging chromosomes.42 We quan-
tified chromosomal bridges in anaphase cells in mock- and Fe-
particles irradiated FANCD2-WT and FANCD2¡/¡ cells using
acetylated a-tubulin as a cytokinesis marker43 and the DNA dye
DAPI (Fig. 6C). We detected DAPI linkages between anaphase
chromosomes in Fe-particles irradiated FANCD2-WT and
FANCD2¡/¡ cells (Fig. 6D). The frequency of anaphase bridges
was significantly higher in Fe-particles irradiated FANCD2¡/¡

cells (55.9 § 3.5; % p D 0.014) than in Fe-particles irradiated
FANCD2-WT cells (23.8 § 1.7%; Fig. 6D). These findings
indicate that the FANCD2 is critical for chromosome segregation
in response to Fe-particles radiation.

Next, we determined whether elevated levels of chromosomal
aberrations and lagging chromosomes in high-LET Fe-particles
exposed FANCD2¡/¡ cells resulted in cellular transformation.
We used a soft agar assay, an extensively used method to define
the transformed nature of cells. As shown in Figure 6E, Fe-par-
ticles irradiated FANCD2¡/¡ cells (5.5 § 1.6; p D 0.03) formed
a significantly higher number of colonies in soft-agar than did
the FANCD2-WT cells (1.6 § 0.3), reflecting a role for
FANCD2 in preventing cellular transformation in response to
high-LET radiation.

Discussion

To our knowledge, this is the first report that FANCD2 func-
tions in the cellular response to high-LET Fe-particles radiation
in human cells. Using a cell line that differentiates cells in differ-
ent stages of the cell cycle, we found that FANCD2 was recruited
to the sites of clustered DSBs only in S/G2 cells. Activated
FANCD2 facilitates clustered DSB repair, S phase progression
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and replication forks processes. By analysis of cells lacking
FANCD2, we showed that FANCD2 is involved in the efficient
recruitment of RPA2 and Rad51 to the sites of clustered DSBs.
Furthermore, lack of FANCD2 resulted in increases in gross
chromosomal aberrations, chromosome mis-segregation, and ele-
vated levels of anchorage-independent growth. Thus, FANCD2

orchestrates cellular responses to clustered DSBs, and these activi-
ties are critical for maintenance of genomic stability in cells
exposed to high-LET radiation.

We found that the number of unrepaired clustered DSBs was
higher in Fe-particles irradiated FANCD2¡/¡ cells than in
Fe-particles irradiated FANCD2-WT cells. The Ku-dependent

Figure 5. FANCD2 is critical for proper S-phase progression in response to Fe-particles radiation. (A) Cell cycle progression is altered in FANCD2¡/¡ cells
exposed to Fe-particles: Representative histograms show cell cycle profile at indicated times after mock- or treatment with 1 Gy of Fe-particles. Exponen-
tially growing FANCD2-WT and FANCD2¡/¡ cells were either mock-treated or 1Gy Fe-irradiated, collected at indicated times, and then stained with propi-
dium iodide for DNA content. Subsequently, cells were subjected to single-parameter flow cytometry. More than 20,000 cells in 3 independent
experiments were analyzed. (B, C) S-phase progression is defective in Fe-particles irradiated FANCD2-deficient cells: The graphs show percentage of
BrdU-positive cells in early- (B) and late- (C) S-phase at indicated times after mock-treatment or irradiation with 1 Gy of Fe-particles. Exponentially grow-
ing FANCD2-WT and FANCD2¡/¡ cells were pulse-labeled with BrdU for 30 min and then irradiated with 1 Gy of Fe-particles. Subsequently, cells were
immunostained with FITC-conjugated anti-BrdU and then subjected to flow cytometry. More than 20,000 cells in each experiment were analyzed. Error
bars represent STDEV calculated from 3 independent experiments. (D) G2/M checkpoint is intact in FANCD2-deficient cells in response to Fe-particles
radiation: Graph shows percentage of M-phase cells relative to pre-irradiated FANCD2-WT and FANCD2¡/¡ cells at indicated times. Exponentially grow-
ing FANCD2-WT and FANCD2¡/¡ cells were either mock-treated or irradiated with 1 Gy of Fe-particles. Subsequently, cells were immunostained with
anti-pH3 and subjected to flow cytometry. More than 20,000 cells in each experiment were analyzed. Error bars represent STDEV calculated from 3 inde-
pendent experiments.
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NHEJ pathway is not required for the repair of high-LET radia-
tion-induced clustered DSBs,44 but the HR pathway is.10 As
shown previously, FANCD2 co-localizes with HR factors
Rad5122 and Rad52 (Fig. 3A) in S/G2 cells, and it promotes
HR.45 HR is triggered when a 2-ended DSB is processed to a 30

ssDNA tail via resection. Once the ssDNA is generated, it is rap-
idly bound by the RPA, which, in turn, facilitates Rad51 nucleo-
filament formation. The resultant Rad51 filament facilitates
DNA strand invasion and exchange steps. The formation of

RAD51 foci in response to IR represents an important step in
the repair of DSBs.46 As observed in a previous report,47 we
found that the number of Rad51 foci was significantly
reduced in FANCD2¡/¡ cells relative to FANCD2-WT cells
post-treatment with Fe-particles radiation (Fig. 3). Collec-
tively, this evidence clearly supports the notion that HR-
mediated clustered DNA lesion repair is defective in
FANCD2¡/¡ cells due to defective DNA-end resection and
Rad51 filament formation.

Figure 6. FANCD2 suppresses genome instability in response to Fe-particles radiation. (A, B) FANCD2 cells exhibit elevated levels of chromosomal aber-
rations in response to Fe-particles radiation: Graphs show the levels of gross chromosomal aberrations (A) and the distribution of different types of chro-
mosomal aberrations per chromosome (B) in mock- and Fe particles-treated FANCD2-WT and FANCD2¡/¡ cells. Exponentially growing cells were either
mock-treated or irradiated with 1 Gy of Fe-particles; metaphase chromosomes were prepared 16 hr after IR. Chromosomal aberrations in more than 100
metaphase spreads from 4 independent experiments in each group were scored. Error bars represent STDEV calculated from 4 independent experi-
ments. Key: 1, chromatid break; 2, triradial; 3, quadriradial; 4, interchange; 5, chromosome break; 6, double minutes; 7, dicentric; 8, ring; 9, acentric; *-P <

0.01. (C, D) FANCD2 functions in chromosome segregation in response to Fe-particles radiation: Representative images show telophase cells with and
without lagging chromosomes in mock- and Fe-particles irradiated FANC-WT and FANC-D2¡/¡ cells (C). Graph shows the percentage of lagging chromo-
somes in mock- and Fe-particles irradiated FANCD2-WT and FANCD2¡/¡ cells (D). Cells were exposed to 1 Gy of Fe-particles, immunostained with acety-
lated a-tubulin at 72 hr after IR and images were acquired using a fluorescent microscope. The percentage of anaphase bridges in more than100
telophases was scored. The error bars represent the STDEV calculated from 2 independent experiments. (E) FANCD2 suppresses anchorage-independent
growth in response to Fe-particles radiation: Graph shows the fold changes in the frequency of soft-agar colonies formed by Fe-particles irradiated
FANCD2-WT and FANCD2¡/¡ cells normalized to corresponding mock-treated samples. Cells were exposed to 2 Gy of Fe-particles and were allowed to
form anchorage-independent colonies in soft-agar for 45 days. Colonies were fixed and stained with 1 mg/ml iodonitrotetrazolium violet overnight at
37�C. Fold change was calculated by taking the transformation frequency of mock-treated samples as 1. The transformation ratio was calculated. Error
bars represent SEM calculated from 2 independent experiments. *-P < 0.05.
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The mechanism by which FANCD2 participates in the proc-
essing of clustered DSBs is not clear. Recent findings indicate
that an interaction between FANCD2 and CtIP is critical for
DNA-end resection,24,25 an important step in HR-mediated
DSB repair. Additionally, a number of reports suggest that
FANCD2 is involved in HR-mediated repair of DSBs.29,45 Evi-
dences show that DNA end-resection pathway is activated in
response to clustered DSBs.11,36 Further, reports support the
idea that Rad51-mediated HR pathway is important for the
repair of clustered DSBs.10,48 Our data show that the number of
RPA2 and Rad51 foci was significantly reduced in FANCD2¡/¡

cells relative to FANCD2-WT cells (Fig. 3). Therefore, it is rea-
sonable to assume that in the absence of FANCD2, DNA-end
resection is affected. As a consequence, Rad51 recruitment is
altered. Thus, HR-mediated clustered DSB repair is affected in
FANCD2-deficient cells exposed to high-LET radiation.

FA pathway plays an important role in promoting HR during
interstrand crosslink (ICL) repair, a loss FANCD2 increases sen-
sitivity to agents that induce ICLs.49 Though the extent of high-
LET radiation induced ICL is not clear, it is highly possible that
FANCD2 might be involved the processing of high-LET radia-
tion induced ICLs. Further, co-localization of FANCD2 with
gH2AX along the ionizing tracks traversed by Fe-particles
(Figure 1B) clearly suggests that FANCD2 functions in clustered
DSB repair. However, based on our current experimental strategy
we can’t distinguish the contribution of FANCD2 to high-LET
radiation induced ICL and clustered DSB, and further experi-
mental evidences are needed.

One important finding of our study is that the effect of Fe-
particles radiation on replication fork progression, stalling, and
new origin firing processes was more pronounced in FANCD2-
deficient cells than in wild-type cells (Fig. 5). Evidences indicate
that FA pathway members including FANCD2 protect nascent
DNA stands at stalled replication forks from MRE11-mediated
degradation.26 Further, FANCD2 is shown to play roles in repli-
cation restart and suppression of new origin firing in response to
replication stalling.50 On the other hand, evidence suggests that
DSBs inhibit replication fork elongation more effectively than
base lesions or single-stranded breaks51; but, it is not clear why
Fe-particles generated clustered DSBs cause a global effect on
replication forks progression. However, it is reasonable to assume
that in the absence of FANCD2, repair of clustered DSBs is
affected, and as a consequence replication fork processes are
altered in FANCD2-deficient cells in response to Fe-particles
radiation. Future studies should reveal if and how high-LET radi-
ation, in addition to complex DNA lesions, induces replication
fork stalling and the precise functions of FA pathway in DNA
replication and repair.

Our data clearly indicates that FANCD2 protects the
genome in response to clustered DSBs. Our classical chromo-
some analysis revealed that the levels of chromosomal aberra-
tions, including number of acentric fragments, were
significantly elevated in Fe-particles irradiated FANCD2¡/¡

cells relative to Fe-particles irradiated FANCD2-WT cells.
The levels of chromosomal abnormalities were correlated
with the extent of unrepaired DNA damage in these cells.

Our study also suggests that FANCD2 is important for the
proper segregation of chromosomes during anaphase. Reports
suggest that mutations in HR repair factors cause defects in
anaphase separation,52 and the lagging chromosomes originate
from acentric chromosome fragments.53 Further, FANCD2-
defective bone marrow cells exhibit cytokinesis failure.54

Therefore, the acentric fragments could be passed to daughter
cells by means of chromosome lagging and initiate the geno-
mic instability. Additionally, elevated levels of anchorage-
independent growth of irradiated FANCD2-deficient cells
further support the occurrence of genomic instability. Thus,
FANCD2 is important for the maintenance of genome stabil-
ity in response to high-LET radiation.

In conclusion, we found that the repair of clustered DSBs is
inefficient in FANCD2-deficient cells in the S/G2 phase of the
cell cycle. This is mainly because of defective RPA2 and Rad51
recruitment to the sites of DSBs. In addition, replication fork
processing is also defective in the absence of FANCD2. Conse-
quently, FANCD2-deficient cells exhibit increased levels of
gross-chromosomal aberrations, defective chromosome segrega-
tion and higher levels of anchorage-independent growth. Thus,
the coordinated actions of FANCD2 in replication processes and
clustered DSB repair are critical for cellular ability to protect
genome in response to high-LET radiation.

Materials and Methods

Cell lines and culture conditions
The simian virus 40–transformed FANCD2-deficient (PD20)

and the isogenic FANCD2-deficient cells complemented with
wild-type FANCD2 (FANCD2-WT) were a kind gift from Dr.
Alan D’Andrea (Harvard University, Cambridge, MA).
FANCD2-WT and FANCD2¡/¡ cells were grown in Dulbecco’s
modified Eagle medium (DMEM, Hyclone) supplemented with
10% fetal calf serum (FCS), 100 mg/ml streptomycin sulfate,
100 U/ml penicillin, and 1 mg/ml puromycin. HT1080 cells
stably expressing EYFP-53BP1, mCherry-hCdt1, and AmCyan-
hGeminin and U2OS cells stably expressing mCherry-Rad52,
EYFP-53BP1, and AmCyan-hGeminin were grown in Minimum
Essential Medium (MEM, Hyclone) supplemented with 10%
FCS, 100 mg/ml streptomycin sulfate, and 100 U/ml penicillin.
Cells were maintained at 37�C in a humidified 5% CO2

incubator.

Irradiation
High-LET iron (Fe) particle beams were generated at the

NASA Space Radiation Laboratory at Brookhaven National Lab-
oratory, Long Island, NY. The energy of the Fe-particles used
was 1 GeV/n and the dose rate ranged from 25 to 100 cGy/min.
The LET of the Fe-particles was 150 keV/mm. The residual
ranges of the beams were determined before each experiment and
were used to calculate the track-averaged LET values.55 To exam-
ine the recruitment of FANCD2 along the Fe-particle tracks,
cells were irradiated horizontally (0� angle) and for all other
experiments, cells were irradiated at 30� angle, as described in.1

1818 Volume 14 Issue 12Cell Cycle



For g-irradiation, a137Cs g-ray source was used. The dose rate
was~3.5 Gy/min. For all g-irradiation and Fe-particles irradiation
experiments, exponentially growing cells were irradiated at room
temperature and then immediately transferred to a humidified
5% CO2 incubator maintained at 37�C.

Antibodies
Anti-gH2AX mouse monoclonal antibody (Upstate Biotech-

nology), anti-RPA2 mouse monoclonal antibody (NA19L, EMD
Millipore), anti-Rad51 rabbit polyclonal antibody (PC-130,
Millipore), anti-BrdU mouse monoclonal antibody (347580,
BD), anti-BrdU rat monoclonal antibody (NB500-169, Novus
Biologicals), anti-FANCD2 polyclonal antibody (NB100-182,
Novus Biologicals), anti-53BP1 polyclonal antibody (Cell Signal-
ing), anti-Chk1 mouse monoclonal antibody (2360, Cell Signal-
ing), anti-pChk1 (S317) rabbit polyclonal antibody (2344, Cell
Signaling), anti-actin rabbit polyclonal antibody (A2055, Sigma),
and anti-a-acetylated tubulin, (T6793, Sigma) were used. Fluo-
rescent dye-conjugated secondary antibodies Alexa-488, Alexa-
555, and Alexa-633 were purchased from Molecular Probes
(Invitrogen).

Whole-cell and nuclear extract preparation
and western blotting

Whole-cell extracts were prepared according to a published
procedure.56 Aliquots containing 50–100 mg protein were
resolved by 6–10% SDS-PAGE, transferred onto nitrocellulose
membrane, and reacted with indicated antibodies.38

Indirect immunostaining
Approximately 2£ 105 cells were seeded in a 6-well plate con-

taining cover glasses, incubated for 48 hr, and then exposed to 1–
2 Gy Fe-particles. Cells were fixed with 4% paraformaldehyde
for 20 min at room temperature at different post-IR times and
subjected to indirect immunofluorescence as described previ-
ously.57 For the localization of RPA2 and RAD51, cells were
washed 3 times in PBS and incubated in extraction buffer
(10 mM HEPES, pH 7.4, 300 mM sucrose, 100 mM NaCl,
3 mM MgCl2, 0.1% Triton X-100) on ice for 10 min prior to
fixation. For immunostaining, cells were permeabilized in Triton
X-100 (0.5% in PBS) on ice for 5 min, washed 3 times with
PBS, incubated in blocking solution (5% goat serum in PBS) at
room temperature for 60 min, and then incubated with primary
antibodies (diluted in 5% goat serum) at room temperature for
another 3 hr. Subsequently, cells were washed with 1% BSA in
PBS, incubated with appropriate secondary antibodies (1:800 in
2.5% goat serum, 1% BSA, and PBS) at room temperature for
60 min, washed 5 times with 1% BSA, and mounted with
mounting medium containing DAPI (Vectashield).

EdU-labeling
To detect S-phase cells, we used Click-iTTM EdU Imaging Kit

(Invitrogen, C10338). First, 2 £ 105 cells were grown on cover
glass for 24 hr, pulsed with 50 mM EdU for 30 min in growth
medium, washed 3 times with 1 £ PBS, and then exposed to Fe-
particles in fresh medium. At different times after irradiation,

cells were fixed with 4% PFA and immunostained with primary
antibodies (anti-gH2AX) as described in the indirect immunos-
taining section. After primary antibody incubation, cells were
washed 3 times with 1% BSA and incubated with EdU Click-
iTTM kit cocktail mixture for 30 min at room temperature
according to manufacturer’s instructions. Subsequently, cells
were washed 3 times with 1% BSA and incubated with appropri-
ate Alexa fluor conjugated secondary antibodies diluted in 1%
BSA and 2.5% goat serum for 1 hr. Cover glasses were washed
5 times with 1% BSA for 5 min each, and the nuclei were coun-
terstained with DAPI.

Image acquisition and foci dissolution kinetics assay
Images were captured using a LSM 510 Meta laser scanning

confocal microscope with a 63 £ 1.4 NA Plan-Apochromat oil
immersion objective. Images were taken at z-sections (15–20 sec-
tions) of 0.35-mm intervals using the 488-nm (Alexa 488), 543-
nm (rhodamine/Alexa 555), 633-nm (Alexa 633), and 405-nm
(for DAPI) lasers. The tube current of the 488-nm argon laser
was set at 6.1 A. The laser intensity was typically set to 3–5%
transmission of the maximum intensity with the pinhole opened
between 1 (for foci) and 2 (for nuclei) Airy units. For RPA2,
RAD51, and gH2AX foci counting, the z-sections were assem-
bled using the Imaris software and the foci number were enumer-
ated using the spot detection function of the Imaris software.
Quantification of foci was done from images of 100–200 cells for
each time point from 2 to 3 independent experiments.57

BrdU labeling and flow cytometry
Exponentially growing cells were pulsed with 30 mM BrdU

for 30 min in growth medium just before irradiation. Cells were
washed 3 times with 1 £ PBS and exposed to Fe-particles in
fresh culture medium. Following irradiation, cells were washed
twice in 1 £ PBS and fixed with ice-cold 70% ethanol at –20�C
overnight. For BrdU flow cytometry, cells were first washed twice
with cold 1 £ PBS and then treated with 100 mg/mL RNase
containing 5% Tween-20 in 1 £ PBS at 37�C for 30 min. To
denature DNA, cells were resuspended in~2 M HCl (1 mL per
106 cells) containing 0.5% Tween-20, incubated at 37�C for
30 min, and then neutralized by washing twice with 1 £ PBS.
Following neutralization, cells were incubated in 100 ml of 1 £
PBS containing 0.1% Tween-20, 1% BSA, and anti-BrdU conju-
gated with FITC (1:100; Molecular Probes, B35130) at room
temperature for 2 hr. After washing with 1% BSA, cells were
stained with 10 mg/mL propidium iodide (Sigma) at room tem-
perature for 30 min. Subsequently, cells were filtered with nylon
mesh and subjected to flow cytometry (FACScan, Becton Dick-
inson). The data were analyzed using FlowJo software.

Phospho-histone 3 (pH3) detection
To quantity mitotic cells at different times after Fe-particles or

g irradiation, cells were washed twice in 1 £ PBS and fixed with
ice-cold 70% ethanol at –20�C overnight. Cells were first washed
twice with ice-cold 1 £ PBS, permeabilized in Triton X-100
(0.25%; Sigma) on ice for 5 min, incubated in blocking solution
(5% goat serum in PBS) at room temperature for 60 min, and
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then incubated with anit-pH3 rabbit polyclonal antibodies
(1:250; Millipore 06–570) in 5% goat serum (Jackson Immuno
Research, 005-000-121) at room temperature for another 2 hr.
Subsequently, cells were washed with 1% BSA in 1 £ PBS, incu-
bated with secondary goat anti-rabbit 488 antibody (1:100, Invi-
trogen A11008), diluted in 2.5% goat serum, 1% BSA, and PBS
at room temperature for 30 min, washed twice with 1% BSA,
and subjected to flow cytometry (FACScan, Becton Dickinson).

DNA fiber assay
DNA fiber assay was carried out as described previously.38

Briefly, 2.5 £ 105 and 1 £ 106 cells were plated in a 6-well
plate (labeled) and 10-cm dishes (unlabeled), respectively,
and incubated for 24 hr. Cells in 6-well plates were first
labeled with IdU (150 mM, 50-90-8, Sigma) for 30 min,
washed 4 times with warm PBS, exposed to 1 Gy of Fe ions
and then labeled with CldU (150 mM, I7125, Sigma) for
30 min. After three washes with warm PBS, both labeled and
unlabeled cells were trypsinized and counted. Cell numbers
were adjusted to a final concentration of 106/ml and mixed
at 1:15 ratio (labeled:unlabeled) and lysed on a clean glass
slide in 20 ml of lysis buffer (0.5% SDS, 50 mM EDTA and
200 mM Tris-HCl pH7.4) for 8 min. The slides were tilted
slightly (~15� angle) to help DNA spread slowly. After air dry-
ing the samples, DNA on the glass slide was fixed with meth-
anol:acetic acid (3:1) at room temperature for 8–10 min and
air-dried. Slides were stored in 70% ethanol at 4�C until use.
For the immunostaining of DNA fibers, slides were first
washed 3 times with PBS at room temperature. To denature
DNA, slides were incubated in 2.5 N HCl in a glass jar at
37�C for 50 min and then neutralized by washing 4 times
with PBS. Following neutralization, slides were incubated in
5% goat serum in PBS for 2 hr at room temperature. Subse-
quently, mouse anti-BrdU antibody (BD, 347580) and rat
anti-BrdU antibody (Novus Biologicals, NB500-169) were
diluted in 5% goat serum, 0.1% Triton X100, and PBS.
Slides were incubated with antibody at 37�C for 1 hr in a
humidified chamber, washed 3 times in PBS containing 0.1%
TritonX100, and incubated with anti-rat Alexa 488 and anti-
mouse Alexa 555 antibodies in 5% goat serum and 0.1% Tri-
ton X-100 for an additional 1 hr. After washing 3 times with
PBS containing 0.1% TritionX-100, slides were mounted in
mounting medium without DAPI (Vectashield). Images were
acquired using a fluorescent microscope (Zeiss) and the DNA
fiber lengths were measured using AxioVision Ver 4.8 soft-
ware. More than 100–200 fibers per sample from 2–3 inde-
pendent experiments were used for the measurement. During
IdU and CldU labeling, cells were maintained at 37�C in a
humidified 5% CO2 incubator.

Cell survival assay
Cell survival was measured using a colony formation assay.58

For g-irradiation, various numbers of cells (»2 £ 102 to 3 £
103) were plated in triplicate and incubated for 6–8 hr. Then
cells were irradiated with graded doses (0, 2, 4, 6, 8 Gy) of
g¡rays and allowed to form colonies for 9 days. For Fe-particle

exposure, cells were seeded in T-25 flasks, incubated for 24 hr
prior to irradiation, and irradiated vertically with doses of 0,
0.25, 0.5, 1, 1.5, and 2 Gy. Immediately after irradiation, differ-
ent number of cells (2 £ 102 to 3 £ 103) were plated in 60-mm
dishes in triplicate and incubated for 9 days. Colonies were
washed once with 1 £ PBS, fixed with 70% ethanol for 10 min,
then stained with 0.5% crystal violet dissolved in 1 £ PBS, and
the colonies were counted. Survival curves were generated from 4
independent experiments with colony numbers normalized to
sham-treated controls.

Chromosome aberrations
Chromosome aberrations were detected as described previ-

ously.1 Briefly, 16 hr after irradiation, chromosome preparations
were made by accumulating metaphases in the presence of
0.1 mg/mL colcemid (Irvine Scientific) for 5 hr. Cells were tryp-
sinized and then washed once with PBS and incubated in 10 mL
of hypotonic solution (0.075 M KCl) at 37�C for 13 min. Cells
were pre-fixed with 1/10 volume of ice-cold methanol:acetic acid
(3:1 ratio) in hypotonic solution and then centrifuged at 1000 £
g for 5 min at 4�C. Subsequently, the cells were fixed with meth-
anol: acetic acid (3:1 ratio) on ice for 30 min and kept at ¡20�C
until use. Cells were dropped onto pre-cleaned cover slides,
stained with 5% Giemsa (GIBCO, 10092-013) for 4 min at
room temperature, and then washed with dH2O. Images were
taken using an Olympus microscope (100 £ objective) equipped
with an Image Spot camera (Spot Imaging Solutions), and chro-
mosome aberrations were scored as previously described.1

Anaphase bridge detection
Approximately 5 £ 104 cells were seeded on cover glasses and

cultured for 48 hr. Cells were exposed to 1 Gy of Fe-particles,
fixed with 4% PFA at 72 hr after IR, and then immunostained
with anti-a-acetylated tubulin (Sigma, 1:2000, T6793). Lagging
chromosomes or chromatin bridges were identified as the blue
DAPI fluorescent-positive materials observed in the mid-zone or
continuously along the segregation track in anaphase or telo-
phase, respectively.53 The frequency of cells with chromatin
bridges or lagging chromosomes was scored. At least 100 ana-
phase or telophase images were acquired using a fluorescent
microscope (Zeiss). Two independent experiments were
performed.

Soft-agar colony formation assay
An anchorage-independent soft-agar colony formation assay

was carried out to assess the impact of Fe-particle irradiation on
cellular transformation. For this purpose, FANCD2-WT cells
were irradiated with 2 Gy Fe-particles and cultured for 14 days.
Subsequently, approximately 1.5 £ 105 cells were suspended in
growth medium containing 0.3% low melting agarose (Fisher
Scientific), and plated onto solidified 0.6% agarose in growth
medium in a 100-mm cell culture dish. Growth medium was
changed once a week and cells were allowed to form colonies for
45 days at 37�C under 5% CO2. At the end of the incubation,
dishes were washed once with 1 £ PBS and stained with 1 mg/
ml iodonitrotetrazolium violet (Sigma) overnight at 37�C.
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Dishes were then washed once with 1 £ PBS and visible colonies
bigger than 0.1 mm in diameter in the entire dish were counted
under a Carl Zeiss Stereo Microscope.59 Each sample were plated
in triplicate, 7 repeats from 2 independent experiments were
performed.

Statistical analyses
Data are expressed as means §SEM or STDEV of at least 2

independent experiments. The Student’s t test was performed to
calculate the level of significance and a value of P < 0.05 was
considered statistically significant.
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