Cell Cycle 12:7,1105-1118; April 1,2013; © 2013 Landes Bioscience

Dissecting cellular responses to irradiation
via targeted disruptions of the
ATM-CHK1-PP2A circuit
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Exposure of proliferating cells to genotoxic stresses activates a cascade of signaling events termed the DNA damage
response (DDR). The DDR preserves genetic stability by detecting DNA lesions, activating cell cycle checkpoints and
promoting DNA damage repair. The phosphoinositide 3-kinase-related kinases (PIKKs) ataxia telangiectasia-mutated
(ATM), ATM and Rad 3-related kinase (ATR) and DNA-dependent protein kinase (DNA-PK) are crucial for sensing lesions
and signal transduction. The checkpoint kinase 1 (CHK1) is a traditional ATR target involved in DDR and normal cell cycle
progression and represents a pharmacological target for anticancer regimens. This study employed cell lines stably
depleted for CHK1, ATM or both for dissecting cross-talk and compensatory effects on G,/M checkpoint in response to
ionizing radiation (IR). We show that a 90% depletion of CHK1 renders cells radiosensitive without abrogating their IR-
mediated G,/M checkpoint arrest. ATM phosphorylation is enhanced in CHK1-deficient cells compared with their wild-
type counterparts. This correlates with lower nuclear abundance of the PP2A catalytic subunit in CHK1-depleted cells.
Stable depletion of CHK1 in an ATM-deficient background showed only a 50% reduction from wild-type CHK1 protein
expression levels and resulted in an additive attenuation of the G,/M checkpoint response compared with the individual
knockdowns. ATM inhibition and 90% CHK1 depletion abrogated the early G,/M checkpoint and precluded the cells from
mounting an efficient compensatory response to IR at later time points. Our data indicates that dual targeting of ATM
and CHKI1 functionalities disrupts the compensatory response to DNA damage and could be exploited for developing

efficient anti-neoplastic treatments.

Introduction

Exposure of proliferating cells to genotoxic stresses activates a
cascade of signaling events termed the DNA damage response
(DDR). The DDR preserves genetic stability by detecting
DNA lesions, activating cell cycle checkpoints and promoting
DNA damage repair. The phosphoinositide 3-kinase-related
kinases (PIKKs) ataxia telangiectasia mutated (ATM), ATM
and Rad 3-related kinase (ATR) and DNA-dependent protein
kinase (DNA-PK) are crucial for lesion sensing and proximal
signal transduction.”? ATM and DNA-PK recognize and pro-
mote the repair of DNA double-strand breaks (DSBs). ATR
is the primary responder to DNA single-strand lesions and
replication stress. A variety of studies have shown evidence for
significant overlap and cross-talk between these pathways.>*
The checkpoint kinase 1 (CHKI1) was initially characterized
as part of the canonical ATR-CHKI1 pathway and is activated
by single-strand stretches of DNA such as those at replicative
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blocks generated through exposures to UV, hydroxyurea or
nucleoside analogs.? CHKI1 also coordinates Rad51-mediated
homologous recombination (HR) involved with DSB repair.
CHK1 functionality is required for cell cycle progression, even
in the absence of genotoxic assaults.® Coordinated recruitment
of CHK1 and DNA methyltransferase 1 (DNMT1) to DSBs
suggests a potential contribution to epigenome integrity.”
CHKI also functions as a histone H3 kinase and, in this way,
contributes to the regulation of transcriptional expression of
a subset of cell cycle-dependent genes.” As part of the DDR,
CHK1 plays an important role in virtually all aspects of DNA
damage checkpoint signaling. The critical roles of CHK1 in
cellular responses to genotoxic assaults make it an attractive
pharmacological target for improving efficacy of chemothera-
peutic regimens.'*"

Previously, a report from our laboratory documented that
ATM-depleted cells (90% reduction in protein expression) dis-
play an attenuated G,/M checkpoint following irradiation, due
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Figure 1. Generation and validation of stable cell lines. (A) Checkpoint kinase-1 (CHK1) transcript structure, depicting the regions targeted by the
shRNA constructs used in the current study: exon 6 (shRNA A); exon 11 (shRNA B) and the 3'-UTR (shRNA C). Also shown are the start and stop co-
dons. (B) Representative western blot showing CHK1 expression in cell lines transduced with either the non-silencing shRNA or the CHK1 targeting
constructs (CHK1A, CHK1B and CHK1C). (C) Quantification of CHK1 expression in stable HEK293 cell lines. The experiment was performed with three
independent replicates and analyzed with Image Quant software (GE). Statistically significant differences are marked by asterisks (p < 0.05).

to a compensatory DNA-PKcs-mediated mechanism.”® In that
study, ATM-deficient hTERT-184 cells exhibited increased lev-
els of CHKI1 pSer345 phosphorylation after IR compared with
their ATM-proficient counterparts. This hyperactivation was
significantly reduced and correlated with an abrogated G,/M
checkpoint when IR was combined with DNA-PKcs inhibi-
tion, suggesting that increased CHKI signaling could be con-
tributing to checkpoint enforcement in ATM-deficient cells.
Leung-Pineda and coauthors showed that CHK1 phosphoryla-
tion is kept in balance through a feedback regulatory relation-
ship with protein phosphatase 2 (PP2A), wherein inhibition of
kinase activity of CHKI leads to reduced PP2A activity and sub-
sequently to increased CHK1 phosphorylation by ATR." Both
ATM and CHKI1 are among known PP2A substrates,” and ATM
dephosphorylation by PP2A after DNA damage is required for
resolution of DNA repair foci.'* Moreover, PP2A is important for
initiating the IR-induced G,/M checkpoint signaling response.”
Therefore, disruption of CHK1 function could be expected to
affect not only the G,/M checkpoint, but also the phosphoryla-
tion status of PP2A substrates, including ATM. Here we examine
how disruption of either ATM or CHK1 function affects cellu-
lar responses to irradiation and investigate the role of PP2A. We
show that ATM and CHKI cooperate in enforcing the G,/M
checkpoint following DSB induction, and propose that this
redundancy may be exploited for developing clinically relevant
anti-neoplastic treatments.
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Results

Generation of stable CHK1-depleted human cell lines. Human
embryonic kidney (HEK-293T) and human mammary epithelial
cell culture (HME-CC) cell lines were stably transduced with
lentiviral-based constructs expressing either a non-silencing (NS)
or individual CHKI-specific shRNA sequences. Three different
CHKI1-targeting constructs were tested, two of which mapped
to exons 6 and 11 (shRNA CHKIA and shRNA CHKIB,
respectively) and a third one, shRNA CHKIC, mapped to the
3-UTR (Fig. 1A). Whole-cell extracts from the control and
CHKI1-depleted cell lines were analyzed by western blot to verify
the degree of target gene depletion (Fig. 1B) and normalized to
B-actin to correct for loading differences. While all three tested
shRNAs significantly reduced CHKI expression, construct
shRNA CHKIA was the most efficient in doing so, resulting in
~92% depletion of the target gene, with shRNA CHKIC fol-
lowing at ~86% depletion (Fig. 1B and C). Transduction with
the third construct, ssRNA CHKI1B, led to a reduction of about
43% in CHKI1 protein level (Fig. 1C). The CHKIA cell line was
chosen for use in the experiments described in this report.
Proliferation characteristics and sensitivity to genotoxic
treatments of the CHK1-depleted stable cell line. Cell prolifera-
tion characteristics for the HEK-293T cells expressing the non-
silencing shRNA (HEK-NS) and the HEK-293 cells expressing
the CHK1A shRNA (HEK-CHKI1A) were examined under either
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Figure 2. CHK1-depleted cells display decreased survival following
exposure to ionizing radiation. (A) The proportions of mitotic cells in
HEK-NS and HEK-CHK1A cell lines under control conditions. Graphed
data are an average of six biological replicates. All samples were
treated and processed for cycle profiles as described in “Materials and
Methods.” Briefly, at the indicated time points, the cells were trypsin-
ized, washed with PBS, fixed in 4% paraformaldehyde and stored in

PBS in preparation to mitotic cell determination by flow cytometry. (B)
Cells were seeded in 96-well plates and allowed to recover overnight.
For each time point, two sets of plates were prepared (untreated and ir-
radiated). Cell viability measurements were performed at the indicated
time points with the CellTiter Blue assay as described in “Materials and
Methods.” The bars represent ratios of irradiated/untreated readings.
The measurements were performed with 12 replicates per condition
and cell line and tested for reproducibility in at least three independent
experiments. Statistically significant differences are marked by asterisks
(p < 0.05). (C) HEK-NS and HEK-CHK1A were seeded at a density of 100
cells per 100-mm plate and allowed to attach overnight. For each cell
line, one group of plates was left untreated; four other groups were
irradiated with 0.5, 1, 2 or 3 Gy y-IR. After treatment, the plates were
returned to the incubator without a media change and allowed to
grow undisturbed for 10-14 d. Colonies were stained with methylene
blue and counted. Cellular survival was calculated relative to control,
which was set to 100%. The dashed horizontal line represents the 50%
survival (LD50 = lethal dose 50, used here for referring to the dose that
kills 50% of the tested cellular population).

control conditions or following exposure to 3 Gy +y-radiation.
Initially, counts of cells excluding Trypan blue were determined
as an indication of numbers of viable cells in logarithmically
growing cell cultures over time, as well as in cultures exposed
to ionizing radiation (IR) at various times after treatment (data
not shown). The resulting growth curves of the untreated cells
(Fig. S2) revealed that the HEK-CHKIA cells have a faster dou-
bling time than the HEK-NS cells, reflecting a faster progres-
sion through the cell cycle. Indeed, the calculated doubling times
were 16.2 + 3.9 h for the HEK-CHKI1A line and 27.8 + 2.1 h for
HEK-NS cells, a difference that proved statistically significant
(p < 0.01). Comparing the fraction of mitotic cells in both
HEK-NS and HEK-CHKI1A cell lines under control conditions
revealed that the HEK-CHKI1A cells consistently showed a statis-
tically significant higher proportion of cells in mitosis (Fig. 2A).
IR treatment slowed growth significantly in both cell lines, with
an inhibition of proliferation as reflected in an increase in the cell
doubling time of 178% in the control HEK-NS cell line (48.5 =
5.0 h) and 162% in the CHKI1-deficient HEK-CHKI1A cell line
(27.0 £ 3.9 h) (p < 0.01 for both).

Further evaluation of the consequences of CHK1 depletion in
the HEK-CHKIA cell line was performed with a CellTiter Blue
assay (resazurin to rezorufin conversion) to quantify the metabol-
ically active cells and evaluate cellular survival following expo-
sure to 3 Gy y-IR. The average value for untreated controls was
set to 100%, and the other values being compared with control
were determined relative to untreated controls. For both the con-
trol HEK-NS cell line and the CHKI-depleted HEK-CHKI1A
cell line, no significant change in proliferation was observed at 6
h post-irradiation relative to their respective controls. However,
at 76 h post-IR, the CHKI-depleted cell line showed a statis-
tically significant drop (41%) in the viability of metabolically
active cells (Fig. 2B).

www.landesbioscience.com

A 4 -
g 3
"6 pr—
X
== 2
»
3
2 9
S
=
g HEK-NS HEK-CHK1A
B 120
9957 O6h M76h
98.79
100 F 93.81
80 }
S %
g 58.65
=60 f
|
c
»40 }
3
o
20 p
0
HEK-NS HEK-CHK1A
C 100 4
S
€
o
010
®
-3
L
®
£
1
?1
o
S et HEK-NS *
e HEK-CHK1A
e = = | D50
0.1
0 2 4
Irradiation dose, Gy

Cell lines were tested for radiosensitivity as reflected in the
ability to form colonies following treatment with IR at different
doses. Clonogenic assay results showed that the HEK-CHKI1A
cell line displayed a markedly increased sensitivity to y-radiation
exposure as compared with the control HEK-NS cells (Fig. 2C),
with an LD50 = 0.5 Gy v-IR, in contrast to the control cell line
which had an LD50 of 2 Gy y-IR.

G,/M checkpoint responses to irradiation following CHK1
depletion. To investigate the G,/M transition regulation in
CHKI1-depleted cells, we examined the G, DNA damage check-
point in response to y-IR in a time course (Fig. 3A). Briefly, cells
were exposed to 3 Gy y-IR, collected at the indicated time points
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(2,4, 6 and 8 h), fixed and processed for flow cytometric analysis
of cell cycle profiles as described in “Materials and Methods.”
The relative mitotic index (RMI) is the ratio of the number of
cells in mitosis in the irradiated sample divided by the number
of cells in mitosis in the untreated sample, expressed as a % of
the control. A low RMI is therefore suggestive of a strong G,/M
checkpoint arrest (i.e., cells are prevented from entering mitosis),
whereas a higher RMI indicates checkpoint attenuation or even
abrogation. CHK1 depletion resulted in an attenuated G,/M
checkpoint response to radiation-induced damage, with the RMI
values that were consistently 2.0-2.5-fold higher than those for
the control cell line (Fig. 3A). Also of note is that in addition to a
weakened G,/M checkpoint (Fig. 3A), CHK1-depletion (HEK-
CHKI1A line) led to a higher increase in the accumulation of cells
in the G, phase with time following exposure (Fig. 3B), up to 8 h
post-IR, than what was observed in the HEK-NS cells (Fig. 3A
and B). This suggests that CHK1-depleted cells may resume cell
cycle faster, following a less efficient S phase checkpoint and a
shorter S phase delay.

Taken together, the above data suggest that CHK1 depletion
results in enhanced radiosensitivity, lower survival rates follow-
ing exposure to IR, accelerated cellular proliferation rates and
altered G,/M checkpoint responses to IR-induced damage.

Cooperation between CHK1 and ATM in the G,/M check-
point response. Analysis of ATM activation in response to irra-
diation showed that both cell lines, HEK-NS and HEK-CHK1A
displayed IR-dependent increases in ATM phosphorylation
(Fig. 4A). The magnitude of ATM phosphorylation following
IR treatment was higher in the CHK1-depleted cells at the early
time points, showing a rapid elevation at 2 h with continued
increase in the phosphorylation of ATM at 6 h post-treatment
(Fig. 4A). For both cell lines, ATM phosphorylation reverted to
the basal level at 24 h post-irradiation. Notably, CHK1 deple-
tion by itself resulted in a reproducible increase in the basal level
of ATM phosphorylation on Ser1981 (Fig. 4A, time 0; Fig. 4B,
compare lanes 1 and 3; and Fig. 4C, compare lanes 1 and 5).
The partial attenuation of the G,/M checkpoint under condi-
tions of CHK1 depletion in the HEK-CHKIA cells (Fig. 3B),
rather than a complete abrogation of the G,/M checkpoint, could
thus be due to a compensatory ATM hyperactivation as reflected
in this increased ATM phosphorylation on Ser1981 (Fig. 4B).

Increased ATM phosphorylation on Ser1981 following IR was
also observed when CHK1 was depleted transiently (Fig. 4C, com-
pare lanes 3 and 7). ATM inhibition with 10 uM Ku55933 for 1 h
prior to irradiation resulted in a complete block of its phosphory-
lation on Ser1981 in the control siRNA-transfected cells (Fig. 4C,
lane 4, left panel). In marked contrast, the CHKI1-depleted cell
line exhibited an elevated basal level of ATM phosphorylation on
Ser1981 that was only slightly reduced by pretreatment with the
ATM inhibitor (Fig. 4C, compare lanes 1 and 2 on the left with
lanes 5 and 6 on the right). There was significantly higher ATM
phosphorylation on Ser1981 in response to IR that was reduced
by the ATM kinase inhibitor only to the unirradiated basal levels
(Fig. 4C, compare lanes 3, 7 and 8). As Ser1981 is an ATM auto-
phosphorylation site, this observation suggested an altered ATM
dephosphorylation dynamics in CHK1-deficient cells.
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Interestingly, Leung-Pineda et al. reported that CHKI1 inhibi-
tion with G66976 disrupted a regulatory circuit between CHK1
and the phosphatase PP2A." Additionally, PP2A is an ATM
Ser1981 phosphatase (reviewed in ref. 15). We hypothesized
that residual ATM auto-phosphorylation observed in CHKI-
depleted cells could be due to a disruption of PP2A function and
thus result in lower than normal rates of ATM dephosphoryla-
tion. To test this hypothesis, we treated control HEK-NS and
CHK1-deficient HEK-CHKIA cells with the ATM inhibitor
Ku55933 at 30 min post-irradiation (to allow the IR-mediated
activation first) and then analyzed the ATM status at 2 h post-
irradiation, to evaluate effects of CHKI1 depletion on the stabil-
ity of the ATM activating phosphorylation. The HEK-NS cell
line showed no detectable ATM phosphorylation before irradia-
tion, with or without treatment with Ku55933. In contrast, and
as previously shown in Figure 4C, HEK-CHKIA cells showed
detectable ATM phosphorylation in the absence of irradiation,
and this phosphorylation was only partially reduced by treatment
with the ATM inhibitor (Fig. 4D). Furthermore, while addition
of Ku55933 at 30 min post-irradiation resulted in a completely
eliminated IR-induced ATM phosphorylation in HEK-NS cells
at 2 h post-IR, treatment with the ATM inhibitor caused only
a partial reduction of ATM phosphorylation in the CHKI-
depleted HEK-CHKIA cells (Fig. 4D), in agreement with the
results obtained for transient transfection experiments (Fig. 4C).

To further interrogate the steady-state phosphorylation
dynamics of ATM on Ser1981, we exposed control and CHK1-
depleted cells with the CHK1 inhibitor AZD7762 without addi-
tional treatment. Inhibition of CHK1 kinase function led to a
dose-dependent increase in ATM phosphorylation on Ser1981 in
the control HEK-NS cell line (Fig. 5, open bars) and this effect
was further enhanced in the CHKI-depleted HEK-CHKIA
cells (Fig. 5A, black bars). It was striking to us that treatment
of the HEK-CHKI1A cells with the CHK1 inhibitor AZD7762
had such a dramatic effect on ATM phosphorylation, because
these cells had virtually no CHKI1 protein. However, it should be
noted that despite the near complete depletion of CHK1, HEK-
CHKIA cells still exhibit significant CHK1 phosphorylation
levels under both control and irradiated conditions (Fig. 5B). In
fact, when normalized to the levels of total CHK1 protein, the
phosphorylated form of CHKI is up to 200-fold more abundant
in the depleted cells than in the control HEK-NS cells (Table S2).
Therefore, the residual CHK1 protein in the HEK-CHKIA cell
line appears hyper-phosphorylated compared with the fraction
of phosphorylated CHK1 seen in the non-silencing cell line
HEK-NS. This provides a plausible explanation for the observed
further effects of CHKI1 inhibition following treatment with
AZD7762 as reflected in increasing levels of ATM phosphoryla-
tion (Fig. 5A). Although one possible explanation for increased
ATM phosphorylation is a higher accumulation of damage due
to lack of CHK1 functionality, the ability of the CHK1 inhibitor
to elicit elevated ATM phosphorylation even after short expo-
sure times and without other genotoxic treatments is indicative of
effects on a feedback regulatory loop, in which impaired CHK1
function may preemptively lead to an accumulation of ATM
phosphorylation.
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To examine the regulatory relation-
ship between CHKI1, ATM and PP2A,
we analyzed the subcellular distribu-
tion of the catalytic subunit of PP2A in
HEK-NS and HEK-CHKI1A cells. As the
activity of our proteins of interest (CHKI,
ATM and PP2A), at least in the context
of the DNA damage response, is associ-
ated with the nuclear fraction, we exam-
ined the status of PP2A catalytic subunit
in the nuclear extracts from non-silencing
and CHK1-depleted cells. While the bulk
of the PP2A catalytic subunit was found
in the cytoplasmic fractions (data not
shown), we found that CHK1-depleted
HEK-CHKIA cells have a significantly
lower level of nuclear PP2A catalytic sub-
unit (Fig. 6, middle panel). Furthermore,
CHK1-deficient HEK-CHKI1A cells also
exhibited increased levels of the Y307-
phosphorylated form of PP2A catalytic
subunit despite having lower total levels
(Fig. 6). Phosphorylation of tyrosine 307
has been reported to have an inhibitory
effect on PP2A catalytic function.'®"
Interestingly, inhibition of CHKI1
kinase activity with the CHKI inhibitor
AZD7762 did not have the same effect on
the nuclear localization of PP2A, as did
depletion of the levels of the CHKI pro-
tein (Fig. 6), suggesting that there may
be protein-protein interactions involving
CHKI1 that are critical in the regula-
tion of PP2A nuclear activity. Therefore,
these observations support reduced PP2A
activity in the nuclei of CHKI-depleted
cells, providing a plausible explana-
tion for augmented ATM and CHKI1
phosphorylation detected in these cells.
Furthermore, at 24 h post-irradiation,
when ATM phosphorylation is approach-
ing basal levels (Fig. 4A), treatment with
the phosphatase inhibitor okadaic acid
(I nM) resulted in an enhancement of
ATM phosphorylation in the CHKI-
deficient cells compared with the control
cell line HEK-NS (Fig. S3).

CHK1 and ATM interactions in
human mammary epithelial cells.
Previously, we reported that ATM-
deficient human mammary epithelial
cell cultures (HME-CC) exhibit only an
attenuated G,/M-checkpoint following
irradiation.” This prompted us to exam-
ine CHK1 status and function in ATM-

depleted cells. Interestingly, CHKI1
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Figure 3. Mitotic indices of CHK1-depleted cells under control conditions and following genotoxic
treatment. HEK-NS and HEK-CHKI1A cells were plated, allowed to recover for 18-24 h and where
appropriate, subjected to ionizing radiation (3 Gy y-IR). All samples were treated and processed for
cell cycle profiling as described in “Materials and Methods.” Briefly, at the indicated time points, the
cells were trypsinized, washed with PBS, fixed in 4% paraformaldehyde and stored in PBS in prepa-
ration to mitotic cell determination by flow cytometry. (A) Relative mitotic indices of HEK-NS and
HEK-CHKI1A cell lines following irradiation were calculated by dividing the percentage of mitotic
cells in the treated sample by the percentage of mitotic cells in its respective untreated sample and
expressed as % control. Mean RMlIs were then determined from at least three independent experi-
ments and biological replicates. See Supplemental files for flow cytometry profiles and Table S1 for
the absolute values of mitotic cell measurements. (B) Proportions of cells in G,/M of the cell cycle
following irradiation in HEK-NS and HEK-CHK1A cell lines (based on DNA content, less % mitotics

based on phospho-H3). Statistically significant differences are marked by asterisks (p < 0.05).

Cell Cycle 1109

Do not distribute.

I0Science.

©2013 Landes B



35 | =@-HEK-NS

~0-HEK-CHK1A

ATM phosphorylation on Ser1981

0 5 10 15 20
Time post irradiation, hours

B . + . + [R3Gy
ATM pSer1981

R —

—_— : CHK1

— — — w— | B-Actin

1 2 3 4

HEK-NS HEK-CHK1A
Stable knockdown

C -+ - 4+ - + - + Ku55933
+ + IR, 3Gy

S || .,_’.| ATM pSer1981
IMJM ”
e
|-—-—- || .ﬁ B -actin

2345678

Control SIRNA CHK1 SIRNA
Transient knockdown

D -+ -+ -+ -+ Ku55933
- -+ o+ . -+ + |R3Gy
— —— - == = | ATM pSer1981

e w— | ATM

e A CHK1

T e c—- @ e e = = | B.actin

1110

Figure 4. ATM autophosphorylation in CHK1-depleted cells. (A) Time
course of ATM activation in response to ionizing radiation as measured
by phosphorylation of Ser1981 in HEK-NS and HEK-CHK1A cell lines.
Graphed data are the average of three independent measurements +
SEM. (B) Representative western blot showing increased ATM phos-
phorylation in HEK293 stable cell lines HEK-NS and HEK-CHK1A at 2 h
post-irradiation. (C) Exponentially growing HEK293 cells were seeded
at 50% confluency and allowed to attach overnight. Transfections
were performed in 6-well dishes with 300 pmoles of non-targeting
siRNA or CHK1 siRNA per well and Lipofectamine 2000 according to
the manufacturer’s instructions. At 48 h post-transfection the cells
were pre-treated for 1 h with either vehicle (DMSO) or 10 M Ku55933,
followed by exposure to ionizing radiation (3 Gy y-IR). The cells were
harvested at 2 h post-IR and analyzed by western blot. (D) HEK-NS and
HEK-CHK1A cell lines were seeded and allowed to recover for 18 h. Fol-
lowing irradiation at 3 Gy y-IR, the cells received either vehicle (DMSO)
or 10 wM Ku55933 after 30 min post-IR. The samples were harvested at
2 h post-exposure and analyzed by western blot.

mRNA levels were reduced by roughly 30% in ATM-depleted
cells (Fig. 7A), and this correlated with a comparable decrease
in CHKI protein expression level (Fig. 7B, compare open and
gray bars).

Stable transduction of wild-type (LacZ) and ATM-deficient
HME-CC cells with the CHKI1A lentiviral construct resulted
in a depletion of CHK1I mRNA of 63% and 48%, respec-
tively (Fig. 7A). Interestingly, the doubly depleted HME-CC
ATM-CHKIA cells exhibited somewhat higher CHKI1 protein
levels compared with their HME-CC ATM-proficient/ CHKI-
deficient counterpart, LacZ-CHKIA cells (Fig. 7B, compare
checkered and black bars). It is possible that the higher residual
level of CHK1 protein in the doubly deficient cell line is required
for survival of these cells with reduced levels of ATM, supporting
our hypothesis of a compensatory relationship between ATM and
CHKI. Furthermore, we expected this functional redundancy to
be reflected in the ability of cells to arrest in G,/M following
genotoxic exposures.

Therefore, we examined the G,/M checkpoint signaling
response to IR-induced damage in HME-CC cells deficient in
ATM, CHKI1 or both ATM and CHK1. Comparison of wild-type
HME-CC LacZ-NS and HME-CC LacZ-CHKIA cells showed
that their behavior is similar to that of their HEK-293T coun-
terparts (HEK-NS and HEK-CHKI1A). ATM phosphorylation
was elevated in a DNA damage-dependent manner in the con-
trol HME-CC LacZ-NS cells and hyper-phosphorylated in the
CHKI1-depleted HME-CC LacZ-CHKIA cells. Interestingly, in
ATM-depleted HME-CC cells, with either normal or depleted
levels of CHK1 (ATM-NS or ATM-CHKI1A), CHK1 phosphor-
ylation on Ser296 was uniformly elevated, irrespective of treat-
ment with IR (Fig. 7C).

Analysis of G,/M DNA damage checkpoint arrest follow-
ing IR exposure in these cell lines at 2 h post-irradiation showed
that ATM-deficiency caused only a small attenuation in the
HME-CC ATM-NS cells, with a RMI of 10.8% vs. 2.97% in
LacZ-NS (Fig. 8A). Depletion of CHK1 by 63% of the wild-type
protein level in the HME-CC LacZ-CHKIA cells resulted in a
much larger attenuation of the G,/M checkpoint, with a RMI
of 33.4%. Additionally, the combination of both deficiencies in
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the HME-CC ATM1-CHKIA cells appeared to be addi-
tive in character, yielding a 45.03% RMI value (Fig. 8A).
Furthermore, at 4 h postirradiation, the control
HME-CC LacZ-NS cell line still demonstrated a modest
G,/M checkpoint arrest (RMI 30.9%), whereas all the
HME-CC cell lines deficient in either ATM, CHKI1 or
both were not significantly different from one another,
completely exiting the G,/M cell cycle arrest (Fig. 8B).

To summarize, G,/M checkpointanalysisin HME-CC
cell lines indicated that both ATM and CHK1 contrib-
ute and cooperate in enforcing the G,/M checkpoint fol-
lowing DNA damage, and their intact functionality is
also important for a properly paced exit from cell cycle
arrest. The non-synergistic, additive character of ATM
and CHK1 with regard to G,/M checkpoint responses
in these cell lines can be reasonably attributed to resid-
ual CHKI1 protein (50% of wild-type expression level)
detected in the doubly deficient cells.

This prompted us to analyze the contribution of ATM
to G,/M checkpoint responses in the HEK-293 set of cell
lines, HEK-NS and HEK-CHK1A, whose level of CHK1
protein depletion exceeded 90% (Fig. 1D). For this pur-
pose, we pretreated both cell lines with either vehicle or
10 wM Ku55933 for 1 h, followed by irradiation at 3 Gy.
The samples were collected at 2, 4, 6 and 24 h after irradi-
ation, and the relative mitotic indices were calculated and
plotted. Pre-treatment with the ATM inhibitor Ku55933
(10 wM) for 1 h prior to irradiation had no significant
effect on RMIs compared with the vehicle control. ATM
inhibition followed by irradiation at 2 h post-treatment
led to a large attenuation of the G,/M checkpoint in the
HEK-NS cells (RMI of 57.9%) (Fig. 8C), whereas in
the HEK-CHKIA cells this checkpoint was essentially
abrogated (RMI of 85.4%) (Fig. 8C). Interestingly, the
non-silencing cell line with wild-type levels of CHKI
gradually but progressively generated a G,/M checkpoint
arrest even in the presence of ATM inhibition over the
next 4 h; thus, by 6 h post-exposure, the RMI values did
not differ significantly from those obtained with IR treat-
ment in the absence of ATM inhibition. In the case of the
CHKI1-depleted cells treated with the ATM inhibitor, a
modest drop in the RMI value was observed following IR
treatment at 4 h; however, this weak G,/M checkpoint
arrest could not be sustained in the same manner as in the
CHKI1-proficient cells, reverting to an almost completely
abrogated G,/M checkpoint arrest by 6 h following
IR-exposure (Fig. 8C). Moreover, at 24 h post-treatment,
the CHKI1-depleted cells seemed to have completely
exited the G,/M arrest when ATM was inhibited prior to
irradiation. Exit from the G,/M checkpoint at 24 h in the
non-silencing cell line was incomplete, and ATM inhibi-
tion of these CHK1-proficient cells resulted in even fur-
ther suppression of cell cycle resumption at 24 h post-IR

(Fig. 8C). It should be noted that in HEK293 cells the p53 path-
way is dysfunctional,” and therefore observations for HEK-NS
and HEK-CHKIA cell lines represent responses to irradiation
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Figure 5. CHK1 inhibition results in enhanced ATM phosphorylation. (A) HEK-NS
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added to the culture medium. The cells were harvested 6 h later. ATM phosphor-
ylation on Ser1981 was analyzed by western blot and graphed as fold-change
relative to the untreated control of the HEK-NS cell line. (B) CHK1 protein abun-
dance and phosphorylation status in HEK293 stable cell lines. HEK-NS and HEK-
CHKI1A cell lines were seeded and allowed to recover for 18 h. The samples were
harvested at 2 h post-irradiation with 3 Gy y-IR and analyzed by western blot.

under conditions of CHKI depletion, p53 dysfunction and
ATM inhibition. Human mammary epithelial cell lines, how-
ever, express wild-type p53 and are able to mount p53-mediated
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Figure 6. Status of the PP2A catalytic subunit in nuclear extracts

from CHK1-depleted cells. Subcellular fractionation was performed as
described in “Materials and Methods.” For all samples, nuclear extracts
were prepared from equal numbers of cells. The cells were treated with
10 nM AZD7762 1 h prior to irradiation with 3 Gy y-IR and harvested at
2 h post-IR. Antibodies are against the catalytic subunit of PP2A (PP2A
cat; total or phosphorylated on Y307).

responses to UV?' but have a weak G,/S checkpoint following
irradiation, most likely due to an alteration in the p16-p53 regu-
latory circuit.?>?® Taken together, these observations suggest that
CHKI1 and ATM contribute independently to the early stages of
the G,/M checkpoint activation, and that CHK1-proficiency is
required for an efficient enforcement of the G,/M checkpoint in
the absence of ATM at later time points. Also, CHKI is needed
for preventing a premature exit from the checkpoint and may be
compensating for impaired ATM function by imposing a delay in
cell cycle resumption (Fig. 8C, HEK-NS cell line). ATM inhibi-
tion in CHK1-deficient cells showed only a mild tendency toward
such a delay, reflecting, perhaps, the residual CHK1 kinase activ-
ity present in this cell line (Fig. 5B).

Discussion

Previous work with ATM-deficient cell lines showed that ATM
depletion alone results in an attenuated G,/M checkpoint
in response to irradiation and suggested that the compensa-
tory mechanism included increased CHKI1 phosphorylation
on Ser345 compared with wild-type cells. This hyperactiva-
tion was significantly reduced and correlated with an abrogated
G,/M checkpoint when IR was combined with DNA-PKcs
inhibition, indicating a potential contribution from increased
CHKI1 signaling to checkpoint enforcement in ATM-deficient
cells.”® Furthermore, Jiang et al. showed that under conditions
of p53-deficiency, ATM suppression results in sensitization of
tumor cells to genotoxic treatments, and ATM-deficient cancer
cells are “addicted” to DNA-PKcs and require it for survival after
double-stranded DNA breaks.>

The current report illustrates that a high level of CHKI1
depletion (90% at the protein level) resulted in significantly
decreased survival rates following irradiation and heightened
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radiosensitivity as measured in clonogenic assays (Fig. 2C). In
the absence of DNA damage, both CHK1-depleted and ATM-
deficient cells displayed a hyper-proliferative phenotype, while the
combined ATM/CHKI1 depletion was growth-inhibitory (data
not shown). ATM activation levels and dynamics were altered
in CHK1-depleted cells: ATM phosphorylation on Ser1981 was
higher in CHK1-deficient cells, peaking at a later time point com-
pared with CHK1-proficient, HEK-NS cells, although by 24 h, a
resolution of this response was observed by western blot analysis.
This was somewhat surprising, because other studies investigat-
ing CHKI depletion effects have reported persistent ATM acti-
vation in the absence of CHK1.” This apparent contradiction
could potentially be explained by different detection thresholds
for western blot and immunofluorescence. Both our experiments
and data published by other groups for other genotoxic treat-
ments show that ATM is hyperactivated under CHK1 deficiency
(either by depletion or inhibition) conditions. Furthermore, tran-
sient CHK1 depletion showed a more dramatic increase in ATM
activation following IR (compare Fig. 4B and C). In transiently
depleted cells, this effect was largely attributable to ongoing ATM
auto-phosphorylation events, although a fraction clearly persisted
even in the presence of ATM inhibitor Ku55933 (Fig. 4C), sug-
gesting a possible phosphatase involvement. Multiple serine-thre-
onine phosphatases have been reported to dephosphorylate ATM
and CHKI (reviewed in ref. 15), among which are PP1, PP2A
and Wipl. We focused our attention on PP2A phosphatase as a
plausible candidate that could mediate the enhanced phosphory-
lation effects, specifically because it has been previously reported
to share a feedback regulatory relationship with CHK1." Leung-
Pineda and co-authors examined the phosphorylation of CHK1
by ATR and the involvement of CHKI kinase in modulating its
own signaling responses by negatively regulating PP2A activity.
It is plausible that CHKI1 kinase activity controls the frequency
and/or timing of dephosphorylation events by PP2A via a regula-
tory phosphorylation, and the potential for such an interaction
was recently documented in a report identifying a PP2A specific
sequence as a strong target for CHK1 phosphorylation.?® Lee et
al. reported that in Hela cells treated with doxorubicin PP2A
co-localized with y-H2AX foci and was involved in dephos-
phorylation of Polo-like kinase 1 (Plk1), allowing accumulation
of cells in G, phase. ATM or CHK1 depletion blocked mitotic
Plkl dephosphorylation following doxorubicin treatment.”” The
data reported in our study indicate that CHKI1 depletion altered
the subcellular localization for the PP2A catalytic subunit, which
appeared diminished in the nuclear fraction of CHKI-deficient
cells compared with their wild-type counterparts. Additionally,
the higher level of PP2A inhibitory phosphorylation on tyro-
sine-307 in the nuclear extracts derived from CHKI-deficient
cells is in good agreement with the observed ATM and CHKI1
hyper-phosphorylation states. Taken together, these observations
suggest that CHKI may be involved in controlling the dura-
tion of cell cycle arrest by modulating both PP2A activity and
subcellular localization. Interestingly, CHK1 abundance (both
mRNA and protein) seem to be influenced by ATM status, with
ATM-depleted cells exhibiting a small, burt statistically signifi-
cant CHK1 downregulation. This correlates with heightened
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CHKI1 auto-phosphorylation (Fig. 7C) in ATM cells and
a checkpoint response that is only modestly attenuated
(Fig. 8A, ATM-NS). Combined CHKI1 and ATM deple-
tion was additive in early checkpoint responses (Fig. 8A),
whereas checkpoint resolution at 4 h post-irradiation was of
comparable magnitude in all deficient cell lines (Fig. 8B,
compare RMI values). It should also be noted that ATM
depletion and ATM inhibition, although similar, are not
entirely equivalent with regard to checkpoint responses. For
example, inhibition of ATM kinase activity in HEK-NS
cells prior to irradiation led to a large attenuation of the
G,/M checkpoint at 2 h post-IR (RMI of ~-60%, Fig. 8C);
however a strong compensatory response was seen after 6 h
(Fig. 8C, HEK-NS). ATM inhibition also resulted in a
delayed recovery of mitotic indices at 24 h post-irradiation
in CHKI-proficient cells, whereas in cells stably depleted
for ATM (human mammary epithelial cell lines), the
checkpoint exit did not seem to be hindered. This observed
dissimilarity between ATM inhibition with Ku55933 and
stable ATM depletion via shRNA in terms of recovery of
mitotic indices at 24 h post-irradiation could be due to dif-
ferences in the composition and stoichiometry of ATM-
containing molecular complexes, CHKI dosage effects,
ATM inhibitor metabolic washout and subsequent relief
of ATM inhibition or a combination of all these factors.
Future studies would be needed to compare the molecular
consequences of ATM depletion and ATM inhibition.
CHKI1 depletion in combination with ATM inhibi-
tion resulted in a complete abrogation of the early G,/M
checkpoint (see Fig. 8C, HEK-CHKIA, 2 h time point).
Although a temporary reduction in RMI was seen at 4 h
postIR in CHKI-depleted and ATM-inhibited cells,
this compensatory response could not be sustained.
Additionally, the delayed recovery in mitotic rates seen
at 24 h in cells that were ATM inhibited prior to IR was
completely absent in CHKI-depleted cells, suggesting
that both ATM and CHKI1 contribute to and modulate
the checkpoint exit. In summary, reciprocal regulation
within the ATM-CHKI-PP2A circuit provides a mecha-
nism whereby compensatory responses may be elicited fol-
lowing genotoxic stress (Fig. 9). Cells with wild-type levels
of ATM and CHKI1 control the magnitude and frequency
of phosphorylation events for these kinases, and PP2A
dephosphorylation is part of this “balancing act” (Fig. 9A).
A functional feedback loop between PP2A and CHK1"
ensures that under normal growth conditions ATM and
CHKI1 phosphorylation stays below detection levels. In
cells depleted for CHK1, the PP2A-CHKI feedback loop is
disrupted, resulting in hyper-phosphorylation of PP2A sub-
strates, including ATM and CHKI1 (Fig. 9B). Heightened
ATM auto-phosphorylation enforces the G,/M checkpoint,
counteracting the CHKI1 deficiency. ATM depletion in
human mammary epithelial cell cultures resulted in a small
(30%) reduction in CHK1 mRNA and protein levels, but
enhanced CHKI1 autophosphorylation on Ser296 (Figs. 7C
and 9C), which could explain the unexpectedly modest
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Figure 7. CHK1 expression and phosphorylation status in human mammary
epithelial cell lines. To analyze CHK1 expression levels, the cells were cultured
under normal growth conditions to a maximum of 70-80% confluency. At har-
vesting, the cell pellets for each sample were divided into two tubes, one for
total RNA extraction and another one for protein extraction. The extractions
were from at least three biological replicates for each indicated cell line. (A)
CHK1 mRNA abundance was measured by qRT-PCR as described in “Materials
and Methods.” (B) CHK1 protein abundance was analyzed by western blot. The
graph is from the quantified and normalized data from at least three biologi-
cal replicates. The wild-type expression level (LacZ-NS cell line) is set to 100%
with the values obtained for all other cell lines recalculated relative to the
wild-type control. (C) HME-CC cells were seeded 44-48 h prior to treatment
with 3 Gy y-IR and harvested at 2 h post-exposure.
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effect on the G,/M checkpoint. Furthermore, the inability to
reach a higher level of CHKI1-depletion in cells with an ATM-
deficient background is likely an adaptive response, suggesting
that cellular survival in the absence of ATM requires at least 50%
of CHKI protein expression. Additionally, an examination of cell
viability at late time points following irradiation showed that the
control cell line HME-CC LacZ-NS, as well as the cell lines with
single deficiencies in either CHK1 or ATM (LacZ-CHKIA and
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Figure 8. ATM and CHK1 cooperation is required for both the early
checkpoint response and recovery of the mitotic indices post-irradia-
tion. HME-CC cells were seeded 44-48 h prior to treatment with 3 Gy
v-IR and harvested at the indicated time points post-exposure. The
samples were processed for flow cytometry analysis as described in
“Materials and Methods.” Graphed data represents the relative mitotic
values for 2 h (A) and 4 h post-exposure (B). For experiments in HEK293
cells, HEK-NS and HEK-CHKI1A cell lines were seeded and allowed to
recover for 18 h. ATM inhibitor Ku55933 (10 M) or DMSO (vehicle) were
added to the cell culture media 1 h prior to irradiation with 3 Gy y-IR.
All samples were collected at the indicated time points and processed
for flow cytometry analysis as described in “Materials and Methods.” (C)
Relative mitotic indices following irradiation + Ku55933 in HEK-NS and
HEK-CHK1A cells.

ATM-NYS) exhibited a growth delay after IR at 3 Gy (Fig. $4,
panels A—C). The double-deficient cell line HME-CC ATM-
CHKIA, however, did not appear to slow down during the
first 24 h post-treatment, with viable cell numbers that closely
matched those in the unirradiated control samples. However, at
48 h post-IR the double-deficient cell line appears to have halted
cell growth (Fig. S4D). We anticipate that this synthetic growth
inhibition seen with the double-deficient cell line would likely
be even more prominent when evaluated in clonogenic assays for
a larger variety of irradiation doses. It would also be of interest
to evaluate whether ATM deficiency will sensitize the cells to
CHKI1 inhibition.

CHKI1 inhibitors are being actively tested as promising thera-
peutic agents for a variety of cancer types, with CHKI status
in different cancers providing further support for this approach.
For example, Bertoni et al. reported that colon and endometrial
cancer samples display frameshift mutations in the CHKI gene,
and these are often accompanied by microsatellite instability.?
In stomach tumors with microsatellite instability, CHK1 muta-
tions occurred with a relatively low frequency (9% of tumors).”’
Tumors observed in germline Chk1*~ mice did not appear to lose
the second allele of Chk1,%° suggesting that Chkl is a haploin-
sufficient tumor suppressor. CHK1 is involved in both normal
mammary gland development and breast carcinogenesis.*"* For
instance, CHKI transcript abundance was increased in histo-
logic grade 3 tumors and in tumors in which the expression of
estrogen receptor (ER) and progesterone receptor (PR) was lost.?
Grade 3 breast carcinomas with a triple-negative ER-/PR-/HER-
2-phenotype also displayed significantly increased CHK1 mRNA
levels compared with other grade 3 tumors.> Furthermore, Tort
and co-authors showed that CHKI gene inactivation is uncom-
mon in human lymphomas; however, loss of CHKI protein
expression was observed in a subset of aggressive lymphomas and
it occurred alternatively to ATM gene alterations.* This observa-
tion once again highlights the potential for a compensatory rela-
tionship between CHK1 and ATM. Moreover, the radiosensitive
phenotype of ATM-deficient cells could be rescued by CHKI
overexpression through a remediation of the G,/M checkpoint.”

Reports published to date showed that targeting CHKI1
alone, as well as combining its inhibition with other antineo-
plastic agents are both worthwhile approaches.*** It is becom-
ing increasingly clear, however, that treatment strategies taking
into account the individual tumor genetic make-up (or at least
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Figure 9. Compensatory regulation within the ATM-CHK1-PP2A circuit. (A) Physiological phosphorylation of ATM and CHK1 is kept in balance by
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growth conditions and represents a response to genotoxins. (B) CHK1-depletion disrupts the feedback loop to PP2A and allows for the accumulation
of phosphorylated ATM and CHK1 molecules that exceed the proportion of phosphorylated molecules in wild-type cells. Enhanced ATM phosphoryla-
tion can enforce the G,/M checkpoint in spite of impaired CHK1 function. (C) ATM deficiency in human mammary epithelial cells is accompanied by

a CHK1 insufficiency at the protein expression level. The disruption in the PP2A-CHK1 feedback loop leads to higher CHK1 phosphorylation that may

exploiting its known deficiencies or vulnerabilities) have a higher
likelihood of success, hence the interest in researching potential
compensatory relationships within the DNA damage response
pathways. Published studies have highlighted the importance
of assessing CHKI1 expression status prior to administering a
particular anti-neoplastic treatment regimen. For example, Ren
and co-authors showed that cells with high levels of CHK1 were
highly sensitive to microtubule-destabilizing drugs.*" Although
embryonically lethal, CHK1 depletion in some tissues may not
necessarily result in a discernible phenotype: Greenow et al.
reported that inducible CHKI1 deletion from somatic epithelial
cells in the adult mouse liver was tolerated well, whereas the small
intestine cells displayed high levels of apoptosis following CHK1
ablation.®

Therefore, identification of pathways that may compensate for
CHKI1 inhibition/depletion is of critical importance for design-
ing efficacious and low-toxicity anticancer treatment regimens.
Several reports illustrate this concept both in cell line systems,
as well as in experimental tumor models. For example, use of Src
and CHKI1 inhibitors in multiple myeloma cells showed synergis-
tic pro-apoptotic and anti-angiogenic responses.” Simultaneous
inhibition of CHK1 and Mad2, p53, p21 or CHK2 also increased
cell killing compared with CHK1 inhibitor alone, whereas the
14-3-3 protein inhibition did not alter this response following
CHKI1 inhibition.* Selective CHK1 inhibition in conjunction
with WEE1 depletion had anti-proliferative effects.”” Lu et al.
showed that PARP-1-null cells exhibited a stronger G,/M check-
point through a compensatory CHK1 hyperactivation and could
be rendered highly sensitive to ionizing radiation if CHKI was
depleted by siRNA.* A study by Jurvansuu and co-authors
reported that CHK1-mediated G,/M arrest is transient, and it
is maintained through an additional mechanism involving the
p53-dependent transcriptional repression of mitotic proteins.”
Interestingly, CHK1 heterozygosity caused abnormal mammary
gland development, without an increase in tumor incidence in
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p53-proficient mice; however, deletion of one copy of p53 in these
animals (and consequently double heterozygous status for CHK1
and p53) synergistically stimulated tumorigenesis without rescu-
ing the abnormal developmental defects. In mice with complete
ablation of p53 and one CHKI1 gene copy (p53~'- CHK1*~ geno-
types), an inhibition of neoplastic transformation was observed.?

Cross-talk between different branches of DNA damage
response pathways has become widely appreciated in recent years.
Redundancy within DNA damage response pathways and circuits
provides alternative genome integrity preservation mechanisms.
It also represents a source of survival mechanisms for aggressive
tumors. Some anti-neoplastic regimens, although efficient in
eliminating most of the cancerous cells, may inadvertently select
for these aggressive phenotypes. CHK1 is traditionally regarded
as part of the canonical ATR-CHKI1 pathway, with its activation
by ATM seen as an example of cross-talk. Studies in fission yeast
suggest the possibility that ATM may be directly responsible for
a portion of Chkl activation.®® Furthermore, CHK1 inhibitor
treatments lead to increased ATM/ATR-dependent CHK1 phos-
phorylation (Ser345).” Consequently, blocked CHK1 kinase
activity activates the negative feedback CHK1-PP2A regulatory
loop and CHK1 hyperphosphorylation."* Combined gemcitabine
and CHKI1 inhibitor (AZD7762) treatment also results in an
increased CHKI1 Ser345 phosphorylation, both as a consequence
of genotoxic stress and via a PP2A-mediated contribution.” In
our experimental system, CHK1 depletion alone (transient and
stable) resulted in higher basal levels of ATM autophosphoryla-
tion. Our findings suggest that these effects are at least partly
actributable to altered PP2A subcellular localization (depletion
of the nuclear fraction) and increased inhibitory phosphory-
lation on Y307, secondary to diminished CHKI abundance.
With limited PP2A access to ATM, its activation is exacerbated
in response to DNA damage, and thus leads to a compensatory
enforcement of the G,/M checkpoint, which appears attenuated
instead of abrogated. Conversely, stable ATM depletion creates a
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state of CHKIl-insufficiency through downregulation of CHKI
protein, which, in turn, leads to augmented CHK1 phosphoryla-
tion on Ser296 (auto-phosphorylation). The modest attenuation
of the G,/M checkpoint in ATM-depleted cells is the biological
consequence of CHKI hyperactivation, whether it results from
ATR,"* DNA-PKcs" or both. Abrogation of the G,/M check-
point through combined CHKI depletion and ATM inhibition
highlights a strategy whereby cross-talk and alternative path-
way switching is blocked, removing the potential compensatory
signaling with regard to checkpoint responses following DNA
damage. It also emphasizes the potential use of CHKI inhibitor
treatments in tumors harboring ATM mutations, as well as com-
bined ATM and CHXKI1 inhibitor regimens for cancers character-
ized by high CHKI expression.

Materials and Methods

Chemicals and reagents. Blasticidin S was purchased from
Life Technologies (Catalog #R210-01), Ku55933 from Selleck
Chemicals (Catalog #S1092) and AZD7762 from Axon
Medchem (Catalog #Axon 1399). Non-targeting siRNA control
(Catalog #D001210-01) and SmartPool CHKI1 siRNA (Catalog
#1003255-00) were purchased from Thermo Scientific. Viral
particles for CHK1 shRNA pGIPZ constructs (Catalog numbers
V2LHS_112996, V3LHS_637954 and V3LHS_644862) and
the non-silencing shRNA pGIPZ control (Catalog #RHS4348)
were obtained from Open Biosystems. Lipofectamine2000 was
purchased from Life Technologies (Catalog #11668-019).

Cell culture and experimental treatments. Human embry-
onic kidney cell line HEK-293T was grown in DMEM (high glu-
cose), supplemented with 10% FBS, 0.1 mM MEM non-essential
amino acids, 6 mM L-glutamine and 1 mM MEM sodium
pyruvate. Human mammary epithelial cell cultures (HME-CC)
HME-CC-LacZ (normal) and HME-CC-ATM1 (stable len-
tiviral ATM knockdown) were grown as described previously
(Arlander et al., 2008). All cell lines were cultured at 37°C in a
5% CO, incubator. For experimental treatments, exponentially
growing cells were seeded at 50-70% confluency and allowed
to attach overnight before being exposed to y-radiation using a
137Cs source. Unless otherwise indicated, inhibitors were added
1 h prior to irradiation, and cells were harvested at different time
points following the DNA-damaging treatment. In experiments
where cells were exposed to IR first, the inhibitors were added to
the culture media 30 min later.

RNA interference. Exponentially growing cells were seeded at
50% confluency and allowed to attach overnight. Transfections
were performed in 6-well dishes with 300 pmoles of non-target-
ing siRNA or CHKI siRNA per well with Lipofectamine 2000
according to the manufacturer’s instructions. All subsequent
DNA-damaging and inhibitor treatments were administered at
48 h post-transfection and harvested at 2 h post-irradiation.

Stable cell line generation. HEK-293 cells were transduced
with either a non-silencing sShRNA pGIPZ viral particle prepara-
tion or with one of the CHK1 shRNA constructs (A, B or C) at
multiplicities of infection (MOI’s) of 0, 1, 2 and 5. Puromycin
(2 pg/ml) was added to the media 48 h later, and the cells were
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monitored under the microscope for turbo-GFP expression
(Fig. S1). Within 3 d from adding the selective drug, no cells
were left in the MOI = 0 plates. At this time cells transduced with
pGIPZ constructs were split and stored as early passage stocks.
For maintenance purposes, the puromycin concentration in the
cell culture media was reduced to 1 pg/ml.

Nuclear and cytoplasmic cell fractionation. For cellular frac-
tionation experiments, the cells were counted, and the extraction
procedure was performed with volumes proportional to the cell
number in each sample and the NE-PER® cell fractionation kit
from Thermo Scientific according to the manufacturer’s instruc-
tions. Protein concentrations were confirmed in BCA protein
quantification assays (Thermo Scientific). The quality of cellular
fractions was verified by western blotting for strictly nuclear or
cytoplasmic proteins.

Western blotting. Treated or control cells were harvested by
trypsinization, washed 1x with ice-cold PBS and lysed in RIPA
buffer supplemented with phosphatase and protease inhibitors
(Thermo Scientific). Cell lysates were sonicated for 15 sec, mixed
with sample dilution buffer and denatured by heating at 98°C
for 5-10 min. Aliquots representing equal amounts of protein
from each lysate were separated on SDS-PAGE gels and analyzed
by western blot analysis. Antibodies to phospho-CHK1 (Ser317,
Ser345 and Ser296) were from Cell Signaling Technology
(Catalog numbers 8191S, 2341S and 2349S). Antibody to
CHKI1 was from Santa Cruz Biologicals (Catalog #sc-8408).
The antibodies to ATM, phospho-ATM (Ser1981), PP2A and
phospho-PP2A Tyr307 were from Epitomics (Catalog numbers
1549-1, 2152-1, 1512-1 and 1155-1). Hsp90 antibody was from
Life Technologies (Catalog #37-9400). Equivalent loading and
protein transfer were confirmed by Ponceau stain and western
blot with the loading control antibody from Sigma (f-actin).
Primary antibodies were detected with a peroxidase-conjugated
secondary antibody and enhanced chemiluminescence accord-
ing to the manufacturer’s instructions (Pierce). Quantitation of
bands in western blots was performed with the ImageQuant TL
v.2005 software (GE Healthcare).

Flow cytometry. For determination of DNA content and syn-
thesis, cells were treated with an EdU Click-iT reaction for DNA
synthesis and exposed to 4',6-diamidino-2-phenylindole (DAPI)
for DNA content. The proportion of the cell population in mitosis
was evaluated by assaying the cells for protein expression of phos-
phorylated histone H3. Typically, cells were harvested 2 h follow-
ing irradiation and fixed in 4% paraformaldehyde (BioLegend
Fixation Buffer, 420801), diluted with PBS and stored at 4°C.
For time course experiments, the cells were harvested at the
indicated times post-irradiation. To determine the percentage of
the population synthesizing DNA during a 2 h period prior to
fixation, the manufacturer’s instructions for the Click-iT EdU
AF647 Flow Cytometry Assay kit (Invitrogen C10424) were fol-
lowed, except that Triton X-100 was added to the EdU reaction
at a final concentration of 0.2% rather than using the kit’s per-
meabilization buffer in a separate step. Cells were then rinsed
in 1% BSA and stained with phosphorylated histone H3 (phos-
pho-Serl0) antibody (Cell Signaling 9706) in 1% BSA for 2 h

at room temperature. Cells were rinsed in BSA and exposed to
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anti-mouse-PE secondary (JIL 115-116-146). Cells were rinsed
in BSA and exposed to DAPI for 1 h. Readings were taken using
an LSRII flow cytometer (Becton Dickinson) and FACSDiva
analysis software. Relative mitotic indices (RMIs) presented in
the G,/M checkpoint assays were calculated by dividing the per-
centage of mitotic cells in the treated sample by the percentage of
mitotic cells in its respective untreated sample and expressed as
% control. Mean RMIs were then determined from at least three
independent experiments and biological replicates.

Cellular assays. The cell proliferation assay was performed
with a CellTiter Blue kit from Promega (Catalog # G8081) accord-
ing to manufacturer’s instructions for a 96-well plate format.
Initial measurements were taken prior to treatment to confirm
comparable plating efficiencies across replicates and establish the
baseline, followed by readings at two more time points, 6 h and
76 h after IR. For each time point, condition and cell line exam-
ined, 12 replicates were plated. For cell doubling time calcula-
tion, cell viability assessment following irradiation and growth
curves, the cells were seeded at low density (30%) and allowed to
recover overnight. Untreated or irradiated cells were harvested by
trypsinization and counted at different time points, with Trypan
Blue exclusion, with an automated cell counter, Cellometer from
Nexcelom Biosciences. For the clonogenic assay, exponentially
growing cells were seeded at 300-1,000 cells per 100-mm plate,
allowed to attach and settle for 48 h before being exposed to ion-
izing radiation using a "’Cs source. After 10-14 d, cells were
stained with 0.2% methylene blue in 50% methanol. Colonies
containing >100 cells were counted. The cell fraction surviving
treatment was normalized to survival of control cells. Each exper-
imental treatment was performed in quadruplicate.

RNA extraction and qRT-PCR. For gene expression analy-
sis, total RNA was isolated with the Qiagen RNeasy Kit from
three biological replicates (Qiagen Inc., Catalog #75142). Two-
step qRT-PCR was performed employing SuperScript First-
Strand Synthesis System for RT-PCR (Invitrogen) and TagMan
Gene Expression Assays (Applied Biosystems), according to the

manufacturer’s instructions. Briefly, cDNA was prepared from
0.5 pg of total RNA using SuperScript First-Strand Synthesis
System. PCR was then performed with TagMan Universal
PCR Master Mix and TagMan Gene Expression Assays in an
ABI 7500H system (Applied Biosystems). The TagMan gene
expression assays were the following: CHK1, Hs00176236_m1;
protein phosphatase 2, catalytic subunit, a isozyme (PPP2CA),
Hs00427259_m1; and peptidylprolyl isomerase A (PPIA),
Hs04194521_s1. Three biological samples from each experiment
were measured and each sample was measured in triplicate. All
measurements were normalized to PPIA of the same sample. The
fold change of each gene in any tested cell line was compared
with that observed in the corresponding wild-type cell line. The
results are presented as mean fold change + standard error of the
mean (SEM).

Statistical analysis. All experiments were repeated at least
three times to ensure reproducibility across biological replicates.
Technical repeats were tested as well within each separate experi-
ment. Statistical analyses were performed with Student’s t-test
using GraphPrism software version 5.0, with p < 0.05 being con-
sidered statistically significant.
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