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Common fragile sites (CFSs) are loci that preferentially exhibit meta-
phase chromosome gaps and breaks after partial inhibition of DNA
synthesis. The fragile site FRA3B, which lies within the FHIT tumor-
suppressor gene, is a site of frequent heterozygous and homozygous
deletions in many cancer cells and precancerous lesions. The great
majority of FHIT and other CFS-associated gene rearrangements in
tumors are submicroscopic, intralocus deletions of hundreds of kilo-
bases that often result in inactivation of associated genes. Although
CFS instability leads to chromosome gaps and breaks and transloca-
tions, there has been no direct evidence showing that CFS instability
or replication stress can generate large submicroscopic deletions of
the type seen in cancer cells. Here, we have produced FHIT/FRA3B
deletions closely resembling those in tumors by exposing human–
mouse chromosome 3 somatic hybrid cells to aphidicolin-mediated
replication stress. Clonal cell populations were analyzed for deletions
by using PCR, array comparative genomic hybridization (aCGH), and
FISH. Thirteen percent to 23% of clones exhibited submicroscopic FHIT
deletions spanning �200–600 kb within FRA3B. Chromosomes with
FRA3B deletions exhibited significantly decreased fragility of this
locus, with a 2- to 12-fold reduction in metaphase gaps and breaks
compared with controls. Sequence analysis showed no regions of
homology at breakpoints and suggests involvement of NHEJ in
generating the deletions. Our results demonstrate that replication
stress induces a remarkably high frequency of tumor-like microdele-
tions that reduce fragility at a CFS in cultured cells and suggests that
similar conditions during tumor formation lead to intralocus deletion
and inactivation of genes at CFSs and perhaps elsewhere in the
genome.

fragile site � genome instability � replication stress

Common fragile sites (CFSs) are regions of the genome that are
particularly susceptible to forming gaps and breaks on meta-

phase chromosomes under conditions of replication stress induced
by certain inhibitors of DNA synthesis, particularly the polymerase-
inhibiting drug, aphidicolin (APH) (1, 2). The ATR-dependent
DNA damage checkpoint has been shown to be centrally involved
in maintenance of CFS stability, leading to the model that CFS
lesions result from stalled replication at these sites (3–6).

In addition to cytogenetic ‘‘expression’’ of CFS gaps and breaks
on metaphase chromosomes, CFSs exhibit a number of additional
characteristics of unstable DNA in cultured cells. After induction
with APH, the majority of CFS breaks display sister chromatid
exchanges (SCEs) (7). Chromosome breakage at CFSs can lead to
translocations and gross chromosome terminal deletions after APH
treatment in somatic cell hybrid systems in which there is no
negative selection for loss of genes distal to the CFS (8, 9). CFSs are
also preferred sites of integration for transfected DNA in cells
pretreated with APH (10–12) and have been implicated in break-
age leading to intrachromosomal gene amplification events in
cultured CHO cells (13).

Although normally stable in most somatic cells in vivo, numerous
studies have shown that CFSs are sites of frequent chromosome
breakage and rearrangements in cancer cells. The CFS-specific
rearrangements most frequently observed are one or more submi-
croscopic deletions of several hundred kilobases directly within the

CFS region, often resulting in inactivation of the associated genes
(reviewed in refs. 14 and 15). Most such studies have focused on
FRA3B and FRA16D because they are the two most frequently
expressed and best-characterized CFSs, and both lie within the large
tumor-suppressor genes, FHIT and WWOX, respectively (16, 17).

FRA3B is the most fragile site in the genome and extends over
�500 kb within the 1.5-Mb FHIT gene (16, 18, 19). Consistent with
its proposed function as a tumor suppressor, homozygous genomic
deletions within the FHIT gene have been observed in a large
number of human cancers and cancer cell lines, including lung,
breast, gastric, cervical, and esophageal carcinomas (reviewed in
ref. 20). Rearrangements of the short arm of chromosome 3,
especially within FHIT, are among the most frequently acquired
genetic changes in lung pathogenesis (21–23). For example, Li et al.
(22) observed 79% of 38 non-small-cell lung cancer (NSCLC)
tumors had deletions in FHIT. In addition, deletion breakpoints in
FRA3B and other CFSs have been shown to occur in precancer-
ous lesions in association with activated DNA damage checkpoints
(24, 25) and in the earliest stages of esophageal adenocarcinoma
(26). The discontinuous nature of a number of deletions within
FRA3B in tumor cell lines has been suggested as evidence of
ongoing instability in CFS regions (21). Although submicroscopic
deletions within CFSs in cancer cells are common, many fewer
translocations or cytological detectable gross deletions, such as
those exhibited in cultured cells (8), have been reported (reviewed
in ref. 20).

It has been assumed that the mechanism leading to these
submicroscopic deletions in FHIT and other CFS genes in tumor
cells is CFS instability after replication stress. However, there is no
direct experimental evidence from studies of mammalian cells or
cells from any organism that either CFS breakage or replication
stress can lead to frequent deletions of hundreds of kilobases as
seen in tumor cells. Based on the knowledge that APH is known to
induce translocations and other gross chromosomal rearrange-
ments with breaks at CFSs in hamster–human somatic cell hybrids
(8) we hypothesized that tumor-like submicroscopic deletions at
CFSs would be induced and could be detected in a modified
experimental system using high-resolution genome analysis.

In experiments described here, human–mouse chromosome 3
somatic cell hybrid cells were subjected to replication stress through
low-dose APH treatment to induce CFS lesions. Multiplexed PCR
markers spanning FRA3B were used to detect deletions within
FHIT/FRA3B. We observed FHIT/FRA3B deletions spanning
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hundreds of kilobases that closely resembled those found in tumors
at a remarkably high frequency in isolated cell clones. Clones with
intralocus FRA3B deletions showed a significant reduction in
FRA3B breaks on metaphase chromosomes. Our results demon-
strate that replication stress induces a high frequency of tumor-like
submicroscopic deletions of hundreds of kilobases within FHIT/
FRA3B and suggests that similar conditions during tumor forma-
tion leads to intralocus deletion and inactivation of genes at CFSs
and perhaps elsewhere in the genome.

Results
Identification of Submicroscopic Deletions Within FHIT/FRA3B. A so-
matic human–mouse hybrid cell model system was used to examine
the effects of APH-mediated replication stress on inducing dele-
tions within FHIT/FRA3B. A subclone of a chromosome 3 human–
mouse somatic cell hybrid cell line (GM11713A) with a G418-
resistance (neor) selectable marker gene inserted at 3p21.3 (distal
to FRA3B at 3p14.2) was used in these experiments (27). The
location of the neor gene was verified by inverse PCR (data not
shown). GM11713A cells contain a single copy of human chromo-
some 3, including an intact FRA3B region, in addition to a full
complement of the mouse genome. Therefore, rearrangements of
chromosome 3 that do not result in loss of the neor gene should not
be selected against in culture.

Because GM11713A cells are hemizygous for human chromo-
some 3, FRA3B deletion screening was performed by PCR. One
hundred forty-six PCR markers spaced at �10- to 30-kb intervals
were designed spanning the entire 1.5-Mb FHIT gene and 3 Mb of
flanking sequence [supporting information (SI) Table 4]. Thirty
clones derived from treatment with each of two APH doses and 30
untreated clones were screened for deletions (90 total). Primers
were multiplexed so that each reaction was internally controlled
with a positive PCR result. We found that 4 of 30 (13%) clones
treated with 0.3 �M APH exhibited deletions in FRA3B (P �
0.112). Seven of 30 (23%) clones treated with 0.6 �M APH
exhibited deletions in FRA3B, a significantly higher percentage
than the untreated control group (P � 0.011), which did not exhibit
any deletions (Table 1). The higher frequency of deletions observed
in cells treated with 0.6 �M APH compared with cells treated with
0.3 �M APH is indicative of a dose-dependent response. In total,
11 clones with FRA3B deletions were isolated, representing a
combined frequency of 18%. It is possible that this is an underes-
timate of the actual frequency of induced deletions, because plating
efficiency of APH-treated cells was decreased compared with
untreated cells (SI Fig. 6).

All 11 clones had deletions that completely lie within the
boundaries of FHIT, and most deletions centered on exon 5 of
FHIT, which is considered the center of FRA3B fragility (Fig. 1).
The average deletion size was �392 kb, with the smallest and largest
deletions spanning �187.2 and 618.8 kb, respectively (Table 2).
Clones generated with 0.3 �M APH had an average deletion size
of �359.3 kb, whereas those generated at 0.6 �M APH had a
slightly larger average deletion size of �411.3 kb. In general,
deletions extend from FHIT intron 3 to intron 5, and each deletion
was unique. Four additional clones with FRA3B deletions induced
by 0.6 �M APH treatment were generated in a smaller pilot

experiment (clones p-10, p-43, p-154, and p-851) and were charac-
terized by PCR but not included in frequency analysis of APH-
induced deletions, for a total of 15 deletion clones (Fig. 1).

Confirmation of Deletions by FISH and Array Comparative Genomic
Hybridization (aCGH). All 15 FHIT/FRA3B deletions identified by
PCR were verified by FISH analysis. A control fosmid mapping
outside of the deletions (WIBR2-2244H18) and a test fosmid
(WIBR2-1521A22 or WIBR2-1588A06) from within the deleted
regions were used as FISH probes and hybridized to metaphase
preparations from deletion clones. All clones with suspected FHIT/
FRA3B deletions hybridized the control probe, but not the test
probe (SI Fig. 7).

To further confirm deletions and to increase resolution of
deletion boundaries, four deletion clones (3-16, 6-30, p-43 and
p-851) were selected for aCGH analysis using high-density microar-
rays containing oligonucleotides spaced at 110-bp intervals span-
ning the FHIT locus (Fig. 2). The aCGH-detected breakpoints fell
within the predicted deletion boundaries determined by PCR,
except for clone p-43, which was found to have a distal breakpoint
falling �2 Mb further telomeric than the PCR detected distal
breakpoint (Tables 2 and 3). This discrepancy was based on the
result of a positive PCR signal with a single PCR primer pair and
therefore is most likely a result of PCR artifact or a complex
rearrangement in this clone. Interestingly, one of four clones
analyzed by aCGH, clone 3-16, showed a 50-kb duplication neigh-
boring the �230-kb deletion in FRA3B (Fig. 2 and Table 3),
suggesting that APH-mediated replication stress can induce large
duplications in addition to deletions.

APH-Induced Deletions Within FHIT Resemble Those Found in Cancer.
Several groups have mapped homozygous deletions within FRA3B
in various tumors and tumor-derived cell lines by using markers in
each of the FHIT exons (16, 23, 28, 29). We compared a number of
these FHIT deletions reported in the literature with our APH-
induced deletions (Fig. 3). Although the resolution of the tumor
breakpoints is, in general, much lower than for our deletion clones,
the APH-induced deletions resemble the size of and coincide with
or span many of these tumor deletions. For example, esophageal
cancer cell lines, small-cell lung carcinomas, non-small-cell lung
carcinomas, and breast cancers, like the hybrid deletion clones, have
deletions centered around FHIT exon 5 (22, 28, 29).

Deletions Within FHIT/FRA3B Significantly Reduce CFS Instability. To
determine the effects of deletions on FRA3B fragility, seven clones
with unique deletions were analyzed for APH-induced gaps and
breaks on metaphase chromosomes (Fig. 4). Seventy-five met-
aphases were scored for FRA3B breakage in each of the seven

Table 1. Proportion of clones with deletions in FRA3B

APH dose,
�M

Frequency of clones
with FRA3B
deletions, %

No. of clones
with FRA3B
deletions

P, compared
with control

0.0 0 0/30 —
0.3 13 4/30 0.112
0.6 23 7/30 0.011
Total 18 11/60 0.013

Fig. 1. Map of APH-induced FHIT/FRA3B deletions. PCR-mapped positions of
APH-induced deletions in FHIT/FRA3B in hybrid clones. Clones 6-3, 6-9, 6-11,
6-19, 6-21, 6-22, 6-30, p-10, p-43, p-154, and p-851 were derived from treat-
ment with 0.6 mM APH. Clones 3-1, 3-5, 3-16, and 3-24 were derived from
treatment with 0.3 mM APH.
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deletion clones (clones 3-5, 3-16, 6-3, p-10, p-43, p-154, and p-851)
and in the nondeleted control. All deletion clones still exhibited
FRA3B breaks but at a significantly reduced frequency compared
with the control (Fig. 4) (P � 0.0001–0.05). We could not deter-
mine whether small differences in location or size of deletions
variably affected fragility of FRA3B because almost all deletion
clones exhibited breakage frequencies that were not significantly
different from each other. However, clone p-43, which contains the

largest deletion spanning 3.6 Mb, including the entire distal portion
of FHIT, had the lowest frequency of FRA3B breaks, a 14-fold
reduction compared with the control (Fig. 4) (P � 0.001), suggest-
ing that there is a correlation of increased deletion size with
decreased fragility.

Analysis of Flexibility Peaks. Flexibility peaks, defined as regions
with high local variations in twist angle have been hypothesized to
play a role in CFS instability by generating unusual DNA structures
that could impede replication (31). In an attempt to identify
sequences that might contribute to FRA3B instability, we analyzed
a conservative minimal deletion region, defined as any sequence
deleted in two or more clones, and surrounding proximal and distal
FHIT sequence, for flexibility peaks.

The minimal deletion region spanned 619 kb (60,817,436–
60,198,628), the region of FHIT proximal to the minimal deletion
region spanned 395 kb (61,212,164–60,817,436, and the region of
FHIT distal to the minimal deletion region spanned 489 kb
(60,198,627–59,710,076). By using the Twist Flex program to iden-
tify flexibility peaks, the 619-kb minimal deletion region was found
to contain a total of 21 peaks exceeding the standard 13.7° threshold
with an average flexibility of 10.98° (31) (SI Fig. 8B and SI Table
5). The regions of FHIT proximal and distal to the minimal deletion
region contained a total of seven peaks and a flexibility averaging
10.93° and 16 peaks and an overall flexibility averaging 10.86°,
respectively (SI Fig. 8 A and C, and SI Table 5). Thus, overall
flexibility was virtually equivalent throughout FHIT. The minimal
deletion region contains nearly twice the number of peaks per
kilobase (1 peak per 29 kb) than the proximal segment of FHIT (1
peak every 56 kb) but nearly the same number of peaks per kilobase
as the distal segment of FHIT (1 peak per 31 kb). These values are
similar to the average incidence of flexibility peaks reported for
both CFS and nonfragile regions of the human genome (1 peak per
24–32 kb) (32). No peaks were found to lie at predicted deletion
boundaries, consistent with previously published studies that report
that cancer-derived cell lines with FHIT/FRA3B deletions do not
coincide with flexibility peaks (28).

Sequences at Deletion Breakpoints. At the 10- to 30-kb resolution
used in the PCR screens, several clones appeared to share the same
deletion boundaries that may represent hotspots for FRA3B break-
age. The proximal deletion boundaries of clones 6-9, 6-11, and 6-30
mapped to the same 29-kb interval and were further refined to the
same 5.5-kb interval by using additional PCR primers (Fig. 1 and
Table 2). Five additional clones (3-1, 3-5, 6-9, 6-11, and 6-30) also
shared proximal breakpoints mapping within a 12.8-kb region.

Table 2. Deletion breakpoint regions determined by PCR

Clone Chr. 3 distal breakpoint position (size, bp) Chr. 3 proximal breakpoint position (size, bp) Deletion size range, kb

3-1 60,206,616–60,202,204 (4,412) 60,710,149–60,702,855 (7,294) 496.2–507.9
3-5 60,202,369–60,198,628 (741) 60,714,271–60,709,997 (4,851) 507.6–515.6
3-16 60,402,073–60,391,764 (10,309) 60,630,221–60,626,399 (3,822) 224.3–238.5
3-24 60,566,383–60,561,053 (5,330) 60,758,476–60,753,625 (4,851) 187.2–197.2
6-3 60,539,566–60,533,393 (6,173) 60,842,259–60,838,199 (4,060) 298.6–308.9
6-9 60,392,607–60,385,946 (6,661) 60,702,855–60,697,398 (5,457) 310.2–311.5
6-11 60,379,475–60,373,686 (5,798) 60,702,855–60,697,398 (5,457) 323.7–329.4
6-19 60,473,559–60,467,459 (6,100) 60,744,773–60,738,593 (6,180) 265.0–277.3
6-21 60,202,369–60,198,628 (3,741) 60,817,436–60,813,287 (4,149) 610.9–618.8
6-22 60,206,616–60,202,204 (4,412) 60,773,541–60,770,871 (2,670) 566.9–568.7
6-30 60,218,415–60,212,528 (5,887) 60,702,855–60,697,398 (5,457) 484.4 484.9
p-10 60,202,369–60,198,628 (3,741) 60,615,999–60,611,135 (4,864) 408.8–417.4
p-43 59,205,733–58,114,483 (1.09 Mb) 60,488,718–60,484,754 (3,694) 1.3–2.4 Mb (3.6 Mb by aCGH)
p-154 60,170,294–60,162,440 (7,854) 60,669,880–60,675,660 (5,780) 505.4–507.4
p-851 60,342,915–60,337,367 (5,548) 60,767,899–60,765,908 (1,701) 425.0–428.5

Chr., chromosome

Fig. 2. aCGH analysis of deletion clones. aCGH plots showing submicroscopic
deletions in four chromosome 3 somatic hybrid cell clones. The y axis indicates
the log2 ratio of the reference DNA to the hybrid clone DNA. Copy number
changes with log2 ratios �0.3 and ��0.3 were considered significant for
duplicated or deleted sequences, respectively. The x axis indicates the genomic
coordinates of each oligomer with respect to the FHIT gene, which spans
chr3:59,710,076–61,212,164.
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Because clones 6-9 and 6-11 originated from the same 0.6 �M
APH-treated culture, it is possible that they represent a single,
initial deletion derived from a common progenitor cell, with clone
6-11 acquiring a secondary proximal deletion. However, clone 6-30
was generated from a culture dish separate from clone 6-9 and 6-11.
Thus, all three clones sharing this proximal breakpoint cannot have
originated from a single cell that expanded before selection of
clones. Similarly, clones 3-1 and 3-5, clones 6-9 and 6-11, and clone
6-30 were all generated from separate cultures and
cannot have originated from expansion of a cell with a deletion in
chromosome 3.

The distal deletion boundaries of clones 3-1 and 6-22, and clones
3-5 and 6-21, mapped to the same 4.4-kb interval (Fig. 1 and Table
2) and five clones (3-1, 3-5, 6-21, 6-22, and 6-30) shared distal
breakpoints mapping within an 18.8-kb region (Table 2). As with
clones sharing proximal deletion boundaries, clones 3-1 and 6-22
and clones 3-5 and 6-21 arose independently because they were
generated from different culture dishes.

Using BLAST (www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi),
we found no regions of significant sequence similarity or sequence
identity �10 nt between the proximal and distal breakpoint regions
in 10 of the 15 deletion clones. In the other five clones, regions of
identical sequence matches ranging from 13 to 43 nt were found.
Thus, no extended stretches of sequence identity that would suggest
homology-mediated repair were found in any of the breakpoint
regions.

The high-resolution aCGH data allowed us to develop PCR
primers mapping to within 2 kb of breakpoints and to amplify and
sequence directly across the breakpoint junctions in three clones
(3-16, 6-30, and p-851). We could not amplify across the breakpoint
junction of the 3.6-Mb deletion in clone p-43, suggesting a complex

rearrangement. To determine whether regions of homology were
present at deletion breakpoints, we compared 2 kb of genomic
sequence external to the deletion breakpoints and 10 kb internal to
the deletion breakpoints in clones p-851, 6-30, and 3-16 by using the
BLAST program. Based on pairwise comparison of the sequences
present at the breakpoint regions, no direct or indirect repeats or
identical sequences were found at the breakpoints, and no extended
regions of homology or identical sequence �43 nt were found
within these regions. In addition, we did not identify the presence
of palindromic sequences in these regions by using the Human
DNA Palindrome Database (HPALDB) (http://vhp.ntu.edu.sg/
hpaldb). Rather, when we compared sequences across the break-
point junctions to the sequences of the corresponding regions of the
nondeleted control, which perfectly matched the human genome
draft sequence, build 36.1. We observed a 3-bp ATT insertion in
clone 6-30 (Fig. 5) and a 1-bp microhomology between breakpoints
in clones 3-16 and p-851. These data are consistent with NHEJ-
mediated repair at breakpoint junctions.

Discussion
FRA3B, which lies within the FHIT tumor-suppressor gene, is the
most fragile locus in the human genome. Rearrangements and
deletions of the FHIT/FRA3B locus are among the most common
chromosome aberrations found in tumors and preneoplastic le-
sions. The fragile site-specific rearrangements most frequently
observed are one or more large intralocus deletions of tens to
hundreds of kilobases directly within the CFS region, often resulting
in inactivation of the associated genes (16, 23–25, 28–30, 33–35). It
has been hypothesized that CFS instability leads to these deletions
after the formation of DNA DSBs upon exposure to replication
stress (24, 25). However, almost all experimental studies of CFS
instability have focused on factors influencing microscopically
detectable CFS gaps and breaks on metaphase chromosomes, the
biological significance of which could only be postulated. Although
CFS instability has been shown to give rise to gross chromosomal
aberrations including translocations and terminal deletions of 3p (1,
8) few translocations or gross rearrangements involving FHIT/
FRA3B have been observed in tumor cells, and there has been no
direct evidence demonstrating that CFS instability or replication
stress can produce submicroscopic intralocus deletions of hundreds
of kilobases at CFSs or elsewhere in the genome of any organism.

We have shown that FHIT deletions of hundreds of kilobases
are induced at a high frequency by exposing chromosome 3

Fig. 3. FHIT deletions in human cancer. Representative examples of published deletions in cancers and cancer cell lines compared with APH-induced deletions.
Each horizontal line represents regions deleted in �25% of ‘‘n’’ samples analyzed. Numbers in parentheses represent number of samples tested (n) and reference.

Table 3. Deletion breakpoints determined by aCGH

Clone

FHIT deletions

FHIT duplications
Distal

boundary
Proximal
boundary

6-30 60,230,237 60,734,018 None
p-851 60,342,988 60,765,820 None
p-43 56,889,623 60,487,704 None
3-16 60,401,085 60,627,358 60,716,2370–60,765,695
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human–mouse somatic cell hybrids to APH-mediated replica-
tion stress. Each deletion was unique, although several deletion
clones shared breakpoints mapping within intervals of 12–20 kb.
The APH-induced deletions are similar to published FHIT/
FRA3B tumor deletions in several respects. Like tumor dele-
tions, the hybrid deletions span hundreds of kilobases within the
FHIT gene. Furthermore, whereas exact sequences at FHIT/
FRA3B tumor deletion breakpoints have not been defined, both
APH-induced hybrid and many tumor FHIT deletions center on
what is considered to be the midpoint of FRA3B fragility
spanning FHIT introns 4 and 5 (22, 28, 29).

The FHIT/FRA3B deletions generated here are valuable re-
agents to study the contribution of DNA sequence to genome
instability at CFSs. The exact sequences that confer CFS instability
remain unidentified although several hypotheses have been pro-
posed including increased incidence of flexibility peaks, repetitive
elements, and AT-repeats (31, 36, 37). Based on TwistFlex analysis,
FHIT was found to contain a total of 44 flexibility peaks. Although
the minimal deletion region was found to have the greatest number
of flexibility peaks per kilobase, mean flexibility was virtually
equivalent throughout FHIT. When deletion clones were assayed
for APH-induced FRA3B breakage, all still exhibited FRA3B
breaks but at significantly reduced levels compared with undeleted
control cells. Clone p-43, which contained the largest deletion
spanning 37 of the 44 flexibility peaks within FHIT, showed the
greatest reduction in FRA3B breakage. Because individual peaks
with high degrees of flexibility were deleted in all hybrid clones,
individual flexibility peaks are unlikely to be the sole feature
responsible for CFS instability as assayed by metaphase chromo-
some gaps and breaks. It is more likely that multiple sequences or
chromosomal features such as chromatin conformation within
FRA3B collectively contribute to its instability.

The molecular mechanisms leading to APH-induced submicro-
scopic FRA3B deletions in cultured cells and in cancer cells are

unknown. Although numerous investigations have focused on
mechanisms of DNA DSB repair, nucleotide changes, small (�1
kb) deletions and gross chromosomal rearrangements, deletions,
and duplications of the size we have seen at FRA3B have not
previously been recognized as a consequence of replication stress
in mammalian cells, or cells from any organism. This is likely
because deletions of this size would not be well tolerated in bacteria
or yeast and have not been detected in mammalian cells because of
limitations in the methods of analysis. However, the cellular repair
mechanisms involved in preventing and generating these deletions
and duplications could be the same as those shown to function in
generating smaller deletions. Previous studies have firmly linked
stability of CFSs to the ATR-dependent cell cycle checkpoint
response to stalled replication in mammalian cells (4). Stalled
replication forks can collapse, leading to the formation of a DNA
DSB (38). Deletions can result from DNA double-strand breaks
that are repaired via homology-mediated pathways or by nonho-
mologous end joining (NHEJ). It has long been hypothesized, based
on the coincident locations of SCEs at CFSs, that homologous
recombination repair (HRR) is a likely candidate for repairing CFS
lesions (8). More recently, data supporting a role for both NHEJ
and HRR pathways in repair of CFS metaphase chromosome
breaks have been reported (39).

The experiments described here have allowed us to begin to
investigate specific sequences that may lead to CFS breakage and
the mechanisms by which large deletions in these regions are
formed. PCR data revealed that several FRA3B deletion clones
shared breakpoints falling in close proximity to one another.
Therefore, these sites may represent hotspots for instability. How-
ever, we were unable to correlate breakpoints with flexibility peaks,
palindromic sequence, histone modifications (40) or extended
regions of homology that might be responsible for breakage sus-
ceptibility in these regions. aCGH data allowed us to directly
sequence the breakpoint junctions of three deletions. Analysis of 12
kb of sequence spanning the deletion breakpoints of these three
clones did not reveal regions of homology or direct repeats, which
would indicate homology-mediated repair through an unequal
sister chromatid exchange event or single-strand annealing. Rather,
we observed 1 bp of microhomology at the breakpoints of two
clones and a 3-bp insertion in the third clone. Thus, it seems likely
that NHEJ, or the related microhomology-mediated end-joining
pathway (41) is responsible for repair of some CFS lesions leading
to submicroscopic deletions at CFSs. Interestingly, one of four
clones examined by aCGH showed a partial duplication in the
FRA3B region, suggesting an unequal exchange event or other
mechanism of repair in response to some lesions.

In summary, we have shown that APH-mediated replication
stress reproducibly induces submicroscopic microdeletions span-
ning hundreds of kilobases within FHIT/FRA3B. These results

Fig. 4. FISH analysis of FHIT/FRA3B deletions. Frequency (%) of gaps and breaks
at FRA3B in hybrid clones after 24-h APH treatment; n � 100 sites examined.
Frequencyoffragile-sitebreakageispresentedasthepercentageofchromosome
3swithbreaksatFRA3B.Datawerenormalizedwithrespect tototal chromosome
gaps and breaks to eliminate variability in cellular response to APH from clone to
clone. All error bars indicate the 95% confidence interval. Locations of deletions
in hybrid clones with respect to FHIT exons are shown as horizontal gray bars in
the map. Clones are listed from smallest to largest deletion size. *, Numbers of
FRA3B breaks in hybrid clones with deletions are significantly different from
control hybrid cell lines (P � 0.006, 0.014, 0.002, 0.05, 0.002, 0.014, and 0.001 for
clones 6-3, 3-16, p-10, p-154, 3-5, and p-43, respectively.

Fig. 5. Breakpoint junction sequences in clones 6-30, 3-16, and p-851.
Sequences present at breakpoints are in uppercase and deleted sequences are
in lowercase. Numerical positions of the breakpoints relative to the human
genome draft sequence (hg18) are indicated. Microhomologies and 3-bp
insertion at breakpoints are bold and underlined.

250 � www.pnas.org�cgi�doi�10.1073�pnas.0708097105 Durkin et al.



strongly support the hypothesis that replication stress during tumor
formation contributes to deletions, and perhaps duplications, at
CFSs that may inactivate associated tumor-suppressor genes such as
FHIT. Thus, submicroscopic deletion may be a common result of
replication stress. Furthermore, our approach provides a biologi-
cally relevant assay for studying CFS instability and for studies of
factors that influence genomic rearrangements at CFSs, and else-
where in the genome, after replication stress.

Materials and Methods
Generation of Deletion Clones. GM11713 human–mouse somatic cell hybrids
were obtained from Coriell Cell Repository. Hybrid cells were maintained in
DMEM media supplemented with 250 �g/ml active G418 (GIBCO) and 15% FBS.
The integration site of the neor gene used for selection of chromosome 3 was
determined by inverse PCR (described in ref. 42). To induce deletions, cells were
treated with low doses (0.3 �M and 0.6 �M) of APH that still allow cells to divide
and that are in the range of APH concentrations determined to be optimal for
inducing metaphase CFS breaks in these cells. Cells were treated for 5 days,
followed by a 1-day recovery period. Cells were then plated at a low density (100
cells per 100-mm culture dish). After 7–10 days, individual clones were isolated by
using cloning rings. Thirty clones were selected at each dose of APH in addition
to 30 untreated clones. Two cultures were treated at each dose level to ensure
that any recurrent deletions did not arise from the same original cell.

PCR Detection of Genomic Deletions. Total genomic DNA was extracted by using
the GentraPrep Puregene DNA Purification kit. PCR primers were designed by
using Primer3 (http://frodo.wi.mit.edu/primer3/input.htm). One hundred forty-
six markers spanning FHIT/FRA3B were analyzed by PCR, including markers in
exons1–10ofFHITandlociflankingtheFHITgene.Allprimersare listed inSITable
4. Primers were generated based on sequence from National Center for Biotech-
nology Information Build 36.1/hg18. PCRs were carried out in 25 �l containing 10
mM Tris�HCl), 50 mM KCl, 1.5 mM MgCl2, 200 �M deoxynucleotide triphosphates,
1.25 units of Taq polymerase, 0.2 �M final concentration of each primer, and
�200 ng of DNA. PCR conditions consisted of an initial denaturation at 94°C for
3 min, followed by 30 cycles of denaturation at 94°C for 45 s, annealing at an
optimized temperature between 58°C and 63°C for 45 s, and an extension at 65°C
for 45 s, with a final extension at 72°C for 5 min. The amplified products were
separated on 1.8% agarose gels and visualized by ethidium bromide staining.

Metaphase Chromosome and FISH Analysis. To induce CFS breaks, cells were
treated with 0.8 �M APH for 24 h. Metaphase spreads were prepared and
analyzed by FISH with the FRA3B-spanning YAC probe 850A6. Harvesting of cells,
chromosome preparations, and FISH protocols were performed as described (19).
Digoxigenin-labeled fosmids lying within FRA3B (WIBR2-1588A06, WIBR2-
15211A22) and biotin-labeled control fosmids 5-Mb telomeric to FRA3B (WIBR2-
2244H18) were used as probes to confirm FRA3B deletions.

aCGH. Chromosome 3 custom arrays containing 385,000 unique sequence oligo-
nucleotides spaced at 110-bp intervals were obtained from Nimblegen Systems.
Arrays were prepared according to the manufacturer’s protocol. Arrays were
scanned on an Axon 4000B scanner (Molecular Devices) with GenePIx software at
532 and 635 wavelengths. Data extraction normalization and visualization were
achieved by using manufacturer-provided software (NimbleScan and Signal-
Map). Arrays were analyzed for copy number differences by using two algo-
rithms: SegMNT, part of the NimbleScan software package provided by Nimble-
gen,andtheRsoftwaremoduleGLAD(43).Copynumberdifferencesdetectedby
each software package were manually curated to include only variants with an
average log2 ratio of more than 0.3 or less than �0.3, corresponding to a
minimum change of at least 25% between test and reference.

Sequence Analysis. The TwistFlex program (http://bioinfo.md.huji.ac.il/marg/
Flexstab) was used to analyze DNA flexibility [Mishmar et al. (31) and Kerem et al.
(46). Default values were set for window size (100 bp), leap (1 bp), normalization
value (10,000 bp), and threshold value (13.7°). The StabFlex program (http://
home.gna.org/stabflex), based on the same algorithm as TwistFlex, was used to
graph flexibility peaks.

Statistical Analysis. Total chromosome gaps and breaks data were analyzed by
using Student’s t test for equal or unequal variance. Variance was determined by
usingthesamplevarianceF test. Fisher’s two-sidedexact testwasusedforanalysis
of specific CFS breakage.
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