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ATR-dependent DNA damage checkpoint is crucial to maintain genomic stability. Recently, we showed
that Src family kinases suppress ATR-dependent checkpoint signaling in termination of DNA damage
checkpoint. However, the precise molecular mechanism is unclear. Therefore, we examined the role of
oncogenic v-Src on ATR-Chk1 signaling. We show that v-Src suppresses thymidine-induced Chk1 phos-
phorylation and induces replication fork collapse. v-Src inhibits interaction between Rad17 and Rad9
in chromatin fraction. By contrast, v-Src does not inhibit RPA32 phosphorylation, ATR autophosphoryla-
tion, or TopBP1-Rad9 interaction. These data suggest that v-Src attenuates ATR-Chk1 signaling through
the inhibition of Rad17-Rad9 interaction.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

DNA replication stress activates ataxia telangiectasia mutated
(ATM) - and Rad3-related protein (ATR) —~dependent DNA damage
checkpoint. The activated ATR pathway prevents firing of late rep-
lication origins, and also stabilizes stressed replication forks to pre-
vent collapse of replication forks [1-3]. ATR pathway is mediated
by assembly of protein complex on damaged chromatin. ATR-
ATRIP complex is recruited to replication protein A (RPA)-coated
single-stranded DNA (ssDNA) through interaction between ATRIP
and RPA [1,3-6]. Rad17 composes replication factor C (RFC)-like
protein complex (Rad17-RFC) in which RFC1 is replaced by
Rad17. Rad9, Hus1, and Rad1 compose proliferating cell nuclear
antigen (PCNA)-like heterotrimeric complex (9-1-1) [1,3]. In
responses to DNA damage and replication stress, Rad17-RFC loads
9-1-1 onto damaged chromatin [7-11]. 9-1-1 recruits TopBP1
through interaction between Rad9 and TopBP1 [12-14]. On dam-
aged chromatin, TopBP1 interacts with ATR and stimulates kinase
activity of ATR [15-17]. In addition to the role in chromatin loading
of 9-1-1, Rad17 also has a role in mediating signal transduction
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from ATR to Chk1. Rad17 is a phosphorylation substrate of ATR,
and the phosphorylation is required for ATR-dependent Chk1
phosphorylation and activation [18-20]. Furthermore, Rad17-RFC,
9-1-1, and TopBP1 form a tripartite protein complex on damaged
chromatin to mediate ATR-dependent Chk1 activation [17,21].

Once DNA repair is completed, activated checkpoint proteins
are inactivated by protein phosphatases and ubiquitin ligases
[22,23]. Rad17 is degraded by APC/Cdh1 and the degradation pro-
motes recovery from ATR-dependent DNA damage checkpoint
[24]. However, little is known about regulation of the interaction
among Rad17-RFC, 9-1-1 and TopBP1 in checkpoint termination.

Src family kinases (SFKs) are the largest family of non-receptor
tyrosine kinases. SFKs are mainly located on the cytoplasmic side
of the plasma membrane, however a fraction of the SFKs are
expressed in the nucleus [25-29]. Furthermore, Lyn, one of the
SFK members, is activated and translocated into the nucleus upon
DNA damage induction [30,31]. Involvement of a viral form of Src,
v-Src in DNA damage responses has also been reported [32-34].
However, little is known about the involvement of SFKs in p53-
independent and ATR-dependent DNA damage checkpoint
pathway.

Recently, we reported that SFKs suppress ATR-Chk1 signaling
during recovery from G2 checkpoint arrest or during exposure to
replication stress [35]. We also showed that v-Src suppresses thy-
midine-induced Rad17 phosphorylation, however the precise
molecular mechanism is unclear. Here, we show that in the pres-
ence of replication stress, v-Src suppresses Chk1 phosphorylation
and induces Kap1 phosphorylation, suggesting that v-Src induces
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replication fork collapse through inhibition of replication check-
point. Moreover, we also show that the underlying mechanism
involves inhibition of the interaction between Rad17 and Rad9.
By contrast, v-Src does not inhibit RPA32-S33 phosphorylation,
ATR autophosphorylation, or TopBP1-Rad9 interaction. These
results suggest that v-Src attenuates ATR-Chk1 signaling through
the inhibition of Rad17-Rad9 interaction, and shed light on a pos-
sible mechanism by which endogenous SFKs suppress ATR-Chk1
signaling.

2. Materials and methods
2.1. Cell lines, cell culture, and plasmids

HeLa S3 cells carrying an inducible v-Src allele (HeLa S3-TR/v-
Src) was described previously [35]. Parental HeLa S3 and HelLa
S3-TR/v-Src cells were cultured in Iscove’s modified Dulbecco’s
medium (IMDM) supplemented with 5% bovine serum. The consti-
tutively active mutant of Lyn, LynAC-HA was described previously
[29,35]. The cDNA encoding human Rad17 was isolated from a
cDNA library derived from HEK293T cells, and cloned into pcDNA3
vector with N-terminal FLAG tag. Gene transfection was performed
using acidified polyethylenimine [36].

2.2. Analysis of checkpoint proteins

For analysis of checkpoint proteins, cells were exposed to 4 mM
thymidine for 24 h. Expression of v-Src was induced with 1 pg/ml
doxycycline for 12 or 24 h, and 5 pM SU6656 was added simulta-
neously with doxycycline. Flow cytometric analysis was described
previously [35,37].

2.3. Cell lysates and solubilized chromatin fractions

For immunoprecipitation of ATR, cells were lysed in a high salt
buffer [50 mM HEPES-NaOH (pH 7.8), 400 mM NaCl, 1% Triton X-
100, 10% glycerol] for 20 min at 4 °C. The lysates were cleared by
centrifugation and used for immunoprecipitation. Solubilized
chromatin fraction was prepared as described previously [35].
After cell lysis, the soluble fraction was collected as nucleoplas-
mic/cytoplasmic fraction.

2.4. Antibodies

The following antibodies were used in this study: ATR (N-19,
Santa Cruz Biotechnology, sc-1887), ATR-pT1989 (KeraFAST,
EVUO001), ATRIP (Cell Signaling Technology, 2737), Rad1 (N-18,
Santa Cruz Biotechnology, sc-14314), Rad9 (Bethyl Laboratory,
A300-890), RPA32-pS33 (Bethyl Laboratory, A300-246A), RPA32
(cl. RPA34-20, Merck Millipore, NA19L), Src (N-16, Santa Cruz Bio-
technology, sc-19; cl. GD11, Merck Millipore, 05-184), TopBP1
(abcam, ab2402). Actin, Chk1, Chk1-pS345, Cyclin A, FLAG (M2),
Hsc70, Kap1, Kap1-pS824, Lamin A/C, Rad17, Rad17-pS645, and
phosphotyrosine (4G10) antibodies were described previously
[35,38].

3. Results

3.1. v-Src suppresses ATR-dependent Rad17 phosphorylation in a
kinase-dependent manner

Recently we reported that SFKs suppress ATR-Chk1 signaling
induced by replication stress and Adriamycin exposure [35]. We
showed that regulation of Rad17-S645 phosphorylation is the key
event and that shRNA-mediated knockdown of Lyn increases

Rad17 phosphorylation. However, the precise molecular mecha-
nism is unclear. Proteasomal degradation of Rad17 was reported
[24], but we showed that proteasomal activity is not required for
SFKs to suppress Rad17 phosphorylation [35]. Therefore, to gain
more insight into the molecular mechanism, we examined the role
of oncogenic v-Src in suppression of ATR-dependent Rad17 phos-
phorylation, since v-Src has constitutively active kinase activity.

We showed that ectopic expression of v-Src suppressed Rad17
phosphorylation [35]. However, we had not examined whether
the effect is kinase dependent. We used HeLa S3 cell line because
it can easily be adapted to cell cycle synchronization method. We
used thymidine to induce replication stress, since it is widely
accepted as a method of cell synchronization. Replication stress
induces ATR-dependent Rad17 phosphorylation at S645 [1,3,6].
As reported, thymidine treatment induced Rad17-S645 phosphor-
ylation in HeLa S3 cells (Fig. 1A). In HeLa S3-TR/v-Src cells, induc-
tion of v-Src for 24 h suppressed the Rad17 phosphorylation
(Fig. 1A and B), as we showed previously [35]. The suppression of
Rad17 phosphorylation during the time course were presented
previously [35]. Moreover, induction of v-Src from 12 h after thy-
midine addition also suppressed Rad17 phosphorylation (Fig. 1A
and B). Doxycycline alone did not affect Rad17 phosphorylation
in parental HeLa S3 cells (Fig. 1C). A specific SFK inhibitor
SU6656 prevented v-Src-induced Rad17 dephosphorylation. For
an unknown reason, SU6656 also decreased protein amount of v-
Src, but a comparison of lane 4 with lane 7 in Fig. 1A indicates that
the inhibition of Rad17 phosphorylation is dependent on the
kinase activity. SU6656 induced faster migration of v-Src protein
on SDS-PAGE (Fig. 1A), which should reflect inhibition of the
kinase activity as we showed previously [39]. These data suggest
that SFKs regulate Rad17 phosphorylation in a kinase-dependent
manner.

To interpret the data more precisely, the effect of v-Src on thy-
midine-induced cell cycle arrest was examined. Induction of v-Src
for 24 h reduced cyclin A accumulation to around 80% (Fig. 1A) and
slightly increased G2 phase cells on FACS analysis (Fig. 1D), sug-
gesting that the cells are partly released from thymidine block.
Induction of v-Src for 12 h prevented neither cyclin A accumulation
(Fig. 1A) nor cell cycle synchronization (Fig. 1D), indicating that the
effect of v-Src on Rad17 phosphorylation is not due to possible
inhibition of thymidine-induced cell cycle arrest.

3.2. v-Src promotes replication fork collapse under replication stress

Phosphorylation of Chk1 at S345 by ATR is a reliable indicator of
activation of Chk1 in vivo [1,40]. To examine the biological signif-
icance of the v-Src-induced Rad17 dephosphorylation, the effect of
v-Src on Chk1 phosphorylation was examined. v-Src suppressed
Chk1-S345 phosphorylation to around 70% (Fig. 2A and B). Inhibi-
tion of replication checkpoint induces replication fork collapse, and
the collapsed forks are often converted to DNA double strand
breaks which induce ATM-dependent phosphorylation of down-
stream substrates [1,2]. As reported, caffeine and a specific ATR
inhibitor VE-821 [41] inhibited thymidine-induced Chk1l phos-
phorylation (Fig. 2C), and hence induced Kap1l phosphorylation
(Fig. 2D) which is an indicative of DNA double strand breaks and
ATM activation [42]. In the presence of thymidine, v-Src also
induced Kap1l phosphorylation (Fig. 2E). These data suggest that
v-Src induces replication fork collapse through the inhibition of
replication checkpoint. This is also supported by the increased
RPA32-S33 phosphorylation as shown below. One of the possible
explanations for the mild effect of v-Src on Chk1 phosphorylation
is that the replication fork collapse stimulates Chk1 phosphoryla-
tion, because we previously observed that high-level ectopic
expression of Lyn re-stimulated Chk1 phosphorylation while low-
level expression suppressed it [35].
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Fig. 1. v-Src suppresses Rad17 phosphorylation in a kinase-dependent manner. (A) Asynchronously growing HeLa S3-TR/v-Src cells were exposed to 4 mM thymidine for
24 h. Expression of v-Src was induced with 1 pg/ml doxycycline for 12 or 24 h before harvesting. Simultaneously with doxycycline, 5 M SU6656 was added. Whole cell SDS
lysates were prepared and probed with the indicated antibodies. Async., asynchronous. The graph represents results from more than two independent experiments. P values
were calculated using t-test. (B) The same experiment as in A, except that chromatin fractions were prepared as described in Section 2. (C) HeLa S3 cells were exposed to
4 mM thymidine and/or 1 pug/ml doxycycline for 24 h. (D) HeLa S3-TR/v-Src cells were treated as in A, and fixed for flow cytometric analysis. A.U., arbitrary unit. Dox.,

doxycycline.

3.3. v-Src does not inhibit the kinase activity of ATR

To further examine the effect of v-Src on ATR signaling, we
examined the effect of v-Src on RPA phosphorylation by ATR, since
RPA32-S33 phosphorylation is induced by replication stress or fork
collapse in a manner dependent on ATR and TopBP1 but indepen-
dent of Rad17 [1,43,44]. In the presence of thymidine, v-Src did not
inhibit but promoted thymidine-induced RPA32-S33 phosphoryla-
tion and electrophoretic mobility shift of RPA32 protein (Fig. 3A
and B). Probably, the v-Src-induced replication fork collapse should
promote RPA phosphorylation by ATR and DNA-PK, since previous
works showed RPA32-S33 phosphorylation by ATR and DNA-PK
[43,44]. These data raise a possibility that v-Src does not inhibit
the kinase activity of ATR even though v-Src prevents the ATR-
dependent phosphorylation of Rad17 and Chk1.

Next we examined the effect of v-Src on the kinase activity of
ATR. Autophosphorylation of ATR at T1989 is a reliable indicator
of the kinase activity [45]. Thymidine treatment induced ATR-
T1989 phosphorylation as reported previously (Fig. 3C). However,
v-Src did not affect the ATR-T1989 phosphorylation (Fig. 3D), sug-
gesting that v-Src does not inhibit the kinase activity of ATR. We
confirmed that most of all the ATR protein was extracted with a
high salt buffer (data not shown). Furthermore, these data also indi-
cate that replication stress is induced even after v-Src expression.

3.4. v-Src inhibits interaction between Rad17 and Rad9

The above results suggest that v-Src attenuates ATR-Chk1 sig-
naling downstream of ATR. ATR-Chk1 signaling is mediated by
assembly of protein complex on damaged chromatin [1,3], and
9-1-1, Rad17-RFC, and TopBP1 form a tripartite protein complex
on damaged chromatin to mediate the checkpoint signaling
[17,21]. Therefore, chromatin fraction was prepared from the thy-
midine-treated cells, and the effect of v-Src on Rad17 and 9-1-1,
and TopBP1 was examined. In our preparation, the chromatin-
enriched fraction contains chromosomal proteins, cytoskeletons,
but not cytoplasmic and nucleoplasmic proteins [38]. v-Src did
not affect chromatin loading of Rad17, Rad9, Rad1, and TopBP1
at least as much as Rad17-S645 phosphorylation (Figs. 1B and
4A-C). Unlike previous reports [7-11,21], thymidine exposure
did not promote chromatin loading of Rad17, Rad9, Rad1, and Top-
BP1 (Figs. 1B and 4A-C), which might be due to the difference in
extraction condition. Next, protein-protein interactions among
9-1-1, Rad17-RFC, and TopBP1 were examined. For this purpose,
Rad9 was precipitated from solubilized chromatin fraction, since
previous reports suggested that Rad9 interacts directly with
Rad17 as well as TopBP1 [10,12-14]. v-Src expression did not affect
Rad9-TopBP1 interaction, but it markedly inhibited Rad9-Rad17
interaction (Fig. 4D). On the other hand, the interaction between
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Rad17 and Rad9 was not detected in low salt buffer-soluble nucle-
oplasmic fraction (data not shown), suggesting that the Rad9-
Rad17 interaction in the chromatin fraction reflects protein com-
plex assembly on damaged chromatin. Rad17 protein migrated fas-
ter after immunoprecipitation for an unknown reason (Fig. 4D), but
we confirmed the specificity of anti-Rad17 antibody (cl. 31E9) in
HeLa S3 cells by showing that the intensity of the Rad17 band
was decreased by UV irradiation and increased by MG132 ([35]
Fig. 5E), as reported previously [24]. Furthermore, Rad17 protein
can be detected with anti-Rad17-pS645 antibody after immuno-
precipitation with the anti-Rad17 antibody, although Rad17 pro-
tein also migrated faster in this condition (data not shown). Since
Rad17 has a long unstructured region in its N-terminus, one of
the possible explanations for the difference would be proteolytic
digestion of the N-terminal region. Rad9 gives two bands in solubi-
lized chromatin (Fig. 4A) as shown previously [7-11], however,
Rad9 showed only lower band after immunoprecipitation
(Fig. 4D), which might be due to dephosphorylation during immu-
noprecipitation as suggested by others [11,46]. These data suggest
that v-Src attenuates ATR-Chk1 signaling through the inhibition of
interaction between Rad9 and Rad17.

Finally, we examined which proteins are phosphorylated by
SFKs in replication checkpoint. Rad17, but not Rad9, Radl or
Hus1 was phosphorylated by Lyn (Fig. 4E and data not shown).
Moreover, Lyn was coprecipitated with Rad17 (Fig. 4F). These data
raise a possibility that v-Src regulates replication checkpoint
through tyrosine phosphorylation of Rad17 protein.

4. Discussion

Rad17-RFC plays a role in mediating Chk1 phosphorylation by
ATR, in addition to the role in chromatin loading of 9-1-1 [17-
21]. The present data suggest that v-Src inhibits ATR signaling
through disruption of the interaction between Rad17-RFC and 9-
1-1 on damaged chromatin (Fig. 4D). Since, v-Src does not inhibit

signaling from RPA-ssDNA filaments to Rad9-TopBP1 interaction
(Figs. 3A, B, D and 4D), the reduced Rad17 phosphorylation should
be the consequence of the inhibition of Rad17-Rad9 interaction.
Currently, the disappearance of DNA lesions is considered to bring
about the end of checkpoint signaling [22,23]. However, the pres-
ent results proved the presence of an active process that is trig-
gered by v-Src and terminates the checkpoint signaling.
Moreover, previous works showed that ATP binding of Rad17 is
required for its interaction with Rad9 [10,21,46,47], but the nega-
tive regulation of the interaction had not been reported so far.
Therefore, our results would add a new layer of regulation to
ATR-Chk1 signaling.

Given that the interaction between Rad17-RFC and 9-1-1 is
required for 9-1-1 loading and TopBP1 recruitment [10,21], it is
curious that v-Src does not perturb Rad9-TopBP1 interaction
(Fig. 4D). One of the possible explanations is that the residual inter-
action between Rad17-RFC and 9-1-1 is sufficient for 9-1-1 load-
ing and TopBP1 interaction. Another possibility is that TopBP1 is
recruited to ATR-ATRIP complex independently of Rad17, since
Rad17-independent and TopBP1-dependent RPA32-S33 phosphor-
ylation was reported [43].

It is unclear whether the effect of v-Src on Rad17-Rad9 interac-
tion is direct or indirect. We previously showed that ectopic
expression of Lyn in the nucleus suppresses Chk1 phosphorylation
more efficiently than that in the cytoplasm [35]. Therefore, one of
the possibility is that v-Src regulates replication checkpoint
through the tyrosine phosphorylation of Rad17. It is also unclear
whether endogenous SFKs regulate the Rad17-S645 phosphoryla-
tion by the same mechanism. Further work will clarify these issues.
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