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Common fragile sites are loci that form chromosome gaps or breaks when DNA synthesis is partially
inhibited. Fragile sites are prone to deletions, translocations, and other rearrangements that can cause the
inactivation of associated tumor suppressor genes in cancer cells. It was previously shown that ATR is critical
to fragile-site stability and that ATR-deficient cells have greatly elevated fragile-site expression (A. M. Casper,
P. Nghiem, M. F. Arlt, and T. W. Glover, Cell 111:779–789, 2002). Here we demonstrate that mouse and human
cells deficient for BRCA1, due to mutation or knockdown by RNA interference, also have elevated fragile-site
expression. We further show that BRCA1 functions in the induction of the G2/M checkpoint after aphidicolin-
induced replication stalling and that this checkpoint function is involved in fragile-site stability. These data
indicate that BRCA1 is important in fragile-site stability and that fragile sites are recognized by the G2/M
checkpoint pathway, in which BRCA1 plays a key role. Furthermore, they suggest that mutations in BRCA1 or
interacting proteins could lead to rearrangements at fragile sites in cancer cells.

Common fragile sites are loci that exhibit site-specific gaps
and breaks on metaphase chromosomes when cells are grown
under conditions that partially inhibit DNA synthesis, such as
folate deficiency or treatment with aphidicolin (11). These
fragile sites extend over hundreds of kilobases, with gaps and
breaks occurring throughout the regions. Following aphidico-
lin treatment, 80% of all gaps and breaks are seen at just 20
fragile sites, with FRA3B (3p14.2) and FRA16D (16q23) being
the most frequently broken, or expressed, fragile sites (11).
Whereas rare fragile sites, such as FRAXA within the FMR1
gene, arise from mutation at di- or trinucleotide repeats, com-
mon fragile sites are found in all individuals and represent a
normal component of chromosome structure.

Fragile sites are so-called hot spots for sister chromatid
exchanges, translocations, deletions, and plasmid integration
in cultured cells following replication stress (12, 14, 32, 40).
Numerous studies have also shown that common fragile sites
are prone to deletions and rearrangements in many cancers (1,
17, 21, 28, 33), and they may play a role in some gene ampli-
fication and viral integration events (6, 16, 26, 41). Some fragile
sites lie within putative tumor suppressor genes, such as FHIT
at FRA3B and WWOX at FRA16D (30, 33), leading to the
model that fragile-site instability is a contributing factor in
tumorigenesis.

Determining the mechanisms of fragile-site instability is im-
portant in understanding normal chromosome structure and
DNA replication as well as the instability found at fragile sites
in tumor cells. Sequence analysis of common fragile sites has
not revealed why they are unstable. However, all sites studied

to date are relatively AT rich and contain more areas of high
flexibility than non-fragile-site regions (22, 24–27). Studies ex-
amining replication timing at common fragile sites have shown
that they are late replicating (19, 39). Following addition of
aphidicolin, an inhibitor of DNA polymerase �, the regions
replicate even later, with indications that they are unreplicated
as late as G2 in some cells (19). Such late or delayed replication
likely contributes to instability at fragile sites, and the presence
of unreplicated DNA in G2 implicates the G2/M checkpoint as
being important in the process.

It has been shown that the replication checkpoint protein
ATR is important in maintaining fragile site stability. Cells
lacking ATR demonstrate an 8- to 10-fold increase in fragile-
site expression after aphidicolin treatment and show measur-
able fragile-site expression without addition of replication in-
hibitors (3). ATR plays a central role in stabilizing stalled
replication forks and in the induction of the intra-S and G2/M
cell cycle checkpoints after replication inhibition (2, 4, 5, 7, 29),
suggesting that either or both of these checkpoints are involved
in fragile-site stability. It was proposed that fragile sites are
single-stranded, unreplicated regions on metaphase chromo-
somes caused by stalled or collapsed replication forks that may
give rise to double-strand breaks (DSBs) on some chromo-
somes (3). As such, common fragile sites provide a cytological
assay for studying the pathways affecting stalled replication.

The BRCA1 protein and the CHK1 kinase are two primary
downstream targets of ATR and ATM phosphorylation in re-
sponse to DNA damage (8, 10, 36, 47). Following replication
stress, both the S-phase and G2/M checkpoints appear to be
activated via CHK1 (9, 20). BRCA1 functions upstream of
CHK1 in this pathway and has been shown to activate CHK1
kinase activity in response to DNA DSBs formed by ionizing
radiation (IR) in vitro (46). It is known that, following IR,
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BRCA1 is phosphorylated on multiple sites by ATM, thereby
contributing to proper cell cycle arrest at the intra-S and G2/M
checkpoints (43, 44, 46). Several studies have identified specific
amino acid residues within BRCA1 that are important for
particular checkpoints. Xu et al. (43) have shown that BRCA1
phosphorylation on serine 1423 is necessary for the G2/M
checkpoint, but not for the intra-S-phase checkpoint, after
induction of DSBs with IR. They also determined that phos-
phorylation of serine 1387 is necessary for proper induction of
the intra-S-phase checkpoint but not the G2/M checkpoint
(44).

There is evidence that BRCA1 is involved in these same
checkpoints in response to stalled replication forks. Stalled
replication induced by treatment of cells with UV or hydroxyu-
rea results in an alteration in the pattern of BRCA1 nuclear
foci as well as dose-dependent BRCA1 phosphorylation during
S phase (31, 34, 36). This phosphorylation is ATR dependent
after stalled replication (36). It has been demonstrated that
ATM and ATR phosphorylate BRCA1 on the same residues,
including serines 1387 and 1423 (8, 10, 36). These results sug-
gest that ATR activates both the intra-S and G2/M checkpoints
in response to stalled replication forks in a manner analogous
to that of ATM-dependent induction of these checkpoints af-
ter exposure to IR and suggest that BRCA1 is involved in this
response.

Based on these observations in ATR-deficient cells and the
role of BRCA1 in the activation of cell cycle checkpoints, we
hypothesized that BRCA1 plays a role in common-fragile-site
stability via checkpoint activation and that cells lacking
BRCA1 would show increased gaps and breaks at common
fragile sites. We tested this hypothesis by using three indepen-
dent methods. We first studied BRCA1-mutated HCC1937
breast cancer cells and compared the fragile-site expression
level to that seen in cells transfected with a wild-type BRCA1
expression construct. Second, we examined fragile-site expres-
sion in a mouse embryo fibroblast cell line lacking Brca1.
Third, we evaluated fragile site expression by using RNA in-
terference (RNAi) to create BRCA1 deficiency in HCT116
and HeLa cells. In all three cases, we determined that cells
lacking BRCA1 expression have a two- to threefold-increased
level of fragile-site expression compared to that of isogenic
controls.

To further determine if the checkpoint function of BRCA1
is involved in fragile-site stability, we stably transfected
HCC1937 cells with BRCA1 expression constructs that have
defined mutations at key residues involved in specific check-
point functions. We found that HCC1937 cells expressing a
BRCA1 mutant that lacks the G2/M checkpoint were charac-
terized by the same elevated levels of fragile-site expression as
untransfected cells. These data indicate that BRCA1 is an
important factor in fragile-site stability, specifically through its
role in the G2/M checkpoint. These results provide additional
insight into the mechanisms of fragile-site instability, both in
normal cells and cells with compromised checkpoint pathways,
and further define the role of BRCA1 in the cellular response
to replication stalling.

MATERIALS AND METHODS

Cell culture and fragile-site analysis. HCC1937 cells were grown in RPMI
medium supplemented with 15% fetal bovine serum (FBS), glucose, sodium

pyruvate, and HEPES. Mouse cells were grown in minimum essential medium
alpha containing 10% FBS. HCT116 and HeLa cells were grown in Dulbecco’s
modified essential medium supplemented with 10% FBS. All cell lines were
grown at 37°C in a humidified atmosphere containing 5% CO2.

Fragile sites were induced by exposure of cells to 0.2 or 0.3 �M aphidicolin for
24 h prior to harvest. Cells were harvested for chromosome preparation by
standard conditions of 45 min of Colcemid treatment (50 ng/ml) followed by an
18-min incubation in 0.075 M KCl at 37°C and multiple changes of Carnoy
fixative (3:1 methanol:glacial acetic acid). Cells were dropped onto slides and
baked overnight at 60°C before Giemsa staining or fluorescent in situ hybridiza-
tion (FISH) protocols were carried out.

Yeast artificial chromosome (YAC) and bacterial artificial chromosome
(BAC) probes that map to fragile-site regions were used for FISH analysis,
following standard protocols (41). YAC 850A6 was used to detect human
FRA3B, BAC 264L1 (RP-11) was used to detect human FRA16D, and YAC
158E12 was used to detect mouse Fra14A2. Probes were labeled with biotin-14-
dATP or digoxigenin-11-dUTP with a BioNick Translation kit (Invitrogen, Carls-
bad, Calif.). FISH signals were visualized by incubation with fluorescein isothio-
cyanate (FITC)-conjugated avidin-DCS (Vector Laboratories, Burlingame,
Calif.) and fluorescein-conjugated anti-avidin immunoglobulin G. Chromosomes
were counterstained with 4�,6-diamidino-2-phenylindole (DAPI; Vector Labo-
ratories). FISH results were analyzed with a Zeiss Axioscope epifluorescence
microscope and Quips PathVysion imaging software (Vysis Inc., Downers Grove,
Ill.).

Transfections. HCC1937 cells were transfected with wild-type and mutant
BRCA1 expression constructs (43, 44) by using Fugene transfection reagent
(Roche Applied Science, Indianapolis, Ind.). Ten micrograms of linearized plas-
mid were used to transfect 1.5 � 105 cells in a 100-mm-diameter plate. After
transfection, cells were grown in the presence of 300 �g of active G418 (Sigma,
Saint Louis, Mo.)/ml. Stable, G418-resistant clones were picked and tested for
BRCA1 expression by reverse transcription-PCR and Western blot.

RNA interference. Small inhibitory RNA (siRNA) sequence pools directed
against BRCA1 and pooled scrambled control siRNA sequences were obtained
from Dharmacon Research, Inc. (Lafayette, Colo.). Transfection of siRNAs into
HCT116 and HeLa cells was carried out with Oligofectamine (Invitrogen) based
on protocols provided by Dharmacon. These two cell lines were chosen because
they can be transfected with high efficiency. HCT116 was also chosen because it
has a relatively normal karyotype. Fragile-site expression was induced by the
addition of aphidicolin for 24 h 2 days posttransfection.

Immunoprecipitation and Western blots. Cellular extracts were prepared by
lysing cells in radioimmunoprecipitation assay buffer and incubating them on ice
for 30 min. To detect BRCA1 expressed from the construct without detecting
endogenous, mutant BRCA1 in HCC1937 cells, we performed immunoprecipi-
tation with a C-terminal-specific antibody. This antibody does not recognize the
endogenous, mutant form of BRCA1 found in HCC1937 cells. Ten micrograms
of a C-terminal BRCA1 antibody, Ab-3 (Oncogene Research, San Diego, Calif.),
was added to 400 �g of cell lysate and was incubated overnight at 4°C. Immune
complexes were collected with 100 �l of protein G agarose beads (Invitrogen)
and were washed three times with lysis buffer. Protein separation was performed
by using 10% Tris-HCl polyacrylamide gels (Bio-Rad). Fifty micrograms of
whole-cell lysate or the immunoprecipitated protein was loaded in each lane.
Gels were transferred to polyvinylidene difluoride membranes (Millipore, Bil-
lerica, Mass.) by a Trans-Blot SD Semi-Dry Transfer gel (Bio-Rad Laboratories,
Hercules, Calif.). Antibody hybridization and chemiluminescence detection were
performed according to standard protocols. BRCA1 protein was detected with
�BRCA1 antibodies Ab-3 and Ab-4 (Oncogene Research), Ab-2 (NeoMarkers,
Fremont, Calif.), and MS110 (35). Horseradish peroxidase-conjugated anti-
mouse antibodies were obtained from Amersham (Piscataway, N.J.).

G2/M checkpoint analysis. Cells were harvested after 24 h of exposure to 0.5
�M aphidicolin and fixed in 70% ethanol at �20°C. The cells were suspended in
100 �l of phosphate-buffered saline (PBS) containing 1% bovine serum albumin
(BSA) and 0.75 �g of a polyclonal antibody that specifically recognizes the
phosphorylated form of histone H3 (Upstate Biotechnology, Lake Placid, N.Y.),
and they were incubated for 3 h at room temperature. The cells were then rinsed
with PBS containing 1% BSA and were incubated with FITC-conjugated goat
anti-rabbit immunoglobulin G antibody (Jackson ImmunoResearch Laborato-
ries, Inc., West Grove, Pa.) diluted at a ratio of 1:30 in PBS containing 1% BSA.
After a 30-min incubation at room temperature in the dark, the cells were stained
with propidium iodide (Sigma) and cellular fluorescence was measured by a
FACSCalibur flow cytometer. The proportion of cells in mitosis after aphidicolin
treatment was compared to the proportion of cells in mitosis without aphidicolin
treatment.
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Statistical analysis. Total gaps-and-breaks data were analyzed with the Stu-
dent’s t test for equal or unequal variance. Variance for each data set was
determined with the sample variance F test. Fisher’s exact test (two sided) was
used for analysis of specific fragile-site expression data.

RESULTS

Cells lacking functional BRCA1 have increased expression
of common fragile sites. Three separate experiments were con-
ducted to determine if wild-type BRCA1 is necessary for frag-
ile-site stability. After low-dose aphidicolin treatment (0.2 to
0.3 �M), chromosomes from cells lacking wild-type BRCA1
were examined for total gaps and breaks, most of which occur
at common fragile sites in normal cells under these conditions
(11). Two of the most frequently expressed common fragile
sites, FRA3B and FRA16D, were also specifically evaluated by
FISH probes (Fig. 1).

We first investigated fragile-site expression in HCC1937, a
BRCA1-null breast cancer cell line (37). When treated with 0.3
�M aphidicolin for 24 h prior to harvesting, HCC1937 cells
lacking functional BRCA1 showed an average of 6.7 gaps and
breaks per cell. To determine if this breakage was enhanced by

the lack of functional BRCA1, this experiment was conducted
in parallel with isogenic control cells that had been stably
transfected with a wild-type BRCA1 expression construct (Fig.
2A). Two independent HCC1937 clones expressing wild-type
BRCA1 showed a fourfold decrease in total gaps and breaks
compared to respective levels for untransfected HCC1937 and
HCC1937 transfected with an empty vector (Fig. 2B). This
difference is statistically significant (P � 0.001).

To verify that the increase in gaps and breaks in BRCA1�/�

cells occurs at specific common fragile sites, the cell lines
lacking functional BRCA1 were treated with aphidicolin and
the expression (gaps and breaks) of two specific common frag-
ile sites, FRA3B at 3p14 and FRA16D at 16q23, was examined
by FISH analysis using YAC and BAC probes that map to
these sites. Results are shown in Fig. 2C. Both of these sites
were expressed at threefold lower frequencies in cells express-
ing wild-type BRCA1 compared to those of BRCA1�/� cells, a
difference proportional to that seen with total gaps and breaks.

In the second set of experiments, we examined fragile-site
expression in a mouse embryo fibroblast line with inactivating
mutations in both p53 and Brca1 (48). A normal mouse embryo

FIG. 1. Examples of expressed common-fragile-site detection by FISH. (A) Partial metaphase of HCC1937 cells treated with 0.3 �M
aphidicolin for 24 h. Chromosomes are stained with DAPI and demonstrate multiple fragile-site breaks. White arrows indicate positions of gaps
and breaks at FRA3B. (B) Examples of FISH results on the same partial metaphase. FRA3B was probed with YAC 850A6 (green). White arrows
indicate colocalization of FISH signal and broken FRA3B sites. (C) Partial metaphase of HCC1937 cells treated with 0.3 �M aphidicolin for 24 h.
Chromosomes are stained with DAPI and demonstrate multiple fragile-site breaks. White arrows indicate positions of gaps and breaks at FRA16D.
(D) Examples of FISH results on the same partial metaphase. FRA16D was probed with BAC 264L1 (red). White arrows indicate colocalization
of FISH signal and broken FRA3B sites.
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fibroblast line and a mouse embryo fibroblast line with biallelic
inactivating mutations only in p53 were used as controls. Sim-
ilar to HCC1937, cells expressing wild-type Brca1 showed more
than a twofold decrease in aphidicolin-induced total gaps and
breaks compared to levels of gaps and breaks for Brca1�/�

cells (Fig. 3A). This difference is statistically significant (P �
0.001). No difference in total gaps and breaks was observed
between wild-type and p53�/� cells (P � 0.152).

The mouse ortholog of FRA3B, Fra14A2 (13), was exam-
ined by FISH with a YAC probe to this region. Wild-type and
p53�/� cells had a two- to threefold decrease in aphidicolin-
induced expression of Fra14A2 compared to expression in cells
lacking Brca1 (Fig. 3B). This difference is proportional to that
seen with total gaps and breaks and is significant (P � 0.035).
In addition, there was no significant difference in Fra14A2
expression between wild-type and p53�/� cells (P � 0.747),
suggesting that p53 has minimal involvement in fragile-site
stability.

In the third set of experiments the effect of BRCA1 on
fragile-site stability was evaluated in HCT116 and HeLa cells
in which BRCA1 protein levels had been reduced through
RNAi by using a siRNA pool specific to BRCA1. Reduction of

BRCA1 protein levels was confirmed by Western blot (Fig. 4A
and D). After aphidicolin treatment, HCT116 and HeLa cells
transfected with BRCA1 siRNA were characterized by a three-
fold increase in total gaps and breaks compared to levels for
control cells, a significant difference (P � 0.001 in both cases)
(Fig. 4B and E). Induction of both FRA3B and FRA16D were
also increased two- to threefold in cells targeted by BRCA1
siRNAs (Fig. 4C and F). As with total gaps and breaks, the
differences in FRA3B and FRA16D expression were signifi-
cant in both HCT116 (P � 0.001 and P � 0.016, respectively)
and HeLa (P � 0.004 and P � 0.007, respectively).

BRCA1 S1423 is necessary for the G2/M checkpoint in re-
sponse to replication stalling via aphidicolin. It has been dem-
onstrated that BRCA1 induction of the G2/M checkpoint after
IR is dependent on the phosphorylation of BRCA1 serine 1423
(43). In HCC1937 cells expressing a mutant BRCA1 that sub-
stitutes an alanine for this serine, the ability of BRCA1 to
mediate the G2/M checkpoint is eliminated while leaving the
intra-S checkpoint intact. In contrast, expressing a mutant
BRCA1 that substitutes an alanine for serine 1387 eliminates
the role of BRCA1 in the intra-S checkpoint while leaving the
G2/M checkpoint intact (44). To determine if BRCA1 affects

FIG. 2. HCC1937 cells lacking BRCA1 have elevated fragile-site expression after aphidicolin treatment. (A) Western blot of BRCA1
immunoprecipitation from clones of HCC1937 stably transfected with wild-type BRCA1, BRCA1 (S1423A), or BRCA1 (S1387A) expression
constructs or an empty vector. (B) Average total chromosomal gaps and breaks per cell in HCC1937 cells stably transfected with the indicated
BRCA1 expression constructs after 24 h in the presence (dark gray) or absence (light gray) of 0.3 �M aphidicolin; n � 100 metaphases for each
data set. Error bars indicate the 95% confidence interval. (C) Frequency (%) of gaps and breaks at specific fragile sites FRA3B and FRA16D in
HCC1937 cells stably transfected with the indicated BRCA1 expression constructs after 24 h of treatment with 0 �M (light gray) or 0.3 �M (dark
gray) aphidicolin; n � 88 to 108 sites examined. Fragile sites were identified by FISH with probes specific to these sites. Frequency of fragile-site
induction is presented as the percentage of chromosome 3 or 16 homologs with breaks at FRA3B or FRA16D, respectively.
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fragile-site stability via the G2/M checkpoint, it was first nec-
essary to determine if serine 1423 is also required for induction
of the G2/M checkpoint after cells undergo replication fork
stalling via aphidicolin treatment.

HCC1937 cells lacking BRCA1 had reduced induction of the
G2/M checkpoint after treatment with 0.5 �M aphidicolin as
measured by flow cytometric analysis with staining for DNA
content and histone H3 phosphorylation. In contrast, cells ex-
pressing wild-type BRCA1 induced the G2/M checkpoint after
aphidicolin treatment to the same levels seen in a control cell
line, MCF-7. The S1387A mutant was able to complement the
aphidicolin-induced G2/M checkpoint defect in HCC1937
cells. However, the S1423A mutant failed to restore the aphidi-
colin-induced G2/M arrest (Fig. 5). It should be pointed out
that cells lacking BRCA1 still showed a reduction in mitotic
index after aphidicolin expression. This result likely indicates
that cells lacking BRCA1 still retain some G2/M checkpoint
function in response to aphidicolin. Alternatively, it is possible
that aphidicolin treatment, which slows replication through
toxic effect, may increase the proportion of cells in S phase,
resulting in a reduction in mitotic cells. Regardless of the effect
of other proteins, these results indicate that BRCA1 is in-
volved in the G2/M checkpoint after aphidicolin treatment and
that serine 1423 is necessary for this activity.

Cells expressing BRCA1 S1423A but not S1387A have an
increased frequency of aphidicolin-induced common fragile
sites. HCC1937 cells were stably transfected with constructs
expressing each of two mutant forms of BRCA1, S1387A and
S1423A (Fig. 2A). As described above, we have shown that the
S1423A mutant, but not the S1387A mutant, reduces the abil-
ity of BRCA1 to activate the G2/M checkpoint after aphidico-
lin treatment. The frequency of chromosomal gaps and breaks
after aphidicolin treatment was examined in independent
clones stably transfected with each of these constructs.

When treated with 0.3 �M aphidicolin for 24 h prior to
harvesting, cells expressing either mutant form of BRCA1
showed a frequency of chromosomal gaps and breaks that was
midway between that observed for BRCA1�/� cells and that
observed for cells expressing wild-type BRCA1 (Fig. 6A). One

independent HCC1937 clone stably transfected with S1423A
BRCA1 and two independent HCC1937 clones stably trans-
fected with S1387A BRCA1 each had a significant, twofold
decrease in total gaps and breaks, compared to total gaps
and breaks of untransfected cells (P � 0.001 in each case).
This reduction is approximately half the magnitude seen in
HCC1937 cells expressing wild-type BRCA1.

After treatment with 0.3 �M aphidicolin, the two HCC1937
clones expressing the S1387A mutant showed a significant,
threefold decrease in expression of both FRA3B and FRA16D
(P � 0.01 in all cases). The magnitude of the reduction in this
G2/M checkpoint-proficient mutant is indistinguishable from
that seen in BRCA1-positive cells (Fig. 6B). In contrast, ex-
pression of these two fragile sites in the S1423A (G2/M check-
point-deficient) mutant cells was seen at the same levels as
those in BRCA1�/� cells.

DISCUSSION

We have demonstrated that BRCA1 plays an important role
in the stability of common fragile sites and that cells lacking
BRCA1 show an increased expression of specific common frag-
ile sites. In both mouse and human cells lacking functional
BRCA1, aphidicolin-induced expression of specific fragile sites
FRA3B, FRA16D (human), and Fra14A2 (mouse), as well as
expression of total gaps and breaks, is increased two- to four-
fold compared to levels for isogenic control cells that express
BRCA1. While our results agree with those of previous studies
that show increased aphidicolin-induced chromosome aberra-
tions in BRCA1-deficient HCC1937 cells (38), we examined
specific fragile sites to rule out random genomic instability and
used isogenic controls to verify that BRCA1, as opposed to
some other mutation in HCC1937 cells, is responsible for the
effect. Furthermore, we have shown that the G2/M checkpoint
function of BRCA1 is an important component of fragile-site
stability. The experiments described herein expand upon our
findings that ATR, which acts upstream of BRCA1 in cell cycle
checkpoint pathways, plays a key role in fragile-site mainte-
nance (3). In addition, these findings implicate the G2/M

FIG. 3. Mouse cells lacking BRCA1 have elevated fragile-site expression after aphidicolin treatment. (A) Average total chromosomal gaps and
breaks per cell in mouse cells with the indicated genotypes after 24 h in the presence (dark gray) or absence (light gray) of 0.3 �M aphidicolin;
n � 100 metaphases for each data set. Error bars indicate the 95% confidence interval. (B) Frequency (%) of gaps and breaks at specific fragile
site Fra14A2 in mouse cells after 24 h of treatment with 0 �M (light gray) or 0.3 �M (dark gray) aphidicolin; n � 89 to 100 sites examined. The
genotype of each cell line is indicated. Fragile sites were identified by FISH with a probe specific to Fra14A2. Fragile-site induction frequency is
presented as the percentage of chromosome 14 homologs with breaks at Fra14A2.
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checkpoint as important in fragile-site stability and also help
clarify the roles of BRCA1 and the G2/M checkpoint after
partially inhibited DNA synthesis.

Of interest is the fact that BRCA1 is phosphorylated on
serine 1423, in an ATR-dependent manner, after stalled rep-
lication (10, 31, 36). This residue has been shown to be impor-
tant in the induction of the G2/M checkpoint after IR (31, 44).
It is therefore likely that the ATR-dependent phosphorylation
of this serine residue is involved in the activation of the G2/M
checkpoint after aphidicolin-induced stalled replication. We
examined the induction of the G2/M checkpoint by aphidicolin
in cells expressing a BRCA1 construct that is mutated at the
serine 1423 phosphorylation site. Cells expressing this mutant
form of BRCA1 were unable to induce the G2/M checkpoint to
the same extent as wild-type and BRCA1 S1387A-expressing
cells. While other residues may also be important, these results
indicate that serine 1423, but not serine 1387, of BRCA1 is
involved in the G2/M checkpoint after stalled replication via

aphidicolin treatment in a manner similar to its induction after
IR.

HCC1937 cells expressing the G2/M checkpoint-proficient
S1387A mutant had reduced breakage at FRA3B and FRA16D
at the same low frequencies as cells expressing wild-type BRCA1.
In contrast, HCC1937 cells stably transfected with the G2/M
checkpoint-deficient S1423A mutant had breaks at these frag-
ile sites at the same elevated levels seen in untransfected cells.
While these experiments do not rule out other functions of
BRCA1, such as DNA repair or the intra-S checkpoint, these
results indicate that the G2/M checkpoint is important in the
initial steps of common-fragile-site stability. The fact that both
BRCA1 mutants were able to partially reduce the incidence of
total gaps and breaks suggests that, in addition to FRA3B and
FRA16D, BRCA1 also functions in maintaining stability at
other, perhaps random, sites in the genome. It also illustrates
the importance of examining specific fragile sites, in addition
to total gaps and breaks, in such studies, because perturbing

FIG. 4. Human cells with BRCA1 expression reduced via RNAi have elevated fragile-site expression after aphidicolin treatment. (A) Western
blot probed with �BRCA1 antibodies showing reduced BRCA1 expression in HCT116 cells 48 h after transfection with BRCA1 SMARTpool
siRNA. Untransfected cells and cells transfected with control siRNA show no reduction in BRCA1 expression. (B) Average total chromosomal
gaps and breaks per cell in HCT116 cells after transfection with BRCA1 SMARTpool siRNA, no siRNA, or control siRNA; n � 100 metaphases
for each data set. Error bars indicate the 95% confidence interval. RNAi reduction of BRCA1 levels was achieved 48 h before harvest. Fragile-site
induction was achieved by addition of 0.2 �M aphidicolin 24 h before harvest. (C) Frequency (%) of gaps and breaks at specific fragile sites FRA3B
and FRA16D in HCT116 cells after transfection with BRCA1 SMARTpool siRNA, no siRNA, or control siRNA. Fragile-site expression was
measured after 24 h of treatment with 0 �M (light gray) or 0.3 �M (dark gray) aphidicolin; n � 80 to 101 sites examined. Frequency of fragile-site
induction is presented as the percentage of chromosome 3 or 16 homologs with breaks at FRA3B or FRA16D, respectively. (D) Western blot
probed with �BRCA1 antibodies showing reduced BRCA1 expression in HeLa cells 48 h after transfection with BRCA1 SMARTpool siRNA.
Untransfected cells and cells transfected with control siRNA show no reduction in BRCA1 expression. (E) Average total chromosomal gaps and
breaks per cell in HeLa cells after transfection with BRCA1 SMARTpool siRNA, no siRNA, or control siRNA; n � 100 metaphases for each data
set. Error bars indicate the 95% confidence interval. RNAi reduction of BRCA1 levels was achieved 48 h before harvest. Fragile-site induction
was achieved by addition of 0.2 �M aphidicolin 24 h before harvest. (F) Frequency (%) of gaps and breaks at specific fragile sites FRA3B and
FRA16D in HeLa cells after transfection with BRCA1 SMARTpool siRNA, no siRNA, or control siRNA. Fragile-site expression was measured
after 24 h of treatment with 0 �M (light gray) or 0.3 �M (dark gray) aphidicolin; n � 100 to 102 sites examined. Frequency of fragile-site induction
is presented as the percentage of chromosome 3 or 16 homologs with breaks at FRA3B or FRA16D, respectively.
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checkpoint and repair pathways may result in generalized in-
stability that manifests itself as gaps and breaks at random sites
in addition to or instead of at specific fragile sites.

Under similar treatment conditions, cells deficient in ATR

activity show a substantially greater increase in common-frag-
ile-site expression than do cells lacking BRCA1 (3). A likely
explanation for these findings is that BRCA1 is only one of
several downstream targets of ATR that include CHK1, which
plays a major role in the G2/M checkpoint after stalled repli-
cation (20, 46). Thus, it is likely that inactivation of BRCA1
results in only partial inactivation of the G2/M checkpoint in
response to aphidicolin, as has been shown following IR (43,

FIG. 5. BRCA1 serine 1423, but not serine 1387, is necessary for
G2/M checkpoint induction after aphidicolin treatment. (A) Flow cy-
tometric profiles of cell cycle distribution of cells after 24 h in the
presence of 0 and 0.5 �M aphidicolin (APH). Shown are HCC1937
cells stably transfected with constructs expressing wild-type BRCA1,
BRCA1 containing serine-to-alanine mutations at serine 1423 or
serine 1387, or vector alone. Cells were stained for DNA content with
propidium iodide (y axis) and for histone H3 phosphorylation (x axis).
The mitotic cell population is circled, and the percentage of total cells
falling within that population is indicated. (B) Quantitation of flow
cytometric profiles of cell cycle distribution following 24 h of exposure
to 0.5 �M aphidicolin. Bars indicate the percentage of aphidicolin-
treated cells that are in mitosis relative to untreated cells. Error bars
indicate the standard deviation.

FIG. 6. G2/M checkpoint-deficient HCC1937 cells expressing a
serine-to-alanine mutation at serine 1423 have increased fragile-site
expression. (A) Average total chromosomal gaps and breaks per cell in
HCC1937 cells stably transfected with the indicated BRCA1 expression
constructs after 24 h in the presence (dark gray) or absence (light gray)
of 0.3 �M aphidicolin; n � 100 metaphases for each data set. Error
bars indicate the 95% confidence interval. (B) Frequency of fragile-site
expression showing what percentage of specific fragile sites FRA3B
and FRA16D were broken in HCC1937 cells stably transfected with
the indicated BRCA1 expression constructs after 24 h of treatment with
0 �M (light gray) or 0.3 �M (dark gray) aphidicolin; n � 88 to 109 sites
examined. Frequency of fragile-site induction is presented as the per-
centage of chromosome 3 or 16 homologs with breaks at FRA3B or
FRA16D, respectively.
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45). This hypothesis is consistent with our flow cytometry data,
which showed a partial induction of the G2/M checkpoint by
0.5 �M aphidicolin (Fig. 5). On the other hand, when ATR
expression is eliminated, the entire pathway is likely inacti-
vated (15), resulting in a drastic reduction in the cell’s ability to
properly replicate common fragile sites.

The involvement of BRCA1 in the stability of common frag-
ile sites after replication perturbations is of interest in light of
the importance of BRCA1 in tumorigenesis. Loss of heterozy-
gosity of BRCA1 has been associated with increased suscepti-
bility to breast and ovarian cancer, and null mutations in
BRCA1 have been found to persist in cancer cells (18, 42).
Cells lacking BRCA1 will likely be prone to genomic alter-
ations that lead to deletions of associated genes, including
those at fragile sites, as has been seen in multiple cancers (1,
17, 21, 23, 28, 38).

Our finding that BRCA1 is involved in the stability of com-
mon fragile sites supports earlier work that the ATR check-
point pathway is critical to the stability of these sites. It has
previously been hypothesized that BRCA1, along with other
DNA repair proteins, is involved in fragile-site maintenance
through its DNA repair function (38). The data presented here
demonstrate that the G2/M checkpoint function of BRCA1 is
clearly important. Given the fact that fragile sites are likely to
be late replicating and may even finish replication in G2, it is
not surprising that the G2/M checkpoint is vital to fragile-site
stability. It is significant that BRCA1, a protein mutated in
breast and other cancers, plays a role in fragile-site stability.
With some common fragile sites being linked to tumorigenesis
(30, 33), these findings help elucidate the mechanisms of in-
stability seen in tumor cells as well as the processes that main-
tain an integral feature of normal chromosome structure.
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