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The phosphatidylinositol 3-kinase-like protein kinases, including ATM
(ataxia-telangiectasia mutated), ATR (ataxia-telangiectasia and Rad3
related), and DNA-PKcs (DNA-dependent protein kinase catalytic
subunit), are the main kinases activated following various assaults on
DNA. Although ATM and DNA-PKcs kinases are activated upon DNA
double-strand breaks, evidence suggests that these kinases are rapidly
phosphorylated by ATR kinase upon UV irradiation; thus, these kinases
may also participate in the response to replication stress. Using UV-
induced replication stress, we further characterize whether ATM and
DNA-PKcs kinase activities are also involved in the cellular response.
Contrary to the rapid activation of the ATR-dependent pathway, ATM-
dependent Chk2 and KAP-1 phosphorylations, as well as DNA-PKcs
Ser2056 autophosphorylation, reach their peak level at 4 to 8 h after UV
irradiation. The delayed kinetics of ATM- and DNA-PKcs-dependent
phosphorylations also correlated with a surge in H2AX phosphorylation,
suggesting that double-strand break formation resulting from collapse of
replication forks is responsible for the activation of ATM and DNA-PKcs
kinases. In addition, we observed that some phosphorylation events
initiated by ATR kinase in the response to UV were mediated by ATM at a
later phase of the response. Furthermore, the S-phase checkpoint after UV
irradiation was defective in ATM-deficient cells. These results suggest that
the late increase of ATM activity is needed to complement the decreasing
ATR activity for maintaining a vigilant checkpoint regulation upon repli-
cation stress.
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Introduction

Abbreviations used: ATM, ataxia-telangiectasia

mutated; ATR, ataxia-telangiectasia and Rad3 related;
DNA-PKcs, DNA-dependent protein kinase catalytic
subunit; CPD, cyclobutane pyrimidine dimer; NER,
nucleotide excision repair; DSB, double-strand break;
ssDNA, single-stranded DNA; PIKK, phosphoinositol
3-kinase related kinase; IR, ionizing radiation; XPC,
xeroderma pigmentosum group C; BrdU,
bromodeoxyuridine; HSF, human skin fibroblast; TUNEL,
terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling; ATRwt, wild-type ATR; ATRkd, kinase-
dead mutant ATR; siRNA, small inhibitory RNA; PBS,
phosphate-buffered saline; PI, propidium iodide; mAb,

monoclonal antibody.

Irradiation with UV light induces cyclobutane
pyrimidine dimer (CPD) and 6-4 pyrimidine photo-
product DNA photolesions. If not removed through
nucleotide excision repair (NER), these bulky
photolesions inhibit normal DNA replication pro-
cesses as DNA replication forks cannot pass through
them. The stalled replication forks can be resolved
through a translesion DNA synthesis mechanism
that allows bypass of the DNA lesions." If unre-
solved, stalled replication forks will collapse and
lead to the formation of DNA double-strand break
(DSB).> When a replication fork stalls, uncoupling of
the minichromosome maintenance helicase complex
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from the DNA replication core machinery allows
the continued unwinding of the DNA double helix;
this leads to a long stretch of single- stranded DNA
(ssDNA) at the stalled replication fork.? Subsequent
binding of RPA (replication protein A) to ssDNA
and recruitment of ATR (ataxia-telangiectasia and
Rad3 related)/ATRIP (ATR interacting protein)
complex by RPA-ssDNA filament activates the
ATR kinase.* Tt is generally accepted that ATR is
the main kinase activated upon replication stress.
ATR plays important roles in replication stress
signaling events and cell cycle checkpoint regulation
and also influences replication or1g1n f1r1ng and the
recovery of stalled replication forks.”® While much
is known about the role of ATR, it is less clear
whether the DSB-responsive ATM (ataxia-telangiec-
tasia mutated) and DNA-PKcs (DNA-dependent
protein kinase catalytic subunit) kinases are also
involved in the replication stress response.

ATR, ATM, and DNA-PKcs are members of the
phosphoinositol 3-kinase related kinase (PIKK)
farmly and are activated m the cellular response
to various assaults on DNA.” Conventional wisdom
suggests that ATM and ATR are mainly required for
signal transduction upon DSB and replication
stress, respectively, whereas DNA-PKcs partici-
pates primarily in DSB repair. This viewpoint has
been challenged recently by a growing body of
evidence indicating that the roles of these PIKK
kinases overlap. For example, ATR is activated not
only by replication stress but also by ionizing
radiation (IR) during late-S- and G2-phases in an
ATM- and MRN (Mrel1-Rad50-Nbsl)-complex-
dependent manner.® Conversely, DNA-PKcs and
ATM are required for cellular resistance to UV
irradiation and TR,”'” indicating that these kinases
are required for cellular response to UV-induced
replication stress. This notion is further supported
by recent evidence that DNA-PKcs and ATM are
rapidly phosphorylated in response to UV and
hydroxyurea treatments; these replication-stress-
induced phosphorylations are mediated by ATR
kinase.!112

In light of these evidences, we carried out further
analyses to examine the significance of ATM and
DNA-PKcs in cellular response to replication stress.
Using UV-induced replication stress as a model, we
have demonstrated distinctive differences in
kinetics of ATR-mediated phosphorylations and
ATM/DNA-PKcs downstream signaling events
upon UV irradiation. Although UV induced the
onset of ATR-mediated phosphorylations within
1 h, ATM and DNA-PKcs downstream phosphor-
ylations, including KAP-1 and Chk2 phosphoryla-
tions and DNA-PKcs Ser2056 autophosphory-
lation, peaked at 4 to 8 h. This later induction of
ATM and DNA-PKcs downstream phosphory-
lations also coincided with the peak of H2AX phos-
phorylation. Thus, our results suggest that DSB
formation, resulting from collapsed replication
forks, rather than the stalled replication forks or
ATR-dependent phosphorylations activates ATM
and DNA-PKcs.

Results

Activation of ATM signal pathway in response to
UV irradiation

Cells lacking a functional ATM kmase are sensitive
to both IR and UV irradiation;'° therefore, we
examined the involvement of the ATM signaling
pathway in the response to UV. Exponentlally
growing Hela cells were subjected to 10 J/m? of
UV irradiation and were harvested at various time
points after UV irradiation. Western blot analysis
revealed that ATM Ser1981 phosphorylation
increased rapidly and could be detected within 1 h
after UV irradiation. Phosphorylation at Ser1981
was maximal at 4 h, and this level was sustained for
16 h after UV treatment. In contrast, the phosphor-
ylation level at the site after IR irradiation reaches a
peak level within 5 min."” The prolonged phosphor-
ylation of ATM at Ser1981 after UV is similar to that
of UV-induced SMC1 phosphorylation at Ser966
(Fig. 1) and DNA-PKcs phosphorylations at the
Thr2609 cluster.!! Furthermore, UV induced a
slower or delayed increase of ATM downstream
KAP-1 Ser824 and Chk2 Thr68 phosphorylations
(Fig. 1). KAP-1 and Chk2 phosphorylations reached
peak level at 8 h after UV, as did ATM phosphoryla-
tion at Ser1981. By contrast, ATR-dependent Chk1
phosphorylation at Ser345 was promptly induced
by UV, reached maximum intensity at 2 h, and
declined by 4 h after UV treatment (Fig. 1). The
induction of ATM and ATM-dependent phosphor-
ylations were also analyzed in HeLa cells after
lower-dose UV irradiation. Similar results were
obtained except that there was a slight reduction
in phosphorylation intensities (Supplemental Fig. 1).
Thus, the kinetics of ATM-mediated phosphory-
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Fig. 1. Activation of ATM signal pathway in response
to UV irradiation. Exponentially growmg HeLa cells were
mock treated or subjected to 10 J/m? of UV irradiation.
The cells were harvested at the indicated time points and
were analyzed for UV-induced phosphorylation events.
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lations were delayed following UV treatment rela-
tive to that observed after IR. Importantly, the peak
activation was independent of ATR activity.

NER is not required for UV induction of ATM
signal pathway

The NER pathway is an evolutionarily conserved
DNA repair mechanism that eliminates CPD and 6-4
pyrimidine photoproduct photolesions generated
upon UV exposure.'* It was reported that the NER
mechanism mediates ATR-dependent phosphoryla-
tion of ATM at Ser1981 upon UV.'? To test whether
activation of the ATM signaling pathway involves
an NER-mediated process, we analyzed UV-induced
phosphorylations of ATM and its downstream
targets in the wild-type VA13 human fibroblast cell
line and in the XP4PA cell line, which lacks xero-
derma plgmentosum group C (XPC) protein and is
defective in NER.'” As shown in Fig. 2a, UV induc-
tion of ATM Ser1981 and KAP-1 Ser824 phospho-
rylations in XP4PA cells was compatible to that in
VA13 cells without significant change in kinetics,
indicating that XPC is not essential for ATM or
downstream target phosphorylation after UV treat-
ment. Similarly, there was no difference in levels of
UV-induced SMC1 Ser966 phosphorylation between

VA13 XP4PA

these two cell lines. Further analysis with immuno-
fluorescent staining demonstrated that UV induc-
tion of KAP-1 Ser824 phosphorylation (pSer824)
occurred only in replicating cells labeled with bro-
modeoxyuridine (BrdU) (Fig. 2b). We have analyzed
greater than 200 cells from each cell lines. Of the
KAP-1 pSer824-positive VA13 cells, 94% (78 out of
83) were positive with BrdU staining, whereas 93%
(82 out of 88) of the XP4PA cells were positive. These
results thus suggest that UV photolesion recognition
by XPC is not essential for UV induction of the ATM
signaling pathway.

UV induces an ATM signaling pathway
predominantly in S-phase

We reported previously that replication stress
causes the increase in DNA-PKcs phosphorylation
at the Thr2609 cluster in response to UV.!! To deter-
mine whether replication stress is required to acti-
vate the ATM signaling pathway, we UV irradiated
HelLa cells synchronized with mitotic arrest/release
at different time points after release. Western
blotting revealed that ATM Ser1981, Chk2, KAP-1,
and SMC1 phosphorylations were significantly
induced by UV in S-phase cells and these increases
were correlated with the high levels of expression of
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| XPC Fig. 2. NER is not required for

UV induction of ATM signal path-
way. (a) Wild-type (VA13) and

XPC deficient (XP4PA) fibroblasts
were mock treated or subjected to
10 J/m? of UV irradiation. The
irradiated cells were harvested at
indicated time points and were
analyzed for UV-induced phos-
phorylation of ATM, KAP-1, and
SMCI. (b) VA13 and XP4PA cells
were pulse-labeled with BrdU for
10 min and were UV irradiated
(10 J/m?). Two hours after UV
irradiation, the irradiated cells
were fixed and were immunos-
tained for BrdU (green) and KAP-1
Ser824 phosphorylation (red). More
than 200 cells were analyzed for
each cell line.

VA13

XP4PA



UV-Induced ATM and DNA-PKcs Activation

803

CyclinA, an S-phase marker (Fig. 3a). Similar results
were obtained from normal human skin fibroblasts
(HSFs) synchronized at G1- or S-phases followed by
UV irradiation (Supplemental Fig. 2). In both expe-
riments, we observed a slight increase in ATM and
SMC1 phosphorylations in Gl-phase. However,
KAP-1 and Chk2 phosphorylations were not de-
tected in G1-synchronized HeLa cells or HSFs.

The connection between UV-induced replication
stress and the ATM signaling pathway was further
examined by immunofluorescent staining. Exponen-
tially growing HeLa cells were pulse-labeled with
BrdU and then UV irradiated. Four hours after UV,

(a)

cells were harvested and immunostained for BrdU
and KAP-1 Ser824 phosphorylation. As shown in
Fig. 3b, KAP-1 phosphorylation occurred predomi-
nantly in BrdU-positive cells after UV irradiation but
not in BrdU-negative or unirradiated cells. Among
the more than 200 cells analyzed, greater than 90%
of cells positive for KAP-1 phosphorylation were
also positive for BrdU staining (85 out of 90). Addi-
tionally, as shown in Fig. 3c, we observed that UV
induction of Chk2 Thr68 phosphorylation over-
lapped with UV-induced yH2AX (75 out of 88
Chk2-positive cells) and DNA-PKcs Thr2609 phos-
phorylation (70 out of 81 Chk2-positive cells), both

AS 3n 5h  12h  15h
-+ - 4+ - 4 -+ -+ UVI0Jm?)
[ . 4 wa| pS1981

[#% %% v o8y g g P | ATM
s @8 5S824

= . e

™ .

Le SN ww | pT68
| = == o= o= o= = o= = = — | Chk2
| -~ " —  *==| 1S966
e e 1% (01
o e e w=| CyclinA
- ———————— | ACtin

(b)

DAPI

Fig. 3. UV induces ATM signal
pathway predominantly in S-phase.
(a) HeLa cells were released from
nocodazole block and were UV
irradiated (10 J/m?) at the indicated
time points after release. Nuclear
extracts were prepared at 3 h after
UV treatment for Western blot ana-
lysis. (b) Exponentially growing
HeLa cells were pulse-labeled with
BrdU and were UV irradiated
(10J/m?). Four hours after UV treat-
ment, cells were fixed and immuno-
stained for KAP-1 Ser824 phospho-
rylation (red) and BrdU (green). (c)
UV-irradiated HeLa cells were co-
immunostained for Chk2 Thr68
phosphorylation (red) and either
DNA-PKcs Thr2609 or H2AX S139
phosphorylation (green).
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of which are ehc1ted in response to UV-induced re-
plication stress.'""'® Taken together, our results sug-
gest that the maximal activation of the ATM path-
way in the late response to UV irradiation requires
DNA replication rather than the processing by NER.

Overlapping roles of ATR and ATM in response
to UV irradiation

Although ATR is the main contributor to UV-
induced S/TQ phosphorylation events, our results
suggest that ATM can also be activated by UV
and may contribute to S/TQ phosphorylation events
at a later stage. To test this scenario, we analyzed
SMC1 phosphorylation status in U20S cells expres-
sing wild-type ATR (ATRwt) or a dominant-negative
kinase-dead mutant ATR (ATRkd). Our results
showed that ATR was required for initial UV induc-
tion of SMC1 phosphorylation as the phosphory-
lation was attenuated in ATRkd cells at 1 h relative
to levels in ATRwt cells (Fig. 4a). However, we
observed a significant increase of SMC1 phosphor-
ylation in ATRkd cells at 8 h after UV. This delayed
induction is likely contributed by the activated ATM
kinase as treatment with the ATM kinase-specific
inhibitor, KU55933, effectively reduced the level of

(a)

ATRwt
10 20 - - -
- 1h 8h 8h 8h -

ATRkd

phosphorylation (Fig. 4a). Similar results were ob-
tained in experiments using a small inhibitory RNA
(siRNA) against ATR kinase (Fig. 4b). Conversely,
inhibition of ATM activity in MCF7 cells with stable
short hairpin RNA against ATM (shATM) attenuated
UV-induced SMC1 phosphorylation at 8 h but not
initially at 1 h after UV (Fig. 4c). In the presence of the
ATR inhibitor caffeine, SMC1 phosphorylation at 8 h
was further reduced to the background level in
shATM cells (Fig. 4c), suggesting that the functions of
ATR and ATM are redundant at this late time point.
Finally, UV-induced KAP-1 Ser824 phosphorylation
at 8 h was independent of ATR kinase and was
completely diminished in the absence of ATM
activity, further demonstrating the importance of
late ATM activation (Supplemental Fig. 3).

We previously reported that UV induces rapid
DNA-PKcs phosphorylatlon at the Thr2609 cluster
but not at Ser2056,"" an authentic DNA-PKcs auto-
phosphorylation site in vivo.'”” However, the kine-
tics analysis shown here revealed that DNA-PKcs
Ser2056 autophosphorylation was significantly
induced at 8 h after UV but not at earlier time
points (Fig. 5). The late increase of DNA-PKcs
Ser2056 autophosphorylation was also observed in
cells treated with hydroxyurea but not thymidine
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Fig. 4. Overlapping role of ATR
and ATM in response to UV irradia-
tion. (a) Human osteosarcoma U20S
cells expressing ATRwt kinase or
dominant- negatlve ATRkd were UV
irradiated (10 J/m?) and harvested
atindicated time points. ATM kinase
inhibitor KU55933 was added for
the 2 h prior to harvest if indicated.
Whole-cell extracts were analyzed
for SMC1 phosphorylation. (b) HeLa
cells were mock treated or trans-
fected with siRNA targeting the ATR
kinase. Three days after transfection,
the cells were UV irradiated in the
absence or presence of KU55933 as
indicated. (c) MCEF7 cells stably
expressing shRNA targeting either
green fluorescent protein (GFP) or

(c) shGFP shATM
- - - + - - - +  caffeine (5mM)
th 8 8h - 1h 8h 8h UV (10/m?)
| — | ATM
[ —— o —— | pS966
| | sMmC
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ATM were UV irradiated (10 J/m?).
The cells were treated with ATR
kinase inhibitor caffeine for the last
2 h prior to harvest as indicated.
Whole-cell extracts were analyzed
for SMC1 phosphorylation. Ku80
blotting is shown as a loading
control.
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Fig. 5. Induction of DNA-PKcs Ser2056 autophosphor-
ylation in response to various replication stresses. Expo-
nentially growing VA13 cells were mock treated or
subjected to various replication-stress-inducing agents:
UV (10]/m?), 3 mM hydroxyurea (HU), 1 uM camptothe-
cin (CPT), and 30 mM thymidine (Thy). After treatment,
the cells were harvested at the indicated time points for
analysis of DNA-PKcs Ser2056 autophosphorylation.

(Fig. 5). Replication stress induced by hydroxyurea,
but not by thymidine, is known to yield detectible
DSBs,'® suggesting that DSB formation upon repli-
cation stress may contribute to the activation of ATM
and DNA-PKcs. This view is further supported by
our data indicating that camptothecin, which
induces replication-associated DSB formation,'”
rapidly induced DNA-PKcs Ser2056 autophosphor-
ylation (Fig. 5) as well as ATM-dependent KAP-1
Ser824 phosphorylation (Supplemental Fig. 4). Simi-
larly, it was reported that DSB formation observed
upon UV-induced replication stress is the primary
cause of UV-induced cytotoxicity.>

The connection between UV-induced DSB forma-
tion and activation of ATM and DNA-PKcs was
further supported by the kinetics of H2AX phos-
phorylation or YH2AX formation. Although an inc-
rease in YH2AX was observed at early time points
after UV irradiation, it reached a peak at 4 to 8 h (Fig.
6a and Supplemental Fig. 1). Furthermore, UV
induction of YH2AX at 8 h overlapped with positive
TUNEL (terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling) staining of
DNA strand breaks (92 out 97 strongly positive
vYH2AX cells from >300 cells analyzed), whereas no
TUNEL staining was detected at 1 h after UV (Fig.
6b). The initial UV induction of VHZAX is dependent
on the kinase activity of ATR'® and was attenuated
by treatment with an siRNA targeting ATR (Fig. 6¢).
In addition, it was significantly reduced in U20S
cells expressing a kinase-dead form of ATR at 1 h
after UV (Fig. 6d). Neither treatment with siRNA
against ATR kinase nor the presence of ATRkd
affected UV induction of yH2AX at 8 h. Similar re-
sults were obtained from immunofluorescent ana-
lyses showing that ATR is essential only for the early
onset of YH2AX formation (Fig. 6e). Taken together,
these results suggest that DSB formation at late time
points after UV treatment activates ATM (and/or
DNA-PKcs) kinase activity, which then contributes

to the increase of yYH2AX. In the absence of ATM,
vYH2AX is attenuated at the late stage but not at the
early stage after UV irradiation (data not shown),
which is similar to kinetics of SMC1 Ser966 phos-
phorylation (Fig. 4c).

ATM signal pathway is required for cell cycle
checkpoint regulation upon UV irradiation

ATR and ATM are both capable of eliciting the
intra-S checkpoint in response to replication stresses
or DSBs.”?” However, it is not clear whether ATM
also contributes to the cell cycle checkpoint regula-
tion upon UV or other types of replication stresses.
ATM-proficient 1BR3 cells and ATM-deficient AT5
cells were pulse-labeled with BrdU and then were
UV irradiated to test this possible scenario. The pro-
gression of BrdU-labeled replicating cells was then
monitored by flow cytometry analysis at different
time points after UV irradiation (Fig. 7a). In the
absence of UV treatment, AT5 cells progressed to
S-phase slightly slower than did 1BR3 cells (Fig. 7b).
Upon UV irradiation, S-phase progression was
attenuated in both 1BR3 and AT5 cells with a tighter
S-phase checkpoint response observed in 1BR3 cells.
At 12 h after UV treatment, about 57% of BrdU-
positive 1BR3 cells remained in S-phase as com-
pared to 39% of BrdU-positive AT5 cells. In addition
to the reduction in S-phase cell population, we
observed a significant increase in BrdU-positive G1
population (cells that have gone through mitosis) in
UV-irradiated AT5 cells as compared to UV-irra-
diated 1BR3 cells at 8 and 12 h (Fig. 7c).

To further confirm the involvement of ATM, we
examined the effects of the ATM kinase inhibitor
KU55933 on the S-phase checkpoint after UV treat-
ment. KU55933 alone did not affect cell cycle pro-
gression in unirradiated 1BR3 cells but it attenuated
the S-phase checkpoint response in UV-irradiated
1BR3 cells (Fig. 7d). This indicates that ATM activity
is required for the maintenance of a vigilant intra-S
checkpoint induced by replication stresses. Taken
together, these results suggest that the late activation
of the ATM signaling pathway is required to keep
cell cycle progression in check even upon UV irra-
diation. It is likely that the ATM pathway plays a
supporting role that complements ATR signaling
pathway in intra-S checkpoint and prevents reini-
tiation of DNA replication under replication stress
conditions.

Discussion

Members of the PIKK family of kinases, including
ATM, ATR, and DNA-PKcs, are activated in res-
ponse to various types of DNA damage. It is
generally accepted that ATM and ATR are required
for signal transduction upon DSBs and replication
stress, respectively, whereas DNA-PKcs primarily
participates in DSB repair. The simplicity of this
model has been challenged by a growing body of
evidence suggesting that these PIKK kinases have
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Fig. 6. Late-phase activation of ATM signal pathway is associated with DNA double-stranded breaks. (a) Exponentially growing HeLa cells were UV irradiated (10 J/m?) and
were analyzed for the kinetics of UV-induced H2AX phosphorylation. (b) Mock and UV-irradiated U20S cells were subjected to TUNEL staining followed by immunofluorescent
staining with anti-yH2AX antibody. The bottom panel shows the magnified images of positive TUNEL and yH2AX staining from the squares in the 8-h images. (c) HeLa cells were
mock treated or transfected with siRNA against ATR kinase. Three days after transfection, the cells were UV irradiated and were analyzed for H2AX phosphorylation. (d and e)
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Fig. 7. The ATM signal pathway is required for cell
cycle checkpoint regulation upon UV irradiation. (a) Wild-
type 1BR3 fibroblasts and ATM-deficient AT5 fibroblasts
were pulse-labeled with 1 pM BrdU for 20 min and were
UV irradiated (3 J/m?). Cell cycle progression of BrdU-
labeled cells was monitored by fluorescence-activated cell
sorting analysis. (b) Percentage of remaining BrdU-
positive S-phase cells as compared to that at 0 h (imme-
diately after BrdU labeling). (c) Percentage of BrdU-
positive G1 cells as compared to the initial BrdU-labeled
S-phase cells at 0 h. (d) 1BR3 fibroblasts were subjected to
the same assay in the presence or absence of ATM kinase
inhibitor Ku55933. The remaining BrdU-positive S-phase
cells at 8 h were as compared to that those at 0 h. Results in
(b)-(d) were generated from at least two independent
experiments.

overlapping roles in the resolution of different types
of DNA damage.®'"'? In the current study, we pro-
vide further evidence for the involvement of ATM
and DNA-PKcs kinases in response to UV-induced
replication stress (Fig. 8). We particularly focused on
KAP-1 Ser824 and DNA-PKcs Ser2056 phosphory-
lation as these phosphorylation events are abso-
lutely dependent on ATM and DNA-PKcs, respec-
tively.1721.22 ATM- and DNA-PKcs-dependent
phosphorylation events were induced by UV with
delayed kinetics. ATM-mediated Chk2 and KAP-1
phosphorylations as well as DNA-PKcs Ser2056
autophosphorylation increased slightly at 1 h and
reached peaks at 4 to 8 h after UV irradiation. These
delayed kinetics were in contrast to the rapid
increases in levels of ATR-dependent phosphoryla-
tions. Clearly, there are distinct phases of signaling
events upon UV-induced replication stress: ATR is
activated immediately, whereas ATM and DNA-
PKcs kinases are activated at later time points. The
delayed kinetics or late activation of ATM and DNA-
PKcs kinases also coincided with a dramatic increase
of UV-induced yH2AX (Fig. 6), which occurred pre-
dominantly in response to UV-induced replication
stress.'®? Furthermore, UV-induced yH2AX at 8 h
overlapped with positive TUNEL staining (Fig. 6b).
These evidence are consistent with the previous
study that unrepaired UV photolesions are con-
verted into DNA breaks during DNA replication.”
Taken together, these results imply that the late-
phase activation of ATM and DNA-PKcs kinases is
due to DSB formation at sites of collapsed replica-
tion forks.

ATM is known to play an important role in S-phase
checkpoint upon IR treatment or DSB induction;”*°
however, it was not clear whether ATM is involved in
S-phase checkpoint upon replication stresses. The
late activation of ATM-Chk2 signaling pathway
upon UV irradiation suggests that ATM compensates
for the decreased activity of the ATR pathway at late
time points in order to maintain vigilant cell cycle
checkpoint regulation in the presence of stalled
replication forks. This notion is supported by our
finding that S-phase progression in ATM-defective
cells is faster than that in ATM-proficient cells
following UV irradiation (Fig. 7), indicating a defec-
tive S-phase checkpoint or radioresistant DNA syn-
thesis phenotype in ATM-deficient cells. By titration
of UV doses, we found that 0.5-1 J/ m? of UV irra-
diation is sufficient to induce ATM-mediated Chk2
phosphorylation in HeLa cells (Supplemental Fig. 5).
Even after this minimal UV dose, we observed a
rapid degradation of Cdc25A in S-phase-synchro-
nized HelLa cells (data not shown). Cdc25A degrada-
tion after IR treatment is one of the key events in
ATM-mediated S-phase checkpoint®*** and ATM-
Chk2 pathway activation after UV treatment is likely
required for UV-induced Cdc25A degradation. In
addition to its role in S-phase checkpoint response,
ATM has also been implicated in regulation of G2-M
checkpoint after IR.* The increase of BrdU-positive
G1 population suggests that UV-irradiated AT5 cells
are able to continue cell cycle beyond G2-M phases



808

UV-Induced ATM and DNA-PKcs Activation

IR (8/G2) Replication stress

ATM activation

ATR activation

Chkl
SMC1

‘ H2AX

ATM phosphorylation

DNA-PKcs phosphorylation

@ Strand break @

ATM active
ATR activation
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(Fig. 7c), thus confirming that ATM activity is also
required for G2-M checkpoint upon replication
stresses.

In addition to cell cycle checkpoint regulation, the
increase of ATM activity at late time points after UV
irradiation may contribute to and sustain some of
the S/TQ phosphorylations initiated by ATR. It is
well established that ATM and ATR share many
common downstream targets.” While ATR is essen-
tial for the initial increase of SMC1 and H2AX phos-
phorylations after UV treatment, our results show
that there are no significant differences in phospho-
rylation levels between wild-type and ATR-deficient
cells at 8 h after UV irradiation (Figs. 4 and 6). It is
likely that overlapping activities of ATR and ATM
kinases are required for proper maintenance of these
phosphorylation events in response to UV irradia-
tion. Thus, defects in kinases or lack of S/TQ phos-
phorylations will lead to an increase of cellular
sensitivity toward UV irradiation.'%*°

The late activation of DNA-PKcs may contribute
to DSB repair activity through the nonhomologous
DNA end joining pathway. Cells lacking functional
DNA-PK components are known to have elevated
sensitivity toward UV irradiation,” and we reported
previously that DNA-PKcs phosphorylations at the
Thr2609 cluster are required for cellular resistance
against UV irradiation."" Furthermore, a recent
study indicated that the DNA polymerase inhibitor
aphidicolin induces a surge of DSBs in replicating
cells and that DNA-PKcs is required for the repair of
these DSBs.”” These data suggest that DNA-PKcs
kinase is important for the repair of replication-
associated DSBs. Additionally, DNA-PKcs activity
may be involved in cell cycle checkpoint regulation
after UV irradiation as it was reported that DNA-
PKcs-deficient cells exhibit a radioresistant DNA
synthesis phenotype,” an indication that these cells
are defective in intra-S checkpoint. However, the
precise role of DNA-PKcs in replication-stress-in-
duced checkpoint regulation remains to be clarified.

Although our results clearly demonstrate that UV-
induced ATM and DNA-PKcs phosphorylations
occur predominantly in replicating cells with stalled

ATR active

ATM activation

(activation ?)

Chkl1
SMC1

Chk2
SMC1
H2AX
KAP1 Fig. 8. A model of ATM and
DNA-PKcs activation in response

to UV-induced replication stress.

replication forks, we do not rule out the possibility
that ATM and DNA-PKcs phosphorylations may be
involved in the NER mechanism as we did observe a
slight increase in ATM Ser1981 phosphorylation in
Gl-phase-synchronized cell population after UV
irradiation (Fig. 3a). The induction of ATM Ser1981
phosphorylation in G1-phase may participate in the
NER mechanism as ATM-deficient cells are sensitive
to UV 1rrad1at10n and are defective in repair of UV
photolesions.'” Similarly, it was reported that the
NER pathway can 1n1t1ate checkpoint activation in
nonproliferative cells® and is required for UV-
induced YH2AX in Gl-phase, although max1mum
induction of YH2AX occurs during S-phase.”” This is
consistent with our results that UV irradiation leads
to a significant induction of KAP-1 and Chk2 phos-
phorylations in S-phase-synchronized cells (Fig. 3a
and Supplemental Fig. 2). In XPC-proficient and
XPC-deficient cells, there was no clear difference in
levels of UV-induced ATM and KAP-1 phosphoryla-
tions and that KAP-1 phosphorylation occurred in
BrdU-positive replicating cells in the presence and
absence of XPC (Fig. 2). Taken together, these data
suggest that replication stress is the main cause of
activation of the ATM signaling pathway in
response to UV irradiation.

In summary, our current study revealed the
involvement of ATM and DNA-PKcs in the replica-
tion stress response. ATM and DNA-PKcs were both
activated by UV irradiation at late time points when
DSB formation occurs. In conjunction with early
onset of ATR activity, increase of ATM and DNA-
PKcs activities likely contributes to cell cycle check-
point regulation and DSB repair for the maintenance
of genomic stability.

Materials and Methods

Cell culture

All cell lines, including human cervical adenocarcinoma
HelLa cells, normal HSFs, human osteosarcoma U20S cells
expressing inducible ATRwt (GW33), and U20S cells
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expressing inducible dominant-negative ATRkd (GK41),
were grown in a-minimum essential medium supplemen-
ted with 10% fetal calf serum and penicillin/streptomycin
and were maintained in a humidified atmosphere with 5%
CO,. XPC-deficient cells XP4PA'® and normal VA13 human
fibroblasts were generous gifts from Dr. Lisa McDaniel (UT
Southwestern). Retroviral vector-mediated expression of
small hairpin RNA targeting ATM* and U20S cell lines
expressin% ATRwt and ATRkd were previously
described.’” HeLa cells were synchronized with 40 ng/
mL nocodazole for 17 h to arrest the cell cycle at M-phase
and were then reseeded. Cells were mock treated or UV
irradiated at the indicated time points after reseeding and
were harvested 2 h after UV treatment. siRNA oligonucleo-
tides complementary to ATR and transfection procedures
were previously described."

UV irradiation

For UV irradiation, exponentially growing cells on
culture dishes were washed once with phosphate-buffered
saline (PBS) and then subjected to UV-C (254 nm) at the
rate of 0.5-1 J/m?/s to achieve the cumulative desired
doses (10 J/m? in most experiments). Fresh culture
medium was added to the culture dishes immediately
after irradiation.

Flow cytometry analysis

For flow cytometry analysis, cells were harvested and
fixed in 70% ethanol. Prior to propidium iodide (PI)
staining, cells were washed twice with PBS and were
resuspended in PI solution (0.1 mg/mL RNase A, 0.1%
Triton X-100, and 20 mg/mL PI in PBS) at a concentration
of 1x10°ells/mL. The cell suspension was tumbled at
4 °C for 30 min in darkness. DNA content was measured
by FS500 flow cytometer and cell cycle compartments
were analyzed using the CXP cytometry analysis program
(Beckman Coulter). Cell cycle checkpoint analysis was
performed as described before.*? Briefly, cells were
preincubated with 50 uM BrdU for 10 min and washed
with PBS prior to UV irradiation (3 J/ m?). Cells were
continuously incubated and harvested at indicated time
points after UV irradiation. Cells were processed as
described above, treated with 0.1 mg/mL RNase A and
2 N HCI sequentially for 30 min at 37 °C, and incubated
with anti BrdU antibody conjugated with fluorescein
isothiocyanate (Invitrogen) for 2 h. Cells were then
subjected to flow cytometry.

Western blotting and immunofluorescent
staining

Nuclear extract preparation and Western blotting were
performed as described previously.33 Whole-cell extracts
were prepared by suspending cell pellets in RIPA buffer
on ice for 20 min followed by centrifugation to remove
insoluble material. For immunofluorescent staining, cells
were fixed in 4% paraformaldehyde for 10 min or cold
methanol for 20 min, permeabilized in 0.5% Triton X-100
for 10 min, and then blocked in 5% normal goat serum or
bovine serum albumin for 1 h at room temperature. The
cells were incubated with primary antibodies for 1 h,
washed three times in PBS, and then incubated with
rhodamine red- and Alexa-488-conjugated secondary
antibodies for 30 min (Molecular Probes). Cells were
then washed three times in PBS and mounted in Vecta-

shield mounting medium with 4,6-diamidino-2-phenylin-
dole (Vector Laboratory). TUNEL staining was performed
using the In Situ Cell Death Detection Kit (Roche) as
previously described.* After washing with PBS, cells
were counterstained with anti-yH2AX antibody. Fluores-
cence images were captured using Zeiss Axiovert 200M
microscope equipped with AxioCam MRm digital CCD
camera.

Antibodies

Phospho-specific anti-DNA-PKcs antibodies (anti-
pSer2056 and anti-pThr2609) were described pre-
viously.'””* Anti-ATM Ser1981 phospho-specific antibody
(Rockland), anti-DNA-PKcs mouse monoclonal antibody
(mAb) (NeoMarkers), anti-yH2AX mAb (Upstate), anti-
CPD mAb (MBL International), anti-ATR (Bethyl Labora-
tories), anti-CHK1 and anti-CHK2 antibodies (Cell Signal-
ing), and anti-KAP-1 and anti-SMC1 antibodies (Bethyl
Laboratory) were purchased from indicated vendors.

Acknowledgements

We thank Dr. Lisa McDaniel for providing XP4PA
and VA13 cell lines and Drs. Chaitanya Nirodi and
Anthony Davis for critical reading of the manu-
script. This work was supported by National
Institutes of Health (CA50519) and National Aero-
nautics and Space Administration (NNX07AP84G).

Supplementary Data

Supplementary data associated with this article
can be found, in the online version, at doi:10.1016/
jjmb.2008.11.036

References

1. Friedberg, E. C., Lehmann, A. R. & Fuchs, R. P. (2005).
Trading places: how do DNA polymerases switch during
translesion DNA synthesis? Mol. Cell, 18, 499-505.

2. Garinis, G. A., Mitchell, J. R.,, Moorhouse, M. T,
Hanada, K., de Waard, H., Vandeputte, D. et al. (2005).
Transcriptome analysis reveals cyclobutane pyrimi-
dine dimers as a major source of UV-induced DNA
breaks. EMBO ]. 24, 3952-3962.

3. Byun, T. S., Pacek, M., Yee, M. C., Walter, ]J. C. &
Cimprich, K. A. (2005). Functional uncoupling of
MCM helicase and DNA polymerase activities acti-
vates the ATR-dependent checkpoint. Genes Dev. 19,
1040-1052.

4. Zou, L. & Elledge, S. J. (2003). Sensing DNA damage
through ATRIP recognition of RPA-ssDNA com-
plexes. Science, 300, 1542-1548.

5. Shechter, D., Costanzo, V. & Gautier, J. (2004). Regu-
lation of DNA replication by ATR: signaling in res-
ponse to DNA intermediates. DNA Repair (Amst), 3,
901-908.

6. Gottifredi, V. & Prives, C. (2005). The S phase check-
point: when the crowd meets at the fork. Semin. Cell
Dev. Biol. 16, 355-368.


http://dx.doi.org/10.1016/j.jmb.2008.11.036
http://dx.doi.org/10.1016/j.jmb.2008.11.036

810

UV-Induced ATM and DNA-PKcs Activation

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Shiloh, Y. (2003). ATM and related protein kinases:
safeguarding genome integrity. Nat. Rev., Cancer, 3,
155-168.

Jazayeri, A., Falck, J., Lukas, C., Bartek, J., Smith, G. C,,
Lukas, J. & Jackson, S. P. (2006). ATM- and cell cycle-
dependent regulation of ATR in response to DNA
double-strand breaks. Nat. Cell Biol. 8, 37-45.

Muller, C., Calsou, P, Frit, P., Cayrol, C., Carter, T. &
Salles, B. (1998). UV sensitivity and impaired nucleo-
tide excision repair in DNA-dependent protein kinase
mutant cells. Nucleic Acids Res. 26, 1382-1389.
Hannan, M. A., Hellani, A., Al-Khodairy, F. M., Kunhi,
M., Siddiqui, Y., Al-Yussef, N. et al. (2002). Deficiency
in the repair of UV-induced DNA damage in human
skin fibroblasts compromised for the ATM gene.
Carcinogenesis, 23, 1617-1624.

Yajima, H., Lee, K. J. & Chen, B. P. (2006). ATR-
dependent phosphorylation of DNA-dependent pro-
tein kinase catalytic subunit in response to UV-induced
replication stress. Mol. Cell. Biol. 26, 7520-7528.

Stiff, T., Walker, S. A., Cerosaletti, K., Goodarzi, A. A.,
Petermann, E., Concannon, P. et al. (2006). ATR-
dependent phosphorylation and activation of ATM
in response to UV treatment or replication fork
stalling. EMBO ]. 25, 5775-5782.

Bakkenist, C. J. & Kastan, M. B. (2003). DNA damage
activates ATM through intermolecular autophosphor-
ylation and dimer dissociation. Nature, 421, 499-506.
Hanawalt, P. C. (2002). Subpathways of nucleotide
excision repair and their regulation. Oncogene, 21,
8949-8956.

Daya-Grosjean, L., James, M. R, Drougard, C. &
Sarasin, A. (1987). An immortalized xeroderma pig-
mentosum, group C, cell line which replicates SV40
shuttle vectors. Mutat. Res. 183, 185-196.

Ward, I. M., Minn, K. & Chen, J. (2004). UV-induced
ataxia-telangiectasia-mutated and Rad3-related (ATR)
activation requires replication stress. J. Biol. Chem. 279,
9677-9680.

Chen, B. P, Chan, D. W., Kobayashi, J., Burma, S.,
Asaithamby, A., Morotomi-Yano, K. ef al. (2005). Cell
cycle dependence of DNA-dependent protein kinase
phosphorylation in response to DNA double strand
breaks. J. Biol. Chem. 280, 14709-14715.

Lundin, C., Erixon, K., Arnaudeau, C., Schultz, N.,
Jenssen, D., Meuth, M. & Helleday, T. (2002). Different
roles for nonhomologous end joining and homolo-
gous recombination following replication arrest in
mammalian cells. Mol. Cell. Biol. 22, 5869-5878.

Shao, R. G., Cao, C. X., Zhang, H., Kohn, K. W., Wold,
M. S. & Pommier, Y. (1999). Replication-mediated DNA
damage by camptothecin induces phosphorylation of
RPA by DNA-dependent protein kinase and dissoci-
ates RPA:DNA-PK complexes. EMBO ]J. 18, 1397-1406.
Bartek, J., Lukas, C. & Lukas, ]J. (2004). Checking on
DNA damage in S phase. Nat. Rev., Mol. Cell Biol. 5,
792-804.

Ziv, Y., Bielopolski, D., Galanty, Y., Lukas, C., Taya, Y.,
Schultz, D. C. et al. (2006). Chromatin relaxation in
response to DNA double-strand breaks is modulated
by a novel ATM- and KAP-1 dependent pathway. Nat.
Cell Biol. 8, 870-876.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Chen, B. P., Uematsu, N., Kobayashi, J., Lerenthal, Y.,
Krempler, A., Yajima, H. et al. (2007). Ataxia telan-
giectasia mutated (ATM) is essential for DNA-PKcs
phosphorylations at the Thr-2609 cluster upon DNA
double strand break. J. Biol. Chem. 282, 6582-6587.
Marti, T. M., Hefner, E., Feeney, L., Natale, V. &
Cleaver, J. E. (2006). H2AX phosphorylation within
the G1 phase after UV irradiation depends on nucleo-
tide excision repair and not DNA double-strand
breaks. Proc. Natl Acad. Sci. USA, 103, 9891-9896.
Falck, J., Mailand, N., Syljuasen, R. G., Bartek, J. &
Lukas, J. (2001). The ATM-Chk2-Cdc25A checkpoint
pathway guards against radioresistant DNA synth-
esis. Nature, 410, 842-847.

Lobrich, M. & Jeggo, P. A. (2007). The impact of a
negligent G2/M checkpoint on genomic instability
and cancer induction. Nat. Rev., Cancer, 7, 861-869.
Wright, J. A., Keegan, K. S., Herendeen, D. R., Bentley,
N. J., Carr, A. M., Hoekstra, M. F. & Concannon, P.
(1998). Protein kinase mutants of human ATR increase
sensitivity to UV and ionizing radiation and abrogate
cell cycle checkpoint control. Proc. Natl Acad. Sci. USA,
95, 7445-7450.

Shimura, T., Martin, M. M., Torres, M. J., Gu, C., Pluth,
J. M., DeBernardi, M. A. et al. (2007). DNA-PK is
involved in repairing a transient surge of DNA breaks
induced by deceleration of DNA replication. ]. Mol.
Biol. 367, 665-680.

Park, J. S., Park, S. J., Peng, X., Wang, M., Yu, M. A. &
Lee, S. H. (1999). Involvement of DNA-dependent
protein kinase in UV-induced replication arrest. J. Biol.
Chem. 274, 32520-32527.

Marini, F., Nardo, T., Giannattasio, M., Minuzzo, M.,
Stefanini, M., Plevani, P. & Falconi, M. M. (2006). DNA
nucleotide excision repair-dependent signaling to
checkpoint activation. Proc. Natl Acad. Sci. USA, 103,
17325-17330.

Biton, S., Dar, L., Mittelman, L., Pereg, Y., Barzilai, A. &
Shiloh, Y. (2006). Nuclear ataxia-telangiectasia mutated
(ATM) mediates the cellular response to DNA double
strand breaks in human neuron-like cells. J. Biol. Chem.
281, 17482-17491.

Nghiem, P, Park, P. K., Kim, Y., Vaziri, C. & Schreiber,
S. L. (2001). ATR inhibition selectively sensitizes G1
checkpoint-deficient cells to lethal premature chro-
matin condensation. Proc. Natl Acad. Sci. USA, 98,
9092-9097.

Cliby, W. A, Lewis, K. A, Lilly, K. K. & Kaufmann,
S. H. (2002). S phase and G2 arrests induced by topoi-
somerase I poisons are dependent on ATR kinase
function. J. Biol. Chem. 277, 1599-1606.

Chan, D. W,, Chen, B. P, Prithivirajsingh, S., Kur-
imasa, A., Story, M. D., Qin, J. & Chen, D. J. (2002).
Autophosphorylation of the DNA-dependent protein
kinase catalytic subunit is required for rejoining of
DNA double-strand breaks. Genes Dev. 16, 2333-2338.
Vafa, O., Wade, M., Kern, S., Beeche, M., Pandita, T. K.,
Hampton, G. M. & Wahl, G. M. (2002). c-Myc can
induce DNA damage, increase reactive oxygen
species, and mitigate p53 function: a mechanism for
oncogene-induced genetic instability. Mol. Cell, 9,
1031-1044.



	DNA Double-Strand Break Formation upon �UV-Induced Replication Stress Activates ATM and �DNA-PK.....
	Introduction
	Results
	Activation of ATM signal pathway in response to �UV irradiation
	NER is not required for UV induction of ATM �signal pathway
	UV induces an ATM signaling pathway �predominantly in S-phase
	Overlapping roles of ATR and ATM in response �to UV irradiation
	ATM signal pathway is required for cell cycle �checkpoint regulation upon UV irradiation

	Discussion
	Materials and Methods
	Cell culture
	UV irradiation
	Flow cytometry analysis
	Western blotting and immunofluorescent �staining
	Antibodies

	Acknowledgements
	Supplementary Data
	References




