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Abstract

The instability of common fragile sites (CFSs) contributes to the development of a variety of cancers.
The ATR-dependent DNA damage checkpoint pathway has been implicated in maintaining CFS
stability, but the mechanism is incompletely understood. The goal of our study was to elucidate the
action of the ATR protein in the CFS-specific ATR-dependent checkpoint response. Using a
chromatin immunoprecipitation assay, we demonstrated that ATR protein preferentially binds
(directly or through complexes) to fragile site FRA3B as compared to non-fragile site regions, under
conditions of mild replication stress. Interestingly, the amount of ATR protein that bound to three
regions of FRA3B peaked at 0.4 uM aphidicolin (APH) treatment and decreased again at higher
concentrations of APH. The total amounts of cellular ATR and several ATR-interacting proteins
remained unchanged, suggesting that ATR binding to the fragile site is guided initially by the level
of replication stress signals generated at FRA3B due to APH treatment and then sequestered from
FRA3B regions by successive signals from other non-fragile site regions, which are produced at the
higher concentrations of APH. This decrease in ATR binding to fragile site FRA3B at the higher
concentrations of APH may account for the increasing number of chromosome gaps and breaks
observed under the same conditions. Furthermore, inhibition of ATR kinase activity by treatment
with 2-aminopurine (2-AP) or by over-expression of a kinase-dead ATR mutant showed that the
kinase activity is required for the binding of ATR to fragile DNAS in response to APH treatment.
Our results provide novel insight into the mechanism for the regulation of fragile site stability by
ATR.
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1. Introduction

The ATR-dependent DNA damage checkpoint pathway plays a central role in regulating
common fragile site (CFS) stability [1-5]. CFSs are regions of the genome that are prone to
forming gaps and breaks on metaphase chromosomes following partial inhibition of DNA
synthesis. CFSs are found in all individuals and comprise regions of DNA between 0.5 and 9
Mb in size. The implications of CFS instability in the development of cancers have been well
documented. CFSs have been found near or coincident with the positions of cancer-related
translocation breakpoints [6,7] and are associated with amplification of proto-oncogenes
[8-11], deletion of tumor suppressor genes [12-14], and integration of oncogenic viruses
[15-20]. To date, about 80 CFSs have been identified in the human genome and are highly
conserved among mammals [6].

One of these, FRA3B, is the most inducible CFS in the human genome. FRA3B is located
within the chromosomal band 3p14.2 and is deleted or rearranged in many cancers [21]. This
site is normally stable in cultured human cells. However, when cells are cultured under
conditions of replication stress induced by inhibitors of DNA synthesis such as aphidicolin
(APH), FRA3B displays visible gaps and breaks on metaphase chromosomes [22] and exhibits
submicroscopic deletions resembling those seen in cancer cells [23]. APH-induced fragility of
FRA3B was reported to extend over about 4 Mb including five genes—SCA7, CADPS, HT021,
PTPRG, and FHIT [24] (Fig. 1). Although the boundaries of FRA3B are not well defined, in
tumor-derived cell lines, most deletions and rearrangements observed within FRA3B map
specifically to a region of ~500 kb spanning from intron 3 to intron 5 of the FHIT gene [12,
13,25]. The FHIT gene encodes a tumor suppressor, and these disruptions result in its
inactivation [26]. These studies have implicated FRA3B instability in the development of a
variety of cancers.

Sequence analysis has revealed that common fragile sites have high A/T content and exhibit
significantly higher DNA flexibility compared to non-fragile regions [27,28]. Thus, CFSs have
the potential to form stable secondary structures that could disrupt replication. This notion is
supported by evidence that CFSs are inherently difficult to replicate, and low doses of
replication inhibitors further delay replication at the CFSs [29-31]. In addition, studies of the
fragile site FRA16D in yeast have shown that an AT-rich region contributes to stalling of the
replication fork and causes increased chromosomal breakage [32].

As a major DNA damage sensor protein, ATR, along with downstream target molecules,
responds to stalled and collapsed replication forks and, in turn, inhibits further firing of
replication origins, blocks entry into mitosis, and promotes DNA repair, recombination or
apoptosis [33,34]. Cells lacking functional ATR are defective in their checkpoint response to
agents that block replication fork progress, including APH and hydroxyurea, and to conditions
of hypoxia. In ATR-deficient cells, fragile site expression increases up to 20-fold with APH
induction and, even in the absence of APH, the frequency of fragile sites is at a level similar
to APH-treated ATR wild-type cells [1]. Furthermore, cells from individuals with Seckel
syndrome, which contain a hypomorphic mutation in the ATR gene and a low level of ATR
protein expression, display increased chromosomal breakage at CFSs when compared to
control cells [2]. This difference in fragile site instability increases as the concentration of APH
increases, suggesting that the amount of ATR is critical to respond to replication stress and
signal repair mechanisms. In addition, down-regulation of several other DNA damage response
proteins, including BRCAL [3], Chk1 [4], SMC1 [35], FANCD2 [5], HUS1 [36], and WRN
[37] also increases fragile site instability, establishing their role in control of common fragile
site integrity. Components of both homologous recombination and nonhomologous end-
joining pathways have been shown to participate in maintenance of fragile site stability [38].
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These studies suggest a working hypothesis for the mechanism of instability at CFSs in which
the AT-rich sequences present difficulties during replication which are further exacerbated by
APH or other replication stresses. Long stretches of single-stranded DNA could be generated
due to incomplete replication, activating the ATR-dependent DNA damage checkpoint
response. These unreplicated regions of DNA within CFSs, if left unrepaired, could result in
DNA breakage. However, there is no information that ATR protein is directly recruited to the
fragile site, if it can distinguish fragile and non-fragile site regions under mild replication stress,
or how increasing replication stress affects this association and results in increased DNA
breakpoints. We addressed these questions in the current study, initially showing that treatment
with low doses of APH leads to preferential binding of ATR protein (directly or through
complexes) to fragile site FRA3B, as compared to non-fragile site regions. Further examination
revealed that ATR binds to all three fragile regions of FRA3B in a similar manner, with peak
binding at 0.4 uM APH treatment and decreased binding at higher concentrations of APH. This
binding pattern could reflect the initial replication stress-induced association of ATR with
FRAZ3B, and subsequent sequestration by other non-fragile site regions, leading to DNA breaks
at fragile sites. In addition, we demonstrate that the kinase activity of the ATR protein is
required for binding to fragile DNAs in response to APH treatment. This study provides
mechanistic insight into the CFS-specific ATR-dependent checkpoint response.

2. Materials and Methods

2.1. Cell culture and chemical treatments

HeLacellsand GM13069 cells were cultured in Dulbecco's modified Eagle's medium (DMEM)
(Gibco) and RPMI 1640 medium (Gibco) respectively, both supplemented with 10% (v/v) fetal
bovine serum (Gibco). Cultures were incubated at 37°C in a humidified incubator with 5%
COo. The apparently healthy lymphoblastoid cell line GM13069 transformed by Epstein-Barr-
virus was obtained from Coriell Cell Repositories (Camden, NJ). Cells were treated with either
APH (Sigma) or APH plus 2-AP (Sigma) for 24 hrs at various concentrations as indicated in
the figure legends. For fragile site analysis, cells were analyzed at the University Diagnostic
Laboratories (RWIMS-UMDNJ) by the GTG banding method [39].

2.2. Chromatin Immunoprecipitation assay (ChIP)

ChIP assays were performed as described in Jiang and Sancar [40] with the following
modifications. Briefly, 1.4 x 10’ GM13069 or HeLa cells were grown in T75 flasks and
subjected to either no treatment or treatments with APH or APH plus 2-AP before cross-linking
with formaldehyde. A fixing solution (11% formaldehyde, 100 mM NaCl, 1 mM EDTA, 0.5
mM EGTA, 50 mM Tris-Cl, pH 8.0) was mixed with the cells to a final concentration of 1%
formaldehyde, and the mixture was incubated at room temperature for 20 minutes. The cross-
linking reaction was terminated by adding glycine to a final concentration of 125 mM and
incubating for 5 minutes. Chromatin was recovered by centrifugation and washed first with
wash solution 1 (0.25 % Triton X-100, 10 mM EDTA, 0.5 mM EGTA, 10 mM Tris-HCI, pH
8.0) and then with wash solution 2 (200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 10 mM Tris-
HCI, pH 8.0). The cross-linked chromatin was dissolved in 0.5 ml TEE buffer (1 mM EDTA,
0.5mM EGTA, 10 mM Tris- HCI, pH 8.0). The samples were sonicated using a Fisher Model
60 Sonic Dismembrator (Fisher Scientific). The supernatants were collected by centrifugation,
and 1% of chromatin was aliquoted to check the amount of input DNA present in each sample.
To reduce nonspecific background, the remaining solutions were incubated with salmon sperm
DNA/protein A agarose slurry (Upstate Biotechnology) for 2 hours at 4°C. The pre-cleared
supernatants were obtained by centrifugation, and 2 ug of rabbit polyclonal antibodies against
human ATR (Affinity Bioreagents) were added to the supernatant and incubated overnight at
4°C. The DNA-protein-antibody complexes were collected by incubating with salmon sperm
DNA/protein A agarose slurry for 45 min at 4°C followed by centrifugation. The agarose beads
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were washed with low salt, high salt, and LiCl immune complex wash buffers (Upstate
Biotechnology) three times each. The DNA-protein complexes were eluted in freshly made
0.2% SDS/0.1 M NaHCOg3 solution, and then reverse-crosslinked at 65 °C for 6 hours. DNA
was further purified by phenol/chloroform extraction and ethanol precipitation. For each ChIP
preparation, a no-antibody control, in which the same procedure was carried out in parallel but
without the addition of anti-ATR antibody, was included.

2.3. PCR detection

The immunoprecipitated DNAs were analyzed by PCR, along with 0.1% of input DNA, for
three regions of FRA3B and four non-fragile site regions. Three fragments of FRA3B:
FRA3B_C5EXR (nt 60516530~60516940 of GenBank accession number NT_022517),
FRA3B_17.18 (nt 60719809~60720021 of NT_022517), and FRA3B_24.26 (nt
61742271~61742462 of NT_022517), and the four non-CFS fragments: 12p12.3 (nt
9314740~9315076 of NT_009714), G6PD (nt 4595743~4596222 of NT_011726), TFF1 (nt
781097~781472 of NT_030188), and DHFR (30545737~30546017 of NT_006713) were
amplified by the primers listed in Supplementary Fig. 1. PCR products were separated on 2%
agarose gels and detected by the FluorChem 8900 gel imaging system (Alpha Innotech). For
each PCR reaction, 20 ng genomic DNA and a no-DNA control served as positive and negative
PCR controls. The amount of PCR product in each band was quantitatively analyzed by
AlphaeaseFC software (Alpha Innotech), and normalized against that of a genomic DNA
control. For each primer set, a titration of genomic DNA was performed to ensure that the
intensities of the bands were proportional to the amount of input DNA.

2.4. Western blot analysis

The cells from various treatments were collected prior to performing ChlP assays, and whole
cell lysates were prepared and separated by SDS-PAGE gel electrophoresis. The Western
blotting was carried out by transferring the proteins to pre-wetted PVDF membranes, and
probing with antibodies for ATR (Affinity Bioreagents), phospho-ATR (Ser 428) (Cell
Signaling), ATRIP (Abcam), TopBP1 (Abcam), RPA (Calbiochem), phospho-Chk1 (Ser 345)
(Cell Signaling), and actin (Sigma). Proteins were detected using the Immun-Star HRP
Chemiluminescent Kit (Bio-Rad).

2.5. Cell transfection

3. Results

Two FLAG-tagged ATR pcDNAS3 constructs containing the full-length cDNA clone of human
ATR and the kinase-dead mutant (K2327R) [41,42] were provided by Aziz Sancar (UNC-
Chapel Hill). Transfections of HeLa cells were carried out using Fugene6 Kits (Roche)
according to the manufacturer's protocol with a DNA/lipid ratio of 3:1. After 30 h, the cells
were subjected to treatment with various amounts of APH for an additional 24 h. ChIP and
western blot analyses were performed as described above using an anti-FLAG antibody
(Sigma).

3.1. ATR preferentially binds to DNA regions of common fragile site FRA3B

To test whether ATR directly associates with CFSs, ChlP assays in conjunction with semi-
quantitative PCR were employed to examine three regions of FRA3B: FRA3B_C5EXR,
FRA3B_17.18, and FRA3B_24.26 (Fig. 1). FRA3B_C5EXR and FRA3B_17.18 are located
within intron 4 of the FHIT gene [39]. In APH-treated hybrid cells, these regions represent two
major clusters of APH-induced breakpoints in FRA3B [43]. Both are highly AT-rich, and
contain the vertebrate topoisomerase Il consensus sequences and the core autonomously
replicating sequences [43]. The FRA3B_24.26 region is about 1 Mb centrometric from
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FRA3B_17.18, is located within intron 2 of the PTPRG gene, and has been analyzed as a highly
flexible AT-rich region [28]. Two non-CFS DNAs located within the 12p12.3 chromosomal
band and the G6PD gene, respectively, were also examined. The 12p12.3 region contains a
high A/T content (76%), and has been analyzed as a non-flexible and non-fragile region [28],
while the G6PD region is GC-rich (73%). The cross-linked chromatin samples were prepared
from HeLa cells treated with varying amounts of APH (0, 0.2, 0.4, 0.7, and 1.0 uM) and then
immunoprecipitated with anti-ATR antibody. The immunoprecipitated DNAs were subjected
to PCR analysis.

We found that in HeLa cells, ATR bound to all three regions of FRA3B but did not bind to
either of the non-CFS DNA regions 12p12.3 or G6PD, regardless of the concentration of APH
(Fig. 2A). This result suggests that these three fragile DNA regions contain distinctive features
recognized by ATR protein, and that this “binding signal” is not present in the two non-CFS
DNA regions. It is worth noting that the binding of ATR to fragile DNAs was detected in the
samples with no APH treatment, implying that the “binding signal” for ATR protein is already
present in these fragile regions even without replication stress.

For all three fragile DNA regions, interaction with ATR depended upon the level of APH. The
recruitment of ATR protein to the fragile DNA regions increased at up to 0.4 uM APH and
decreased during treatment with 0.7 uM to 1.0 uM (Fig. 2B). Increased recruitment is likely
to reflect the response to increasing replication stress, because ATR is a major sensor for stalled
replication forks. Cytogenetic studies from our lab (data not shown) and others [2,44,45], have
shown that APH concentrations above 0.4 uM, in folic acid-containing medium, induce a
significantly higher number of breaks and gaps at fragile sites. Our observation, that ATR
recruitment to fragile regions decreases when replication stress is increased beyond 0.4 uM
APH, could provide an explanation for this phenomenon.

We also evaluated the amount of total cellular ATR protein following APH treatment, using
whole cell lysates collected immediately prior to performing ChIP and subjected to Western
blots. We found that there were no apparent differences in the amount of ATR or phospho-
ATR (Ser 428) protein at the various concentrations of APH (Fig. 2C). Two ATR-interacting
proteins, ATRIP and TopBP1, that respond to DNA damage by binding to ATR, also remained
unchanged at the total protein level. This observation supports the notion of ATR redistribution
during APH treatment, with initial binding at “sensitive” sites such as fragile sites in response
to low doses of APH, but subsequent sequestration from fragile sites by other regions which
react to replication stress at a higher concentration of APH.

We also evaluated ATR binding to fragile DNAs in a lymphoblastoid cell line GM13069,
derived from an apparently healthy individual (Fig. 3). ATR bound to all three regions of
FRA3B and had a binding profile similar to that of HeLa cells, with peak binding at 0.4 pM
APH and decreased binding at higher concentrations. Interestingly, ATR also bound to the
non-fragile 12p12.3 region in GM13069 cells. This discrepancy between HeLa and GM13069
cells could be due to the highly AT-rich sequence of the 12p12.3 region, which is a
characteristic of fragile sites and may have allowed some proteins in the relatively “normal”
GM13069 cells to promote ATR recognition. Notably, no binding occurred to G6PD, and we
subsequently examined two additional non-CFS regions — TFF1 and DHFR. The TFF1 gene
encodes the trefoil factor 1 precursor, a gastrointestinal mucosa protein, while the DHFR gene
encodes dihydrofolate reductase. The AT content of the TFF1 and DHFR regions is 48 and
59%, respectively. We found there was no detectable ATR binding to these two regions (Fig.
3). Therefore, these results suggest that in both cell lines, ATR protein displays preferential
binding to fragile site FRA3B regions.
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3.2. Kinase activity of ATR protein is required for binding to fragile DNA in response to APH

treatment

The kinase activity of ATR protein is essential to the ATR-dependent DNA damage checkpoint
pathway. It phosphorylates substrates such as p53, BRCAL, Chk1, and Rad17 to extend
checkpoint signaling, resulting in the inhibition of DNA replication and mitosis, and supporting
DNA repair and recombination [34,46]. However, it is not clear whether Kinase activity is
required for binding to DNA, especially in the case of CFSs. To examine the role of kinase
activity in the binding of ATR protein to CFS DNA in response to APH treatment, we
investigated the binding of ATR to DNA using ChIP analysis of cells treated with various
amounts of 2-AP, a general kinase inhibitor, along with 0.4 pM APH. A concentration of 0.4
uM APH was chosen to maximize ATR binding and improve the chances of detecting reduced
binding caused by 2-AP.

Treatment of GM13069 cells with increasing amounts of 2-AP decreased the level of ATR
protein binding to all three regions of FRA3B (Fig. 4A and B) without altering the amount of
total cellular ATR protein (Fig. 4C), indicating that kinase activity is essential for the binding
of ATR to CFS FRAS3B regions. A similar outcome was observed in HeLa cells (data not
shown). These results are consistent with previous studies demonstrating that 2-AP in
combination with APH significantly increases overall chromosomal gaps and breaks, and also
increases the expression of specific fragile sites such as FRA3B [2]. Presumably, the reduced
binding of ATR protein due to the 2-AP treatment causes a less active ATR-dependent DNA
damage response. Chk1, a major effector in the ATR-dependent pathway, requires direct
phosphorylation by ATR to activate its function. Therefore, the observation that the level of
phosph-Chk1 (Ser 345) decreases as the concentration of 2-AP increases (Fig. 4C) reveals the
effect of 2-AP/APH treatment on ATR kinase and on the ATR-dependent DNA damage
response.

Because 2-AP is a general kinase inhibitor and not ATR specific, we next employed transient
transfection of a FLAG-tagged wild type or kinase-dead mutant (K2327R) [41,42] ATR
construct into HeLa cells to assess whether ATR kinase activity was specifically required for
binding to common fragile sites. The expression levels of the recombinant wild-type and mutant
ATR protein were similar (Supplementary Fig. 2). In the absence of APH, the kinase-dead
mutant protein bound to all three FRA3B regions to an extent which was similar to that of wild
type ATR (Fig. 4D), and was comparable to the ATR binding at high doses of 2-AP (Fig. 4B).
Upon APH treatment, the level of binding of the kinase-dead mutant did not change
significantly, in contrast to the APH-induced binding pattern of wild-type ATR (Fig. 4D) which
was in agreement with our previous observations of endogenous ATR in un-transfected cells
(Fig. 2). In all three FRA3B regions, at a treatment of 0.4 uM APH, the increased binding of
wild-type ATR was statistically significant compared to that of the kinase-dead mutant
(P<0.01). These results make an important distinction by indicating that ATR kinase activity
is not required for this protein to bind to FRA3B regions under normal conditions, but that it
is required for ATR binding to FRA3B under conditions of replication stress caused by APH.

4. Discussion

The ATR-dependent DNA damage checkpoint pathway is important in maintaining CFS
stability, especially under conditions of replication stress [1-5]. In this study, we provide direct
evidence that ATR binds to the three FRA3B regions spanning over ~1.2 Mb in both HeLa
and GM13069 cells. Binding is enhanced under mild replication stress caused by low doses of
APH up to 0.4 uM. It has been shown that at the stalled replication fork, ATR associated with
ATR-interacting protein (ATRIP) can be loaded onto RPA-coated single-stranded DNA [47,
48]. Also, TopBP1, localized by the Rad9-Hus1-Rad1 complex at the stalled replication fork,
was shown to bind and recruit ATR to DNA in response to DNA damage [49]. Therefore, the
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ATR binding of fragile sites that we observed is likely to be mediated through these protein
complexes. However, we cannot exclude the possibility that ATR binding could be due to
direct recognition of certain features of fragile DNAs, as shown in the case of direct ATR
binding to UV-damaged DNA [41]. Regardless of whether ATR acts through complex or direct
binding, the evidence of the recruitment of ATR at FRA3B regions upon APH treatment
supports a possible local role of ATR in stabilizing the stalled replication forks at FRA3B
[50].

Perhaps more importantly, our studies also demonstrate that ATR displays preferential binding
to fragile site FRA3B DNA as compared to non-fragile DNA, suggesting that fragile DNA
regions are more sensitive to ATR activation and may form a stronger “checkpoint signal” than
non-fragile DNA regions. It is known that, in addition to RPA-coated single-stranded DNA, a
primer/template-like structure is needed for ATR checkpoint activation [51-53]. Delayed
replication is a general feature of the fragile sites examined to date including FRA3B [22,29],
and this could result in a longer, unreplicated single-stranded DNA in fragile site regions. In
combination with APH treatment, that inhibits DNA polymerases a, 8, and € but not helicase/
primase complexes [44,54], lagging strand regions of the DNA replication fork at fragile sites
can perhaps have a higher number of primer/template-like structures to create a stronger
“checkpoint signal” for ATR recognition. Furthermore, other characteristic features of CFS
sequences are their high AT-content with AT islands or AT-rich minisatellite repeats and their
propensity to form stable secondary structure [28], which could provide both sequence [55,
56] and structural elements [57,58] for topoisomerase Il binding. In fact, all three FRA3B
regions that we examined are highly flexible and AT-rich. Further, the FRA3B_C5EXR and
FRA3B_17.18 regions contain the vertebrate topoisomerase 11 consensus sequences [43], and
the presence of topoisomerase 11/TopBP1 at the fragile site regions could increase the
recruitment of ATR at these locations. Irrespective of the specific features that fragile sites are
presenting, our results strongly suggest that ATR can distinguish fragile site FRA3B from non-
fragile site regions.

As the concentration of APH treatment increased from 0.4 to 1.0 uM, which only partially
inhibits replication and does not arrest the cell cycle [44,45], the binding of ATR to fragile site
regions decreased. Because the total amounts of ATR and phosphorylated ATR were
unchanged during APH treatment, as were the amounts of ATRIP and TopBP1, the decrease
in the binding of ATR to FRA3B regions may have resulted from the sequestration of ATR
protein by other non-fragile site regions, and this could account for the increasing humber of
chromosome gaps and breaks at fragile sites which are observed under the same conditions
[2,44,45]. Also, in comparing Seckel syndrome affected patient and normal cells, not only is
there a more significant increase in fragile site breaks at APH concentrations ranging from
0.5~0.9 uM than at lower concentrations, but the presence of metaphase chromosomes with a
“shattered” morphology was observed only at higher APH concentrations in patient cells,
which indicates widely scattered chromosome damage [2]. These studies support the idea that
redistribution of ATR from fragile sites to other genome regions occurs at higher APH
concentrations, and with a shortage of ATR such as in Seckel syndrome cells, breaks at fragile
sites and non-fragile sites are both elevated at the higher APH concentrations.

In response to DNA damage, ATR protein phosphorylates substrates such as p53, BRCAL,
and Chk1, to initiate and extend the checkpoint signal cascade [34,46]. Our observation that
ATR kinase activity is essential for its binding to the FRA3B regions in response to APH,
indicates that the kinase activity of ATR may be also critical for damage recognition at an early
step of ATR-dependent checkpoint activation. The requirement of kinase activity for the
interaction between ATR and the fragile site regions is likely due to the necessity of
phosphorylation of proteins such as ATRIP and TopBP1 for stabilizing the interaction between
these proteins and ATR. Indeed, it was found that phosphorylation of ATRIP by ATR kinase
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is required for the interaction between ATR and ATRIP [59,60]. TopBP1 is also a substrate
for ATR, and its phosphorylation promotes its binding to the ATR-ATRIP complex and the
activation of ATR kinase activity, resulting in a feedback loop of ATR activation at a stalled
replication fork [61]. Therefore, decreasing ATR kinase activity, which could cause a reduction
in the formation of the ATR-ATRIP complex, possibly results in impaired interactions between
ATR and FRA3B regions.

ATR is a key protein in the DNA damage repair pathway and also plays an important role in
chromosomal fragile site stability. Two models which are not mutually exclusive have been
proposed for the role of ATR in fragile site instability: checkpoint failure and replication fork
collapse [50]. Here, we demonstrate that under mild APH treatment, fragile site FRA3B DNAs
are preferential regions for ATR protein to bind and suggest that ATR could play a local role
in stabilizing the stalled replication forks at FRA3B, and also that fragile sites could indeed
present a checkpoint signal to activate the ATR-dependent pathway. The observation of a
decrease in ATR binding to fragile sites at relatively higher APH concentrations, which is
known to produce more chromosomal breaks and gaps, supports both models in which the
generation of fragile sites is caused by failure of ATR to stabilize the stalled replication forks
at fragile sites, and/or their escape from checkpoint activation. Therefore, our studies provide
further insight into the mechanism for the regulation of fragile site stability by ATR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Genomic organization of the FRA3B region. Although the boundaries of FRA3B are not well
defined, APH-induced fragility of FRA3B has been reported to span ~4 Mb, including five
genes - SCA7, CADPS, HT021, PTPRG, and FHIT [24]. The genomic coordinates (Human
Genome GRch37 assembly) including distance scale are listed above each gene. Exons of each
gene are listed as vertical bars below, and exons 4 and 5 of FHIT and exons 2 and 3 of
PTPRG are numbered. The ~500 kb unstable region of FRA3B which has been investigated
thoroughly [12,13,25], extends from intron 3 (hear exon 4) to intron 5 (~150 kb distal to exon
5) of the FHIT gene, and is indicated by a hatched bar. The positions of the three examined
regions: FRA3B_C5EXR (chr3:60516490-60516900), FRA3B_24.26 (chr3:
61742231-61742422), and FRA3B_17.18 (chr3:60719769-60719981) are indicated by

vertical arrowheads.
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Fig. 2.

ATR protein preferentially binds to FRA3B fragile site in HeLa cells upon APH treatment. (A)
A representative PCR analysis of DNA immunoprecipitated from HeLa cells with anti-ATR
antibody. HelLa cells were treated with various APH concentrations (0, 0.2, 0.4, 0.7, and 1.0
uM). The 0.1% of input DNAs (lanes 1-5) and chromatin immunoprecipitated (ChIP) DNAs
(lanes 6-10) were amplified by PCR at the following DNA regions: FRA3B_C5EXR,
FRA3B_24.26, FRA3B_17.18, 12p12.3, and G6PD. For each ChlIP assay, a no-antibody
control (lane 11) was included. For each PCR reaction, there was a PCR positive control in
which 20 ng genomic DNA served as PCR template (lane 12) and a PCR negative control in
which no DNA template was added (lane 13). (B) Quantitation of the level of ATR protein
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binding to various DNA regions in HeLa cells. The amount of DNA in either input or ChIP
samples, relative to that of the input of the untreated 12p12.3 sample (which was assigned a
value of 1), is an average from three separate but identical experiments. Average with standard
deviation is shown. (C) The amount of total cellular ATR, phosphorylated ATR, ATRIP,
TopBP1 proteins during APH induction. Whole cell lysates from HeL a cells treated with
various amounts of APH were separated by SDS-PAGE, and analyzed with the respective
antibodies and an anti-actin antibody.
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ATR protein binds FRA3B fragile site in GM13069 cells upon APH treatment. (A) A
representative PCR analysis of DNA immunoprecipitated from GM13069 cells with anti-ATR
antibody. GM13069 cells were treated with various APH concentrations (0, 0.2, 0.4, 0.7, and
1.0 uM). The 0.1% of input DNASs (lanes 1-5) and chromatin immunoprecipitated DNAS (lanes
6-10) were amplified by PCR at the following DNA regions: FRA3B_C5EXR, FRA3B_24.26,
FRA3B_17.18, 12p12.3, G6PD, TFF1 and DHFR. For each ChlIP assay, a no-antibody control
(lane 11) was included. For each PCR reaction, there was a PCR positive control in which 20
ng genomic DNA served as PCR template (lane 12) and a PCR negative control in which no
DNA template was added (lane 13). (B) Quantitation of the level of ATR protein binding to
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various DNA regions in GM13069 cells. The amount of DNA in either input or ChIP samples,
relative to that of the input of the untreated 12p12.3 sample (which was assigned a value of 1),
is an average from four separate but identical experiments. Average with standard deviation is
shown.
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Kinase activity of ATR protein is required for binding to fragile DNA in response to APH
treatment. (A) A representative PCR analysis of DNAs immunoprecipitated from GM13069
cells with anti-ATR antibody. GM13069 cells were treated with various 2-AP concentrations
(0, 1, 2, and 5 mM), an inhibitor of ATR kinase activity, along with 0.4 uM APH. The 0.1 %
of input DNA (lanes 1-4) and chromatin immunoprecipitated DNA (lanes 5-8) were amplified
by PCR at the following DNA regions: FRA3B_C5EXR, FRA3B 24.26, FRA3B_17.18,
12p12.3, and G6PD. For each ChIP assay, a no-antibody control (lane 9) was included. For
each PCR reaction, there was a PCR positive control in which 20 ng genomic DNA served as
PCR template (lane 10) and a PCR negative control in which no DNA template was added
(lane 11). (B) Quantitation of the level of ATR protein binding to various DNA regions in
GM13069 cells. The amount of DNA in either input or ChIP samples, relative to that of the
input of the untreated 12p12.3 sample (which was assigned a value of 1), is an average from
four separate but identical experiments. Average with standard deviation is shown. (C) The
amount of total cellular ATR protein during 2-AP treatment. Whole cell lysates from GM13069
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cells, that were treated with various 2-AP concentrations along with 0.4 uM APH, were
separated by SDS-PAGE, and analyzed with anti-ATR, anti-phospho-Chk1 (Ser345), or anti-
actin antibodies. Quantitative analysis of protein ratios for ATR/actin (white bar) and p-Chk1/
actin (black bar) was plotted. Average with standard deviation is shown. (D) ATR protein
binding to three FRA3B regions in HeL a cells transfected with FLAG-tagged wild type (open
bars) or kinase-dead (black bars) ATR constructs. Thirty hours after transfection, the cells were
treated with APH (0, 0.2, 0.4, 0.7, and 1.0 uM) for an additional 24 h. ChIP assays were carried
out with anti-FLAG antibody, and chromatin immunoprecipitated DNAs were amplified by
PCR atthe FRA3B_C5EXR, FRA3B_24.26, FRA3B _17.18,and 12p12.3 regions. The amount
of DNA in ChIP samples, relative to the DNA input of the 12p12.3 sample from untreated,
wild-type ATR transfected cells (which was assigned a value of 1), is an average of three
separate but identical experiments. Average with standard deviation is shown. Both types of
ATR showed no binding to the non-fragile 12p12.3 region (data not shown).
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