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Homologous recombination and
nonhomologous end-joining repair
pathways regulate tragile site stability
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Common fragile sites are specific loci that form gaps and constrictions on metaphase chromosomes exposed to
replication stress, which slows DNA replication. These sites have a role in chromosomal rearrangements in
tumors; however, the molecular mechanism of their expression is unclear. Here we show that replication
stress leads to focus formation of Rad51 and phosphorylated DNA-PKcs, key components of the homologous
recombination (HR) and nonhomologous end-joining (NHE]), double-strand break (DSB) repair pathways,
respectively. Down-regulation of Rad51, DNA-PKcs, or Ligase IV, an additional component of the NHE] repair
pathway, leads to a significant increase in fragile site expression under replication stress. Replication stress
also results in focus formation of the DSB markers, MDC1 and yH2AX. These foci colocalized with those of
Rad51 and phospho-DNA-PKcs. Furthermore, yYH2AX and phospho-DNA-PKcs foci were localized at expressed
fragile sites on metaphase chromosomes. These findings suggest that DSBs are formed at common fragile sites
as a result of replication perturbation. The repair of these breaks by both HR and NHE] pathways is essential

for chromosomal stability at these sites.
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Common fragile sites are specific chromosomal loci that
appear as constrictions or gaps on metaphase chromo-
somes from cells exposed to partial inhibition of DNA
replication. Under these conditions, the general replica-
tion is slowed, but is not stalled. Unlike rare fragile sites,
which are associated with expanded repeat sequences
(Sutherland 2003), common fragile sites do not harbor
such sequences and are an intrinsic part of the normal
chromosomal structure, considered to be present in all
individuals. The major inducer of common fragile sites is
aphidicolin, an inhibitor of DNA polymerase «, §, and &
(Tkegami et al. 1978; Cheng and Kuchta 1993).

Early studies found a correlation at the cytogenetic
level between chromosomal bands harboring common
fragile sites and chromosomal breakpoints in tumors
(Hecht and Hecht 1984; Yunis and Soreng 1984). Subse-
quently, molecular studies have demonstrated a role for
common fragile sites in chromosomal instability in vitro
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and in the occurrence of chromosomal rearrangements
in tumors (Richards 2001; Arlt et al. 2003). Despite their
inherent instability, common fragile sites are conserved
in mice (Shiraishi et al. 2001; Krummel et al. 2002; Ro-
zier et al. 2004) and primates (Ruiz-Herrera et al. 2004)
and were even suggested to exist in yeast (Cha and
Kleckner 2002; Lemoine et al. 2005).

Thirteen common fragile sites were cloned and char-
acterized to date and the cytogenetic expression of each
of these sites appears along a large genomic region rang-
ing from several hundred kilobases to a few megabases
(Arlt et al. 2003; Callahan et al. 2003; Denison et al.
2003; Ferber et al. 2003; Limongi et al. 2003; Zlotorynski
et al. 2003; Rozier et al. 2004). Common fragile sites
were found to be enriched in highly flexible AT-rich se-
quences (Mishmar et al. 1998, 1999; Zlotorynski et al.
2003), which were shown to have a high potential of
forming secondary structures that could perturb the
elongation of DNA replication along the fragile regions
(Zlotorynski et al. 2003). Studies of replication time un-
der normal growth conditions revealed a perturbed elon-
gation of DNA replication along common fragile sites
compared with nonfragile regions (Le Beau et al. 1998;
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Wang et al. 1999; Hellman et al. 2000; Palakodeti et al.
2004). The difference between fragile and nonfragile re-
gions is further enhanced under partial replication inhi-
bition. Under these conditions, in a substantial fraction
of G2 cells, the fragile regions fail to complete their rep-
lication, indicating specific stalling of the replication
fork along these regions (Le Beau et al. 1998). However,
the molecular events that lead from replication pertur-
bation to fragile site expression are still unknown.

Replication stalling may lead to replication fork col-
lapse and hence to the formation of DNA double-strand
breaks (DSBs) (Lundin et al. 2002; Saintigny et al. 2001).
From all forms of DNA damage, DSBs are probably the
most hazardous to the integrity of the genome. A failure
to repair DSBs could lead to cell death or to chromo-
somal rearrangements (Khanna and Jackson 2001). In or-
der to prevent the deleterious effects of DSBs, all organ-
isms have evolved complex damage-response networks
to detect and repair these lesions. The presence of DSBs
is recognized by sensors, which transmit the signal to a
series of downstream effectors through a transduction
cascade to activate cell cycle checkpoints and induce
DNA repair (Khanna and Jackson 2001; Jackson 2002).

There are two major DSB repair pathways, the ho-
mologous recombination (HR), which repairs the break
using a homologous chromatid or chromosome, and the
nonhomologous end-joining (NHE]J), which processes
and ligates the DNA ends directly (Jackson 2002). These
are distinct pathways and their function is complemen-
tary but partially overlapping (Mills et al. 2004). Repli-
cation-associated DSBs are repaired by both mecha-
nisms, though the HR was suggested to play a more
prominent role (Arnaudeau et al. 2001; Saintigny et al.
2001; Lundin et al. 2002).

A role for the activation of cell cycle checkpoints in
common fragile site-associated gaps and constrictions
has been recently demonstrated. The expression of com-
mon fragile sites was shown to be regulated by ATR
(Casper et al. 2002, 2004), a protein kinase that regulates
the replication-associated DNA damage response (Abra-
ham 2001). Subsequently, BRCAI, a downstream target
of ATR (Tibbetts et al. 2000; Xu et al. 2001, 2002), was
found to affect fragile site stability via the G,/M check-
point (Arlt et al. 2004). While writing this manuscript, a
role in fragile site expression for two additional proteins
was demonstrated, the structural maintenance of chro-
mosome 1 (SMC1) and FANCD2, which are involved in
DNA damage repair and checkpoint activation (Howlett
et al. 2005; Musio et al. 2005).

These findings shed light on the role of cell cycle
checkpoints in fragile site expression. However, it re-
mains unclear if, under conditions that slow DNA rep-
lication, DSBs are formed at fragile sites and whether
their stability is dependent on the DSB repair pathways.

Here we show that replication stress leads to forma-
tion of damage-induced nuclear foci of Rad51 and phos-
pho-DNA-PKcs, key components of the HR and NHE]
DSB repair pathways, respectively (Jackson 2002). Fur-
thermore, down-regulation of Rad51, DNA-PKcs, or the
specific NHE] ligase, Ligase IV (Weterings and van Gent
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2004), leads to a significant increase in fragile site ex-
pression under replication stress. This indicates that the
major DSB repair pathways are essential for the mainte-
nance of chromosomal stability at common fragile sites.
We further demonstrate nuclear focus formation of two
proteins known to localize at DSBs, the phosphorylated
form of histone H2AX (yH2AX) (Rogakou et al. 1998,
1999] and the mediator of DNA damage checkpoint pro-
tein 1 (MDC1) (Goldberg et al. 2003; Stewart et al. 2003).
vH2AX foci colocalized with Rad51 and phospho-DNA-
PKcs foci. Importantly, yH2AX and phospho-DNA-PKcs
foci were localized at expressed fragile sites on meta-
phase chromosomes. Hence, we suggest that conditions
that only slow replication along the entire genome lead
to DSB formation as a result of fork stalling and collapse
at fragile sites. This activates the DSB repair pathways,
which are required for the stability of these regions.

Results

The DSB repair proteins Rad51 and DNA-PKcs are
recruited to damage-induced foci under conditions
that induce the expression of fragile sites

In order to investigate the role of the DSB repair path-
ways in fragile site expression, we first analyzed the re-
cruitment of Rad51 and DNA-PKcs, key components of
the HR and NHE] repair pathways, respectively, in cells
treated with 0.4 uM aphidicolin, a concentration used to
induce the expression of common fragile sites. The HR
pathway is involved in both the restart of stalled repli-
cation forks and the repair of DSBs induced by their col-
lapse (Michel et al. 2001; Lundin et al. 2002). The NHE]
pathway is involved in DSB repair only (Critchlow and
Jackson 1998; Lundin et al. 2002).

The Rad51 protein is recruited to sites of DNA dam-
age, where it mediates the search for a homologous se-
quence in the homologous recombination process (Bau-
mann and West 1998; Tarsounas et al. 2004). Immuno-
fluorescence analysis in HeLa cells using Rad51
antibodies showed, under normal growth conditions, a
diffused staining in 98 % of the nuclei with less than five
foci per nucleus (Fig. 1). Following aphidicolin treat-
ment, discrete foci were observed in >90% of the nuclei,
with a mean of 22.5 + 1.7 foci per nucleus (Fig. 1). The
number of foci in treated cells was significantly higher
than that found under normal growth conditions
(p <0.001). These results show that treatment with 0.4
1M aphidicolin leads to recruitment of Rad51 into dam-
age-induced foci, which might indicate activation of the
HR pathway.

DNA-PKcs is a protein kinase that is thought to tether
broken DNA ends, to facilitate rejoining, and to recruit
other factors of the NHE] pathway (Burma and Chen
2004). DNA-PKcs undergoes autophosphorylation on
Thr2609 in response to DSBs. The phosphorylated pro-
tein forms nuclear foci at the site of DNA damage (Chan
et al. 2002). By using antibodies directed against the
Thr2609 phosphorylated form of DNA-PKcs, we fol-
lowed DNA-PKcs activation and relocalization follow-
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O os| Figure 1. Rad51 forms foci following treatment
me6-15| with 0.4 pM aphidicolin. (A) HeLa cells were
B >15| treated with 0.4 uM aphidicolin for 24 h, fixed,
and stained with anti-Rad51 antibodies (a-
Rad51). Untreated cells were analyzed as control.
(B) Number of Rad51 nuclear foci in cells treated
with 0.4 pM aphidicolin and in untreated cells.
The data presented are based on at least two in-
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ing treatment with 0.4 pM aphidicolin. In untreated
HeLa cells, most of the nuclei (>95%) did not show any
staining or showed few foci (less than five) (Fig. 2A,B).
Following aphidicolin treatment, >80% of the nuclei
showed more than five foci, with a mean of 17.1 + 1 (Fig.
2A,B). The number of foci in treated cells was signifi-
cantly higher than that found under normal growth con-
ditions (p < 0.001). These results suggest that this low
aphidicolin concentration leads to DSB formation, prob-
ably due to the collapse of stalled replication forks. We
further analyzed the phospho-DNA-PKcs focus forma-
tion in response to different aphidicolin concentrations
(Fig. 2A,C). A concentration-dependent increase in the
number of foci was detected. Following treatment with
0.1 uM aphidicolin, ~30% of the nuclei showed more
than five foci, among which only 3% had >30 foci. Fol-
lowing treatment with 0.4 uM aphidicolin, in ~80% of
the nuclei more than five foci were observed and the
mean number of phospho-DNA-PKcs foci was threefold
higher than that in cells treated with 0.1 uM aphidicolin
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(p < 0.001). In cells treated with 6 uM aphidicolin, a con-
centration that totally blocks DNA replication, >40% of
the nuclei showed >50 foci, a level that was not observed
in the lower aphidicolin concentrations. Interestingly,
the expression of common fragile sites in metaphase
chromosomes also depends on aphidicolin concentra-
tion. Even a very low concentration of 0.1 uM aphidico-
lin leads to fragile site expression, while treatment with
0.4 puM results in a threefold increase in expression (Fig.
2D). The threefold increase in the number of phospho-
DNA-PKcs foci between 0.1 pM and 0.4 pM aphidicolin
is very similar to that found for fragile site expression in
metaphase, indicating a correlation between these phe-
nomena. Together, the results showing focus formation
by Rad51 and DNA-PKcs indicate that both DSB repair
pathways are recruited under conditions that induce the
expression of fragile sites.

We then analyzed the possible interaction between the
HR and NHE]J pathways, following conditions that in-
duce fragile site expression. For this we performed coim-

a o5
@615
H >15
Figure 2. DNA-PKcs forms foci following
g aphidicolin treatment. (A) HeLa cells were
treated with the indicated concentration of
aphidicolin for 24 h, fixed, and stained with
O 05| antibodies against the DNA-PKcs, phosphory-
O 630|  Jated on Thr2609 (a-pDNA-PKcs). Untreated
W31-50|  cells were analyzed as control. (B) Number
B >50| of phospho-DNA-PKcs nuclear foci in cells

treated with 0.4 pM aphidicolin and in un-
treated cells. (C) Number of phospho-DNA-
PKcs nuclear foci in cells treated with the in-
6 dicated aphidicolin concentration. Note that
the categories are different from those in B to
allow comparison with the high number of foci
obtained with 6 uM aphidicolin. (D) Number of
gaps and constrictions per metaphase in HeLa
cells treated for 24 h with the indicated aphi-
dicolin concentration. (E) HeLa cells were
treated with 0.4 pM aphidicolin for 24 h, fixed,
and costained with «-pDNA-PKcs and a-
Rad51. The data presented are based on at least
two independent samples.
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munostaining using antibodies against both Rad51 and
phospho-DNA-PKcs. In most nuclei three types of foci
were observed (Fig. 2E): foci containing only Rad51
(22% + 5.5%) or only phospho-DNA-PKcs (40% = 8.5%)
and foci in which the signal of both proteins colocalized
(38% = 7.5%). These results may suggest that the HR
and NHE] pathways can act to repair the same DSB.

Rad51, DNA-PKcs, and Ligase IV repair proteins
regulate fragile site stability

We then analyzed the role of HR and NHE]J in fragile site
expression by down-regulating the expression of the
Rad51, DNA-PKcs, and Ligase IV genes. For this, HeLa
and MCF7 cells were transiently transfected with the
RNA interference pSUPER vector, which contained se-
quences directed against Rad51, DNA-PKcs, or Ligase IV.
The transfection was performed using electroporation,
which resulted in ~85% efficiency (data not shown). First
we analyzed the effect of down-regulation of Rad51.
Western blot analysis showed reduction in Rad51 pro-
tein level in MCEF7 cells transfected with pSUPER con-
taining siRNA directed against Rad51 (pS-Rad51), com-
pared with cells transfected with the pSUPER vector
only (Fig. 3A). No reduction in Rad51 protein level was
obtained in HeLa cells, despite the high transfection ef-
ficiency (data not shown). The reason for this is unclear;
however, the lack of down-regulation could result from
polymorphisms in the target sequence. Thus, further ex-
periments were performed in MCF7 cells. Following 0.4
UM aphidicolin treatment, cells transfected with pS-
Rad51 showed a significant increase in the level of gaps
and constrictions (approximately twofold), compared
with cells transfected with pSUPER (p < 0.01) (Fig. 3B). In
these cells most (60%) of the metaphases showed more

Figure 3. Rad51 down-regulation by RNAi A

leads to increased common fragile site ex-

pression. (A) Western blot probed with

a-RAD51 in MCF7 cells transfected with

PSUPER encoding siRNA directed against )
Rad51 (pS-Rad51). Transfection with the
pSUPER plasmid (pS) was analyzed as con-
trol. Reduction in protein level was 90%. (B)
Number of gaps and constrictions per meta-
phase in MCF7 cells transfected with pS-
Rad51 with or without treatment with 0.4
uM aphidicolin for 24 h. Transfection with
pS was analyzed as control. (C) Example of
a metaphase from MCF7 cells transfected
with pS-Rad51 showing a high number of C
gaps and constrictions (n = 15). The box in
the bottom right is a magnification of the
area marked in the picture. Arrows mark
gaps and constrictions. (D) Frequency of
fragile site (FS) FRA3B and FRA16D expres-
sion with or without 0.4 uM aphidicolin
treatment for 24 h in MCF?7 cells transfected
with pS-Rad51or pS. Error bars indicate the
standard error. The data presented are based
on at least two independent samples.

Rad51
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than five gaps and constrictions, among which were
metaphases with a high number of gaps and constric-
tions (>15), which were not seen in control cells (Fig.
3B,C).

It is known that most chromosomal gaps and constric-
tions following aphidicolin treatment occur at fragile
sites (Glover et al. 1984). To verify that the increase in
gaps and constrictions in cells in which Rad51 was
down-regulated is at common fragile sites, we measured
the expression of the cloned common fragile sites FRA3B
and FRA16D using fluorescent in situ hybridization
(FISH) with specific probes. Rad51 down-regulation led
to a fourfold (p < 0.01) and 4.5-fold (p < 0.05) increase in
the expression of FRA3B and FRA16D, respectively, un-
der conditions of replication stress, compared with con-
trol transfections, (Fig. 3D). We further analyzed the ef-
fect of down-regulation of Rad51 expression under nor-
mal growth conditions. As can be seen in Figure 3B, a
significant increase in the level of gaps and constrictions
was observed in cells transfected with pS-rad51, com-
pared with cells transfected with pSUPER (p < 0.01) (Fig.
3B). FISH analysis using probes from FRA3B and
FRA16D regions revealed a significant increase in gaps
and constrictions at these specific loci, p <0.01 and
p < 0.05, respectively (Fig. 3D). These results strongly
suggest that under both normal conditions and replica-
tion stress, HR is required for the stability of fragile sites.

We then analyzed the effect of DNA-PKcs down-regu-
lation on the expression of fragile sites. Western blot
analysis showed reduction in DNA-PKcs protein level in
both MCF7 and HeLa cells transfected with pSUPER
containing siRNA directed against DNA-PKcs (pS-D-PK)
relative to transfection with empty pSUPER (Fig. 4A).
Following aphidicolin treatment, MCF?7 cells transfected
with pS-D-PK showed a significant increase in the level
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B 351 Figure 4. DNA-PKcs down-regulation by
:1?‘:(5) RNAI leads to increased common fragile
- ;] : site expression. (A) Western blot probed

with a-DNA-PKcs in MCF7 and HeLla
cells transfected with pSUPER encoding
siRNA against DNA-PKcs (pS-D-PK).
Transfection with the pSUPER plasmid

pS pS-D-PK pS pS-D-PK
+ +

(pS) was analyzed as control. Reduction in
protein level was 85% and 65% for MCF7
and HelLa cells, respectively. (B) Number
of gaps and constrictions per metaphase in
MCF7 cells transfected with pS-D-PK with
or without treatment with 0.4 uM aphidi-
colin for 24 h. Transfection with the pS
plasmid was analyzed as control. (C) Num-
ber of gaps and constrictions per meta-
phase in HeLa cells transfected with pS-D-
PK with or without treatment with 0.4 pM
aphidicolin for 24 h. Transfection with the
pS was analyzed as control. (D) Example of
a metaphase from MCF7 cells transfected
with pS-D-PK showing a high number of
gaps and constrictions (n = 28). The box in
the top right is a magnification of the area
marked in the picture. Arrows mark gaps
or constrictions. (E) Frequency of fragile
site (FS) FRA3B and FRA16D expression
following treatment with 0.4 uM aphidi-
colin for 24 h in MCF7 cells transfected
with pS-D-PK. Transfection with the pS
was used as control. (F) The same experi-
ment as in E, performed in HeLa cells. Er-
ror bars indicate the standard error. The
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of fragile site expression (approximately twofold) com-
pared with cells transfected with pSUPER (p < 0.001)
(Fig. 4B). In MCF7 cells transfected with pS-D-PK, >80%
of the metaphases showed more than five gaps and con-
strictions, among which were ~20% metaphases with
>15 gaps and constrictions. In several of the metaphases
the level was very high and reached >25 gaps and con-
strictions (Fig. 4B,D). In HeLa cells, a similar increase in
the expression level was observed (p <0.01) (Fig. 4C).
The analysis of specific fragile sites following DNA-PKcs
down-regulation in MCF7 cells showed a fourfold
(p < 0.05) and fivefold (p < 0.05) increase in the expres-
sion of FRA3B and FRAI16D, respectively, compared
with control transfections (Fig. 4E). Similar results were
found following down-regulation of DNA-PKcs in HeLa
cells (p < 0.05 for FRA3B and p < 0.01 for FRA16D) (Fig.
4F). Down-regulation of DNA-PKcs expression under
normal growth conditions did not lead to increased fre-
quency of fragile site expression (Fig. 4B,D). Since fragile
site expression was extremely low (0.5 fragile site [FS]/
metaphase) in cells following down-regulation of DNA-
PKcs under normal growth conditions, specific fragile
site expression was not further analyzed.

Last, we analyzed the effect of down-regulation of Li-

data presented are based on at least two

FRA16D independent samples.

gase IV. Western blot analysis showed reduction in Li-
gase IV protein level in MCF7 cells transfected with
pSUPER containing siRNA directed against Ligase IV
(pS-LiglV), compared with cells transfected with the
PSUPER vector only (Fig. 5A). As with the Rad51 down-
regulation, no reduction in Ligase IV protein level was
obtained in HeLa cells; therefore further experiments
were performed in MCF7 cells. Following 0.4 pM aphidi-
colin treatment, cells transfected with pS-LiglV showed
a significant increase in the level of gaps and constric-
tions (approximately twofold), compared with cells
transfected with pSUPER (p < 0.01) (Fig. 5B). In these
cells most (80%) of the metaphases showed more than
five gaps and constrictions, among which were meta-
phases with a high number of gaps and constrictions
(>15), which were not seen in the control cells (Fig.
5B,C). The analysis of specific fragile sites following Li-
gase IV down-regulation in MCF7 cells showed a three-
fold (p < 0.05) and 2.5-fold (p < 0.05) increase in the ex-
pression of FRA3B and FRA16D, respectively, compared
with control transfections (Fig. 5D). It is worth noting
that the increase in the expression of FRA3B and
FRA16D following the down-regulation of the different
genes was higher than the increase in the level of general
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Figure 5. Ligase IV down-regulation by
RNAI leads to increased common fragile
site expression. (A) Western blot probed A
with a-Ligase IV in MCF7 cells transfected

with pSUPER encoding siRNA directed

against Ligase IV (pS-LigIV). Transfection

with the pSUPER plasmid (pS) was ana- N
lyzed as control. Reduction in protein .

level was 90%. (B) Number of gaI;)s and Lielv (.
constrictions per metaphase in MCF7 cells
transfected with pS-LigIlV with or without
treatment with 0.4 uM aphidicolin for 24
h. Transfection with pS was analyzed as
control. (C) Example of a metaphase from
MCE7 cells transfected with pS-LigIV
showing a high number of gaps and con-
strictions (n = 18). The box in the top left
is a magnification of the area marked in
the picture. Arrows mark gaps and con-
strictions. (D) Frequency of fragile site (FS)
FRA3B and FRA16D expression following
treatment with 0.4 uM aphidicolin for 24
h in MCF7 cells transfected with pS-LiglV
or pS. Error bars indicate the standard er-
ror. The data presented are based on at
least two independent samples.

fragile sites, consistent with earlier reports that FRA3B
and FRA16D are among the most frequently expressed
fragile sites (Glover et al. 1984), which thus may pin-
point to their sensitivity to repair perturbation.

Down-regulation of Ligase IV expression under nor-
mal growth conditions did not lead to an increased fre-
quency of fragile site expression (Fig. 5B), similar to the
results obtained with DNA-PKcs under these conditions
(Fig. 4B). This could result from incomplete down-regu-
lation of DNA-PKcs and Ligase IV. Thus, in order to
investigate this possibility, we performed the MTT assay
to measure radiation sensitivity. In the absence of DSB
repair factors, radiation sensitivity is expected to in-
crease. Indeed, the analysis showed an increased radia-
tion sensitivity following down-regulation of each of the
NHE] genes (Supplementary Fig. 1), indicating that the
down-regulation of these genes was functionally effec-
tive. Hence it is more likely that under normal replica-
tion conditions, HR or other repair pathways can com-
pensate for the deficiency of these NHE] factors. It is
important to note that our analysis was performed in
HeLa and MCF7 cell lines, which might have abnormal
checkpoint responses to unrepaired DNA damage that
may affect their response to replication stress.

Altogether, the analyses of Rad51, DNA-PKcs, and Li-
gase IV demonstrate that the HR and NHE] DSB repair
pathways regulate the stability of fragile sites under rep-
lication stress.

yH2AX and MDC1 form damage-induced foci under
conditions that induce the expression of fragile sites

To further investigate the formation of DSBs under con-
ditions that induce the expression of fragile sites, we
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analyzed focus formation of yH2AX and MDCI1, which
are known to localize at DSBs (Rogakou et al. 1998, 1999;
Goldberg et al. 2003; Stewart et al. 2003). Histone H2AX
is a variant of histone H2A, which undergoes phosphory-
lation in response to DSBs originating from diverse ori-
gins, including replication fork collapse. Histone H2AX
phosphorylation occurs along a large region of several
megabases around the site of damage, and hence is seen
as discrete nuclear foci (Rogakou et al. 1998, 1999; Ward
and Chen 2001). Phosphorylation of histone H2AX on
Ser139 is crucial to the recruitment of other components
of the damage response pathway to the damage site
(Paull et al. 2000). Immunofluorescence analysis using
antibodies directed against yH2AX was performed in
HeLa cells following 0.4 uM aphidicolin treatment. Un-
der normal growth conditions most nuclei (>85%) did
not show any staining or showed less than five foci (Fig.
6A,B), consistent with the low level of DSBs formed dur-
ing normal replication. Following aphidicolin treatment,
>95% of the nuclei showed >15 foci, with a mean of
58.2 = 2.9 foci per nucleus (Fig. 6A,B). The number of foci
in treated cells was significantly higher than that found
under normal growth conditions (p < 0.001). Impor-
tantly, none of the aphidicolin-treated cells showed less
than five foci, indicating that replication perturbation by
low levels of aphidicolin leads to DSBs in all cells.

We further analyzed yH2AX focus formation in re-
sponse to different aphidicolin concentrations (Fig.
6A,C). A concentration-dependent increase in the num-
ber of foci was detected. The mean number of yYH2AX
foci following 0.4 uM aphidicolin was 3.2-fold higher
than that in cells treated with 0.1 uM aphidicolin
(p <0.001). As in the case of DNA-PKcs, the increase in
vyH2AX foci between 0.1 uM and 0.4 uM aphidicolin is
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correlated with the increase in fragile site expression.
Arresting DNA replication with 6 uM aphidicolin led to
massive phosphorylation of histone H2AX, as 94% of the
nuclei showed >50 foci, of which 65% showed a uniform
intense staining in which foci could not be counted. This
indicates that DNA replication arrest leads to DSB for-
mation throughout the entire genome, while conditions
that only slow the replication lead to DSB formation in
some genomic regions. We further analyzed the interac-
tion of yH2AX with Rad51 or phospho-DNA-PKcs. The
results showed that in all nuclei the vast majority of
Rad51 (87% = 2.5%) or DNA-PKcs (92% + 2%) foci colo-
calized with yH2AX foci (Fig. 6D,E). Since Rad51 and
DNA-PKcs were shown to regulate fragile site expres-
sion, the colocalization of these proteins with yH2AX
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Figure 6. yH2AX forms foci following aphidicolin
treatment. (A) HeLa cells were treated with the indi-
cated aphidicolin concentrations for 24 h, fixed, and
stained with anti- yH2AX antibodies (a-yH2AX). Un-
treated cells were analyzed as control. (B) Number of
YH2AX nuclear foci in cells treated with 0.4 uM
aphidicolin and in untreated cells. (C) Number of
yH2AX nuclear foci in cells treated with the indi-
cated aphidicolin concentration. Note that the cat-
egories are different from those in B to allow com-
parison with the high number of foci obtained with 6
uM aphidicolin. (D) HeLa cells were treated with 0.4
BM aphidicolin for 24 h, fixed, and costained with
a-yH2AX and a-pDNA-PKcs. (E) Hela cells were
treated with 0.4 uM aphidicolin for 24 h, fixed, and
costained with a-yH2AX and «-Rad51. The data pre-
sented are based on at least two independent
samples.

further supports our hypothesis that following replica-
tion stress, DSBs are formed at fragile sites.

We then analyzed in HeLa cells the response of MDCI1,
another protein that localizes at DSBs. MDCI1 has been
shown to form foci following irradiation-induced DSBs
and replication stalling (Goldberg et al. 2003; Stewart et
al. 2003; Xu and Stern 2003). Interestingly, MDC1 regu-
lates DNA-PKcs autophosphorylation in response to
DNA damage (Lou et al. 2004) and is essential for main-
taining additional factors of the DNA damage response
pathway at the damage site (Lukas et al. 2004). Immu-
nofluorescence analysis using a specific antibody against
MDCI1 showed under normal growth conditions a dif-
fused staining in >90% of the nuclei, with less than five
foci per nucleus (Fig. 7). In cells treated with 0.4 pM

O os

B 615 Figure 7. MDCI forms foci following treatment

with 0.4 pM aphidicolin. (A) HeLa cells were
B >15|  treated with 0.4 pM aphidicolin for 24 h, fixed, and
stained with anti-MDC1 antibodies (a-MDC1). Un-
treated cells were analyzed as control. (B) Number
of MDC1 nuclear foci in cells treated with 0.4
BM aphidicolin and in untreated cells. The data
presented are based on at least two independent

aphidicolin -

+ samples.

GENES & DEVELOPMENT 2721


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on September 4, 2024 - Published by Cold Spring Harbor Laboratory Press

Schwartz et al.

aphidicolin, discrete MDC1 nuclear foci were observed
in ~80% of the nuclei, with a mean of 13 + 1.3 foci per
nuclei (Fig. 7). The number of foci in treated cells was
significantly higher than that found under normal
growth conditions (p > 0.001). These results, showing fo-
cus formation of both yH2AX and MDCI, indicate that
aphidicolin treatment leads to DNA DSB formation.

vH2AX and phospho-DNA-PKcs foci localize to
expressed fragile sites at metaphase

To examine whether the repair foci localize to fragile
regions, we performed immunofluorescence using anti-
bodies against yH2AX or phospho-DNA-PKcs and FISH
using probes from the FRA3B region on cells following
treatment with 0.4 uM aphidicolin. Analysis of chromo-
some 3, in which FRA3B was expressed, revealed that in
68% of the chromosomes a signal of YH2AX was located
on the gap (Fig. 8), while no signal of yH2AX was ob-
served in chromosomes in which FRA3B was not ex-
pressed. A similar analysis was performed for phospho-
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Figure 8. yH2AX and phospho-DNA-PKcs foci localize to ex-
pressed fragile sites at metaphase. Chromosomes from HeLa
cells treated with 0.4 uM aphidicolin for 24 h were stained with
anti-yH2AX or anti-phospho-DNA-PKcs and hybridized with a
probe from the FRA3B region. (A) DAPI staining of chromosome
3 expressing FRA3B (arrow). (B) The same chromosome showing
a yH2AX immunofluorescent signal (red) and a FISH signal of a
probe from the FRA3B region (green). (C) DAPI staining of chro-
mosome 3 expressing FRA3B (arrow). (D) The same chromo-
some showing a phospho-DNA-PKcs immunofluorescent signal
(red) and a FISH signal of a probe from the FRA3B region (green).
(E) Quantitation of the localization of yH2AX and phospho-
DNA-PKcs foci to the FRA3B region. Error bars indicate the
standard error. The data presented are based on at least two
independent samples.
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DNA-PKcs that showed that on 48% of FRA3B gaps and
constrictions phospho-DNA-PKcs signals were detected,
while in only 4% of the chromosomes in which FRA3B
was not expressed, a phospho-DNA-PKcs signal was
found (Fig. 8). These results indicate that there is a spe-
cific interaction between DSB repair proteins and ex-
pressed fragile sites, providing evidence that repair pro-
teins are recruited to DSBs in expressed fragile sites. The
results further indicate that most expressed fragile sites
represent regions undergoing repair at metaphase.

Discussion

Here we show that replication stress, which slows the
general replication of the genome and induces the ex-
pression of common fragile sites, activates the DNA
damage response pathway, leading to recruitment of the
main DSB repair pathways, HR and NHE]. We further
demonstrate that these repair pathways are important
for the stability of common fragile sites under these con-
ditions. Common fragile sites are involved in different
chromosomal rearrangements such as deletions, translo-
cations, and viral integrations both in vitro and in vivo
(Richards 2001; Arlt et al. 2003). The occurrence of all
these events requires DSBs for their formation. Here we
provide evidence that DSBs are indeed involved in the
induction of gaps and constrictions at fragile sites under
replication stress conditions. Previous studies suggested
a role for checkpoint pathways and for DNA damage
response pathways in the maintenance of fragile site sta-
bility. Our results demonstrate that a critical part of this
response is the activation of DSB repair pathways, which
are essential for the maintenance of chromosomal sta-
bility at common fragile sites.

Our first evidence was based on the nuclear focus for-
mation by Rad51 and DNA-PKcs, major proteins of the
HR and NHE] DSB repair pathways, respectively, under
conditions that induce fragility (Figs. 1, 2). These path-
ways play an overlapping role in the repair of DSBs and
the balance between them is not fully understood. DSBs
that form at replication forks are repaired by both HR
and NHE]J, although HR is thought to play a predomi-
nant role in such repair (Arnaudeau et al. 2001; Saintigny
et al. 2001). A recent study by Chen et al. (2005) showed
that NHEJ is preferentially activated by replication-as-
sociated DSBs. Previous studies showed that UV- and
endonuclease-induced DSBs are also repaired by both
HR and NHE], which can cooperate even at the same
DSB (Richardson and Jasin 2000; Rapp and Greulich
2004). Our results show that under conditions that
only slow DNA replication of the entire genome, both
HR and NHE] repair pathways are activated to main-
tain fragile site stability. The DSBs formed under these
conditions may also be repaired by coupling these
two pathways (Fig. 2E). The analysis revealed that a
substantial number of phospho-DNA-PKcs and Rad51
foci colocalize. Further studies are required to investi-
gate the kinetics of both repair pathways under these
conditions.

The analysis of Rad51, DNA-PKcs, and Ligase IV
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showed an increase in fragile site expression under rep-
lication stress conditions, following down-regulation of
either of these proteins (Figs. 3-5). This indicates that
under these conditions, DSBs are formed at common
fragile sites. Under normal replication, down-regulation
of Rad51 led to a significant increase in fragile site ex-
pression, while down-regulation of DNA-PKcs or Ligase
IV had no effect, suggesting that a deficiency in repair of
replication-induced DSBs by NHE]J could be compen-
sated by HR, but not vice versa. Interestingly, Allen et al.
(2002) demonstrated that DNA-PKcs deficiency leads to
an increase in DSB repair by HR, supporting that HR
may partially compensate for NHE] deficiency. Another
possibility is that Rad51 down-regulation, but not DNA-
PKcs or Ligase IV down-regulation, may affect DNA rep-
lication per se. Further studies are required to investigate
this hypothesis.

Since fragile sites are specifically sensitive to replica-
tion perturbation, we suggest that low levels of aphidi-
colin lead to replication arrest, and hence to formation of
DSBs in these genomic regions, similar to the findings
for the entire genome under prolonged replication arrest.
This hypothesis is further supported by the formation of
vyH2AX and MDCI1 foci, which indicates the formation
of DSBs under replication stress (Figs. 6, 7). These results
are consistent with a recent report by Musio et al. (2005)
that showed yH2AX focus formation following 0.4 pM
aphidicolin in human fibroblasts.

Importantly, we have shown that yH2AX and phos-
pho-DNA-PKcs repair foci localize to expressed common
fragile site regions (Fig. 8). These results indicate that
indeed DSBs form at common fragile sites following rep-
lication stress and are repaired by the DSB repair mecha-
nisms. Interestingly, it was previously suggested that
yH2AX functions as an anchor to hold the broken
double-strand ends (Rogakou et al. 1998, 1999; Paull et
al. 2000; Bassing and Alt 2004), implying that yH2AX
foci represent unrepaired breaks. Thus, our results show
that most gaps and constrictions seen on metaphase
chromosomes at common fragile sites represent an on-
going damage that is still being processed at metaphase
by the DNA damage response and the DSB repair path-
ways. The finding of expressed fragile sites in which no
DSB repair foci were detected might represent regions in
which DSB repair was accomplished yet their condensa-
tion is still incomplete.

The results presented here are highly significant for
understanding the role that common fragile sites may
play in chromosomal instability. Numerous molecular
studies have shown that chromosomal breakpoints that
drive genomic instability are located in common fragile
sites (Arlt et al. 2003; Richards 2001). This includes am-
plification of the Met oncogene in gastric carcinoma lo-
cated within FRA7G (Hellman et al. 2002), loss of the
Fhit tumor suppressor gene located in FRA3B and of the
WWOX tumor suppressor gene located in FRA16D in
various tumor cells (Richards 2001; Arlt et al. 2003), and
additional deletions (Arlt et al. 2002; Denison et al. 2003)
and translocations (Wilke et al. 1994; Krummel et al.
2000; Fang et al. 2001) at these and other fragile sites.

HR and NHE]J in fragile site stability

Additionally, integrations of the human papilloma virus
in cervical carcinoma were found to occur at common
fragile sites (Wilke et al. 1996; Thorland et al. 2000,
2003). The results presented in our study indeed demon-
strate the occurrence of DSBs at fragile sites following
replication stress. During in vivo tumorigenesis, expo-
sure of cells to physiological environmental factors that
interfere with DNA replication, such as hypoxia; deregu-
lation of the nucleotide pools; and treatment with cyto-
toxic drugs might induce fragile site expression and chro-
mosomal rearrangements arising from DNA breakage at
these sites.

Thus, we propose a model for the molecular events
leading from replication stress to the induction of com-
mon fragile sites. Fragile sites are genomic regions that
are significantly more sensitive to replication perturba-
tion than other regions in the genome. The reason for
their sensitivity is unknown; however, it was shown
that the fragile regions are enriched in AT-dinucleotide
runs, which may lead to perturbed elongation of DNA
replication due to their high DNA flexibility and their
potential to form secondary structures (Zlotorynski et al.
2003). Therefore, under conditions of replication stress,
which only slow the replication of the entire genome,
the replication forks tend to stall and collapse at the
fragile regions, leading to DSB formation. The stalled
replication forks are recognized by the DNA damage re-
sponse mechanism, which activates cell cycle check-
points through the ATR cascade and other proteins, in-
cluding histone H2AX, BRCA1, SMC1, MDC1, and
FANCD?2. In parallel to the checkpoint activation, the
DNA repair pathways are recruited to the damage sites.
The stalled forks may then be restarted by the HR path-
way or, in the case of fork collapse and DSB formation,
repaired by the HR and/or NHE] pathways. Most of these
replication-induced lesions are repaired and hence the
chromosome structure at metaphase is normal. How-
ever, in cases where the lesion fails to be repaired and
persists into mitosis, or if the repair occurs late in S
phase or in G2, the chromatin condensation of a large
region will be disrupted and hence gaps and constrictions
will appear in metaphase at the fragile regions. Accord-
ing to this model, deficiencies in genes of the DNA dam-
age response cascade might result in a less efficient re-
pair and greater chromosomal instability at fragile sites
even under mild replication stress. Indeed, in cells from
patients carrying mutations in the ATR, BRCAI, and
FANCD? genes, higher levels of fragile sites were found
(Arlt et al. 2004; Casper et al. 2004; Howlett et al. 2005).
Unrepaired DSBs that accumulate at the fragile sites fol-
lowing replication stress in vivo predispose the genome
to chromosomal rearrangements that can promote can-
cer or lead to inherited diseases.

Materials and methods

Cells, growth conditions, and treatment

HeLa and MCF7 cells were grown in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% fetal calf serum. Aphidi-
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colin treatment was performed by growing cells for 24 h in
M-199 media supplemented with 10% fetal calf serum, contain-
ing the indicated aphidicolin concentration and 0.5% ethanol.

Immunofluorescence

Cells were fixed in 3.7% formaldehyde/PBS for 10 min, perme-
abilized with 0.5% Triton/PBS, and blocked with 5% BSA/PBS.
The primary antibodies used in this study were mouse and rab-
bit anti-yH2AX (Upstate Biotechnology), mouse anti-pT2609
DNA-PKcs (raised in Dr. Chen’s laboratory), rabbit anti-Rad51
(Oncogene Research Products), and sheep anti-MDCI1 (previ-
ously described in Goldberg et al. 2003). Appropriate rhodamine
or Cy2 conjugated secondary antibodies were added (Jackson
Immunoresearch Laboratories). Images were taken with a Bio-
Rad confocal microscope. For focus information analysis at least
50 nuclei for each condition were analyzed.

Chromosome preparation and fragile site analysis

Cells were harvested after a 40-min treatment with 100 ng/mL
colchicine followed by a 40-minute incubation in 0.4% KCI at
37°C and multiple changes of 3:1 methanol:acetic acid fixative.
Cells were dropped onto slides and slides were baked overnight
at 37°C before the FISH protocol. BAC clones crossing or within
fragile sites were used for FISH analysis. BAC 1012 was used for
FRA3B and BAC 264L1 was used for FRA16D. Probes were la-
beled with digoxigenin (DIG)-11-dUTP (Roche) by nick transla-
tion. DIG-labeled probes were detected with fluorescein isothio-
cyanate (FITC)-conjugated sheep anti-DIG specific antibodies
(Roche) and the signal was amplified using donkey anti-sheep
Cy2 antibodies (Jackson Immunoresearch Laboratories). DNA
was stained with propidium iodide. FISH on metaphase chro-
mosomes was performed as previously described (Lichter et al.
1988).

Fragile site expression was analyzed using a Nikon fluores-
cent microscope. For total gaps and constrictions, at least 50
metaphases for each condition were analyzed. For expression of
specific fragile sites, at least 50 hybridizations were analyzed.

RNA interference

The pSUPER plasmid was used for expressing siRNAs as previ-
ously described (Brummelkamp et al. 2002). The sequences used
for down-regulating Rad51, DNA-PKcs, and Ligase IV were TG
TAGCATATGCTCGAGCG, CTGCAGGCGTATCCAGCAC,
and GAGCCTTCTTCAACTTATA, respectively. Transfection
of HeLa and MCF?7 cells was performed by using an electropora-
tion protocol (described in Agami and Bernards 2000). Aphidi-
colin treatment was performed 72 h post-transfection.

Western blot

Polyacrylamide gels were used for protein separation for detec-
tion of DNA-PKcs (5%), Rad51 (12%), and Ligase IV (12%). The
gel was transferred to a nitrocellulose or PVDF membrane and
antibody hybridization and chemiluminescence were per-
formed according to standard procedures. DNA-PKcs was de-
tected with mouse antibodies (Neomarkers), Rad51 was de-
tected with rabbit antibodies (Novus Biologicals), and Ligase IV
was detected with rabbit antibodies kindly provided to us by
Professor Stephen P. Jackson (University of Cambridge, Cam-
bridge, UK). HRP-conjugated anti-mouse and anti-rabbit sec-
ondary antibodies were obtained from Jackson Immunoresearch
Laboratories. The level of protein expression was analyzed using
the NIH image software.
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Radiation sensitivity assay

Radiation sensitivity was assessed by the 3-[4, 5-dimethylthia-
zol-2-yl]-2, 5-diphenyl-tetrazolium bromide (MTT) assay. Cells
were seeded in medium in 96-well plates after transfection
with the pSUPER plasmid or pSUPER containing the relevant
siRNAs. Seventy-two hours post-transfection, cells were irradi-
ated with different doses of irradiation (4-10 Gy) using an X-ray
radiation source (Faxitron X-Ray). Seventy-two hours post-irra-
diation, MTT (20 pL of a 5 mg/mL solution in PBS) was added to
each well. After 5 h of incubation at 37°C, the cells were lysed
with 200 pL of dimethyl sulfoxide (DMSO), and the absorbance
of each well was measured at 535 nm and 635 nm by a micro-
plate reader (Tecan).

Statistical analysis

For comparison of total gaps and constrictions and foci number,
the Kolmogorov-Smirnov two-sample test was used. For com-
parison of specific fragile sites expression, Fisher’s test was
used.

Immunofluorescence and FISH

Immunofluorescence and FISH was performed as previously de-
scribed (Sullivan and Warburton 1999). Briefly, chromosome
spreads were obtained by cytocentrifugation (Cytospin 3, Shan-
don Inc.), followed by detection with specific antibodies against
phospho-DNA-PKcs or yH2AX, and by FISH using standard pro-
cedures with BAC clone 1012 from the FRA3B region and in
several experiments also with a plasmid from centromere 3
(pAEO0.68), kindly provided to us by Dr. Mariano Rocchi and Dr.
Nicoletta Archidiacono (University of Bari, Bari, Italy). DNA
was stained with DAPI. Analysis was performed using a Nikon
fluorescent microscope. For analysis of yH2AX and phospho-
DNA-PKcs localization, 50 chromosomes 3 were analyzed.
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