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DNA damage signaling guards against perturbation of cyclin
D1 expression triggered by low-dose long-term fractionated

radiation

T Shimura', J Kobayashi?, K Komatsu? and N Kunugita'

Cyclin D1 expression is precisely controlled during cell-cycle progression. However, repeated exposure to low-dose fractionated
radiation (FR) abrogates cell cycle-dependent cyclin D1 degradation by constitutive activation of AKT survival signaling in normal
human fibroblasts. The resulting abnormal nuclear cyclin D1 accumulation induces defects in DNA replication and resulting DNA
double-strand breaks, and is associated with induction of genomic instability in low-dose irradiated cells. Here, we investigated the
role of DNA damage signaling against such perturbed cell-cycle control of cyclin D1 expression. Nuclear cyclin D1 accumulation was
induced within 7 days after low-dose FR (0.01 Gy or 0.05 Gy per fraction) in ATM-deficient cells (AT5BIVA), but appeared later in
AT5BIVA cells harboring human ATM cDNA. Thus, ATM prevents abnormal nuclear cyclin D1 accumulation at early time points after
low-dose FR. We further demonstrated that ATM-mediated downregulation of protein phosphatase 2A activity caused activation of
the AKT/cyclin D1 pathway after long-term FR. Perturbation of cyclin D1 expression induced Rad51 foci that indicate homologous
recombination repair (HRR) in control cells, while ATM- and NBS1-deficient cells (GM7166) failed to induce Rad51 foci after long-
term low-dose FR. After 21 days of FR, NBS1- and ATM-deficient cells showed a decrease in nuclear cyclin D1-positive cells, and an
increase in apoptotic cells. Similarly, inhibition of ATM with KU55933 abrogated nuclear cyclin D1 accumulation by induction of
apoptosis in ATM-complemented cells exposed to low-dose FR. In conclusion, we here demonstrate that ATM is involved in
controlling cyclin D1 levels after low-dose FR. DNA damage signaling mitigates the harmful effects of low-dose long-term FR by

suppression of cell death induced by perturbation of cyclin D1 expression.
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INTRODUCTION

DNA double-strand breaks (DSBs) are the most critical trigger of
genomic instability induced by ionizing radiation. To guard
genome stability in irradiated cells, mammalian cells harbor
cellular defense systems against radiation-induced DSBs, including
activation of cell-cycle checkpoints, apoptosis and DNA repair
mechanisms. The DNA damage response (DDR) has been well
investigated using acute single radiation (SR) at high doses.
However, the effects of long-term exposure to radiation at low
doses in humans remain unclear due to lack of sufficient study. To
understand the relatively small effects of low-dose radiation, large
sample sizes or highly sensitive assays are required. Therefore, we
utilized highly radiosensitive human ATM-deficient and NBS1-
deficient cells (AT5BIVA and GM7166), which are defective in DDR
to elucidate the molecular mechanisms underlying the relatively
small effects of low-dose radiation.

Cyclin D1, a regulatory subunit of CDKs (cyclin-dependent
kinases), controls cell-cycle progression from G1 phase to
S phase.! Cyclin D1/CDK4 and cyclin D1/CDK6 complexes
phosphorylate retinoblastoma, which releases E2F proteins,
leading to the transactivation of genes required for the G1/S
transition.?® Cyclin D1 levels are regulated at the level of both
gene transcription and protein stability. Cyclin D1 gene (CCND1)
expression is induced by growth factors through the Ras signaling
pathway that involves Ras, Raf, mitogen-activated protein

kinase/ERK (extracellular signal-regulated kinase) and ERK.*®
Cyclin D1 protein stability is regulated by the v-akt murine
thymoma viral oncogene homolog (AKT) pathway. AKT phosphor-
ylates residue 9 of GSK3p (glycogen synthase kinase 3 beta), which
prevents GSK3B from phosphorylating Thr286 of cyclin D1 and
subsequently promoting nuclear export and proteasomal degra-
dation of cyclin D1.578 Thus, AKT activity results in increased levels
of cyclin D1 protein. Cyclin D1 levels vary during cell cycling, with
an increase during G1 phase, a peak at G1/S boundary, a decline in
S phase and a second increase at G2 phase.® The cyclin D1
degradation during S phase allows for efficient DNA synthesis.'°

ATM is mutated in ataxia-telangiectasia), a disease characterized
by high radiosensitivity and neurodegeneration.'’ ATM protein
has a central role in the DDR to maintain genome stability in
response to various stresses. The signal generated by DSB is
transduced by ATM to phosphorylate FBXO31, which facilitates
ubiquitination and resulting proteasome-mediated degradation of
cyclin D1."? It has been shown that in response to a single 10-Gy
dose, cyclin D1 undergoes rapid degradation by the ATM-FBXO31
mediated ubiquitin proteasome pathway, and this degradation
results in cell-cycle arrest at the G1/S checkpoint.">'* Conversely,
we recently showed that cyclin D1 expression is stabilized within
the nuclei of human cancer cells after fractionated radiation (FR)
for 31 days.'*"” Constitutive AKT activation following long-term FR
exposures downregulates the nuclear export and proteolysis of
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Effect of long-term FR on cell growth in ATM- and NBS1-deficient cells. Cell growth of unirradiated cells (open circles) and cells
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(ATM-complemented), GM7166 (NBS1-deficient) and GM7166/NBS1-wt (NBS1-complemented) cells are shown.

cyclin D1, which results in the nuclear retention of cyclin D1
during S phase." We further reported that this persistent cyclin
D1 expression during S phase results in perturbed DNA replication
and resulting DSBs.'® Recently, we found that nuclear accumula-
tion of cyclin D1 was induced in normal human fibroblasts cells
that were exposed to low doses of FR with 0.01 or 0.05 Gy per
fraction, 5 days per week for 31 days (total doses were 0.46 and
2.3 Gy, respectively)."” Furthermore, cells that retained nuclear
cyclin D1 were more likely to have micronuclei than non-retaining
cells, indicating that the accumulation of nuclear cyclin D1 was
associated with induction of genome instability and increased
cancer risks.'” This suggests that cyclin D1 may be used as a
biomarker of long-term low-dose FR, as cyclin D1 expression is
highly radiosensitive and increased expression occurs only after
long-term FR exposure but not after SR.'”'®

In this study, human ATM-deficient and NBS1-deficient cell lines
and the corresponding cell lines expressing ATM and NBS1
(AT5BIVA, GM7166, AT5BIVA/ATM-wt and GM7166/NBS1-wt) were
exposed to 0.01 or 0.05 Gy per fraction of FR for 31 days. Nuclear
accumulation of cyclin D1 following long-term FR was investi-
gated in these cells. We found that ATM is associated with cellular
response against perturbation of cyclin D1 expression following
low-dose FR. Homologous recombination repair (HRR) protects
against cell death induced by nuclear cyclin D1 accumulation in
irradiated cells.

RESULTS

Growth retardation by exposure to low-dose FR in ATM- and
NBS1-deficient cells

We exposed AT5BIVA, AT5BIVA/ATM-wt, GM7166 and GM7166/
NBS1-wt cells to 0.01 or 0.05Gy fractions of X-rays for 31 days. Cell
growth was monitored during FR exposure (Figure 1). Exposure to
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low-dose FR decelerated cell proliferation in all four cell lines
(Figure 1). Growth retardation was more evident over 21 days
of FR with 0.01 and 0.05 Gy in ATM-deficient AT5BIVA cells and
NBS1-deficient GM7166 cells than in corresponding ATM and
NBS1-complemented cells (Figure 1). It is likely that exponential
growth stopped and cell numbers plateaued at about 20 days
for the ATM- and NBS1-deficient cells, but not for the ATM-and
NBS1-complemented cells.

Nuclear cyclin D1 accumulation following long-term FR in

ATM- and NBS1-deficient cells

Nuclear cyclin D1 was identified by treatment with a hypotonic
buffer containing detergent to remove cytoplasmic cyclin D1. With
this approach, we previously found that cyclin D1 accumulated
in the nuclei of normal human fibroblasts in S-phase following
low-dose FR for 31 days.!”” We here tested whether ATM and NBS1
are involved in this FR-induced accumulation of cyclin D1.
Proliferating cell nuclear antigen (PCNA) was used to identify
cells in S phase. For control cells, PCNA localized to replication
sites within nuclei, but cyclin D1 was absent (Figure 2). Detergent-
insoluble nuclear cyclin D1 was detected in PCNA-positive nuclei
after FR in all four cell lines, but the kinetics of nuclear cyclin D1
expression were different between ATM- or NBS1-deficient cells
and the corresponding complemented cells. Percentages of
S-phase cells with nuclear PCNA fluctuated around 40% during
FR exposure in all four cell lines, indicating cells can enter S phase
during FR. The number of cells with PCNA and nuclear cyclin D1
staining increased with the duration of radiation exposure in
control AT5BIVA/ATM-wt and GM7166/NBS1-wt cells, as previously
reported in normal human fibroblast cell lines exposed to low
doses of FR for 31 days (Figures 2 and 3)." At 7 days of FR,
approximately 10% of ATM-deficient cells showed double-positive
staining for PCNA and nuclear cyclin D1. Only 2% of control cells
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Figure 2.

Immunofluorescence localization of cyclin D1 and PCNA is shown for AT5VIBA (upper left panel), AT5VIBA/ATM-wt (upper right panels),
GM7166 (lower left panel) and GM7166/NBS1-wt (lower right panel). DNA was stained with Hoechst.

expressed nuclear cyclin D1 at this time. However, the number of
double-positive ATM-deficient cells declined after 14 days of FR
(Figure 3, right panel). Rapid appearance of cells positive for both
PCNA and cyclin D1 was also evident in NBS1-deficient cells at
21 days of FR, but this decreased at 31 days of FR. For all cell lines,
the kinetics of double-positive expression of PCNA and cyclin D1
were almost the same as the kinetics for positive single staining of
cyclin D1 alone (Figure 3, middle panel and right panel).

We further examined nuclear cyclin D1 accumulation by
western blotting. A hypotonic buffer was used to isolate nuclear
fractions from cells exposed to FR for 31days and amounts of
cyclin D1 expression were quantified in the nuclear fraction of
ATM-complemented cells. The levels of cyclin D1 in the nuclear
fraction increased after 31 days of FR in ATM-complemented cells
(Figure 4). Treatment with a specific ATM inhibitor, KU55933,
abrogated nuclear cyclin D1 accumulation at 31 days of FR in
these cells.

Defective constitutive AKT activation after long-term FR in

ATM- and NBS1-deficient cells

The AKT pathway regulates cyclin D1 stability following long-term
FR.'® Therefore, AKT activation was measured by examination of
phosphorylation of AKT on serine 473 after FR in ATM- and NBS1-
deficient cells. We here confirmed that AKT was transiently
activated after 2 Gy of SR in AT5BIVA cells as reported in other cells
(Supplementary Figure 1).%1% In contrast, AKT was continuously

activated for at least 24 h after the last FR treatment in control
cells subjected to 14 and 31 days FR (Figure 5a). In ATM- and
NBS1-deficient cells, AKT activation was also observed at 14 days
of FR, but it was attenuated at 31 days of FR (Figure 5a). The
protein phosphatase 2A (PP2A) dephosphorylates and inactivates
AKT.%® PP2A activity was examined in ATM-complemented and
ATM-deficient cells by using a PP2A immunoprecipitation
phosphatase assay kit (Figure 5b). PP2A activity was down-
regulated after long-term FR in ATM-complemented cells, while
the activity was unaffected by long-term FR in ATM-deficient cells.
Thus, ATM-mediated downregulation of PP2A activity is associated
with the activation of AKT and subsequent nuclear accumulation
of cyclin D1 after long-term FR.

Induction of y-H2AX and Rad 51 foci in cells with nuclear cyclin D1
Since HRR is predominant in S phase, replication-associated DSBs
induced by perturbation of cyclin D1 expression are thought to be
repaired by HRR to resume cell proliferation. Immunostaining with
cyclin D1 and Rad51 revealed that Rad51 foci were induced in
nuclear cyclin D1-positive NBS1-complemented cells (Figure 6a).
We further investigated by immunostaining for y-H2AX and Rad51
(Figure 6b). Rad51 foci were observed in control cells exposed to
FR for 21 days. In contrast, y-H2AX-positive cells did not contain
Rad51 foci in NBS1-deficient FR cells exposed to FR for 21 days.
The number of cells with Rad51 foci increased in control cells,
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Figure 3. Kinetics of PCNA and cyclin D1 response following low-dose FR in ATM- and NBS1-deficient cells. Cells positive for PCNA (left panel),

cyclin D1 (center panel) and both (right panel) were scored 24 h following the indicated FR exposure. Data for AT5VIBA, AT5VIBA/ATM-wt,
GM7166 and GM7166/NBS1-wt cells exposed to 0.05 Gy fractions are shown. Asterisks indicate a significant increase in staining cells

compared with control cells.
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Figure 4. Nuclear accumulation of cyclin D1 in cells exposed to long-
term FR. Detergent-insoluble fractions of cell lysates were prepared
24 h after the last radiation exposure, and western blotting was
performed. Levels of nuclear cyclin D1 were determined for cells
exposed to 31 days of FR. ATM inhibitor KU55933 was used for 72 h
and then detergent-insoluble fractions of cell lysates were collected.

while no foci were induced after low-dose FR in ATM- and
NBS1-deficient cells (Figures 6b and c).

Induction of apoptosis following long-term FR in ATM- and
NBS1-deficient cells

Defects in HRR may induce cell death in ATM- and NBS1-deficient
cells following long-term exposure to low-dose FR. Apoptosis was
examined using an apoptosis detection kit in control and ATM- or
NBS1-deficient cells. As we expected, incidence of apoptosis was
clearly higher in the ATM- and NBS1-deficient cell lines after
21 days of FR compared with the control complemented cells
(Figure 7a). Treatment with KU55933 induced apoptosis in ATM
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complemented cells after 31 days of FR but this treatment did not
affect incidence of apoptosis in ATM-deficient cells after 31 days
of FR (Figure 7b).

DISCUSSION

The role of ATM in response to nuclear cyclin D1 accumulation
induced by long-term low-dose FR

Upon SR, ATM is known to be involved in the G1/S checkpoint by
facilitating cyclin D1 degradation. ATM enhances GSK-3(3-
mediated cyclin D1 phosphorylation and FBXO31 mediated
cyclin D1 ubiquitination, both of which correlate with cyclin D1
degradation after irradiation.">?" Here, we investigated the role
of ATM in response to long-term low-dose FR. We found that
ATM suppressed nuclear cyclin D1 accumulation in ATM-
complemented control cells at early treatment time points until
14 days after low-dose FR. Thus, it appears that ATM may protect
against low-dose FR-induced nuclear cyclin D1 expression by
facilitating its degradation as a checkpoint response. ATM is also
associated with protection against cell death induced by nuclear
cyclin D1 accumulation in irradiated cells. Our data demonstrated
that after 21 days of low-dose FR, ATM-deficient cells showed
greater levels of apoptosis than cells expressing ATM.

Crosstalk between the AKT/cyclin D1 pathway and DDR

The AKT pathway is a key to stabilizing cyclin D1 expression after
irradiation. SR does not induce nuclear cyclin D1 accumulation,
because AKT is only transiently activated after SR.'* AKT
inactivation is associated with induction of apoptosis after
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Figure 5. AKT activation at 0, 14 and 31 days after long-term FR.

(@) AKT phosphorylation on Ser473 (P-AKTSer473, active AKT) by FR
exposure in AT5BIVA and AT5BIVA/ATM-wt cells (upper panel) and in
GM7166 and GM7166/NBS1-wt cells (lower panel). (b) PP2A activity
of un-irradiated control and 31 days of FR (0.05 Gy/fraction) in
AT5BIVA and AT5BIVA/ATM-wt cells. Cell lysates were collected at
24 h after the last FR. Asterisks indicate a significant decrease in
PP2A activity compared with un-irradiated control cells.

irradiation.?> AKT is dephosphorylated and inactivated by
several phosphatases, including PH domain leucine-rich repeat
protein phosphatase, PP2A and phosphatase with tensin
homology.?%*72> ATM is shown to be involved in regulating
PP2A activity after irradiation.?®?” In the present study, we
demonstrated that ATM is associated with constitutive activation
of the AKT pathway after long-term FR by inactivation of PP2A.
Nuclear cyclin D1 accumulation was induced when AKT was
constitutively activated after long-term FR. Our data demonstrated
that continuous AKT activation was observed 24 h after 14 days of
FR but not at 31 days of FR in ATM- and NBS1-deficient cells. The
absence of AKT activation is correlated with induction of apoptosis
in these cells. Indeed, pro-survival signaling via the AKT/ERK
pathway is activated at lower DSB levels (< 2Gy) but not at
higher DSB levels (>2 Gy).?® Thus, cell death signaling in NBS1-
and ATM-deficient cells prevented AKT activation and subsequent
nuclear cyclin D1 accumulation following long-term FR. In
contrast, AKT was constitutively activated for cell survival when
control cells were exposed to FR for over 14 days. ATM is involved
in AKT activation after irradiation by stimulating phosphorylation
of AKT.”® DNA-activated protein kinase (DNA-PK) also activates
AKT in response to various genotoxic stresses, including low doses
of radiation.>® DNA-PK acts upstream of AKT in the AKT-mediated
pathway upregulating cyclin D1 levels after FR.'"*
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HRR for cyclin D1-mediated DSBs

The MRN (MRE11-RAD50-NBS1) complex is important in DSB
recognition and promotes DSB repair through various pathways,
including HRR.'”” The MRN complex also has a role in the
resolution of stalled replication forks in response to replication
stresses.2’*2 Thus, the MRN complex is thought to be involved in
the stress response to abnormal cyclin D1 expression in S phase.
In our current study, Rad51 foci were observed in nuclear-cyclin
D1-positive control cells following long-term FR. It is notable that
cyclin D1 has been shown to be recruited to sites of DNA damage
and to bind Rad51 to enhance HRR.>*> On the other hand, Rad51
foci were induced to a lesser extent in ATM- and NBS1-deficient
cells after FR, although phosphorylation of the histone H2AX
(gamma-H2AX) remained 24 h after last FR. Defects in HRR
resulted in induction of apoptosis in ATM and NBS1-deficient
cells with nuclear cyclin D1.

Perturbation of cell-cycle control is an early feature of
tumorigenesis

Activated oncogenes such as CDC25, cyclin E and cyclin D1 induce
DSBs and DDR, which contribute to tumorigenesis in non-
malignant cells>*3® Furthermore, perturbation of cyclin D1
expression is shown to be implicated in neural degeneration
due to inappropriate cell-cycle entry.>” Reducing cyclin D1 levels,
therefore, may promote genomic stability and mitigate the
harmful effects of long-term low-dose FR. Thus, cyclin D1 may
be considered as a target to reduce radiation risks of low-dose
long-term FR. We have previously reported that API-2, which is an
AKT inhibitor, abrogated nuclear cyclin D1 accumulation induced
by low-dose long-term FR exposure by facilitating cyclin D1
degradation in normal human fibroblasts.'” Data from this current
study indicated that treatment with KU-55933, a specific ATM
inhibitor, efficiently reduced the amounts of cyclin D1 expression
in the nuclear fractions of ATM- and NBS1-deficient cells at 31 days
of FR and increased the number of apoptotic cells. KU-55933 has
been shown to induce apoptosis in cells with abnormal AKT
activation.*® Thus, inhibition of ATM is effective in eliminating cells
with active AKT and nuclear cyclin D1 by induction of apoptosis.
Complete eradication of cyclin D1-positive cells after radiation
treatment may be important, for such cells that escape from
apoptosis may be associated with radiation-induced cancer.
Indeed, cyclin D1-mediated genomic instability and lymphoma-
genesis was increased in the absence of ATM.>°

In conclusion, we have demonstrated that nuclear cyclin D1
accumulation occurred rapidly in the absence of intact DNA
repair or DNA damage signaling pathways. Abnormal cyclin D1
expression resulted in induction of apoptosis in these cells. Thus,
cellular defense systems guard against perturbation of cell-cycle
control to mitigate the effects of radiation and to maintain
genome stability.

MATERIALS AND METHODS

Cell culture condition and drugs

SV40-transformed ATM-defective human fibroblasts (AT5BIVA), ATM-wt
reconstituted cells (AT5BIVA /ATM-wt), SV40-transformed NBS1-defective
human fibroblasts (GM7166) and NBS1-wt reconstituted cells (GM7166/
NBS1-wt) were obtained from the Radiation Biology Center of Kyoto
University. These cells were grown in RPMI-1640 medium (NacalaiTesque,
Kyoto, Japan) supplemented with 10% heat-inactivated fetal calf serum. An
ATM inhibitor (KU55933) was purchased from Calbiochem (San Diego, CA,
USA). Cells were treated for 48 or 72h with KU55933 at a final
concentration of 5 um. Non-treated cells were used as controls.

Irradiation experiments

Cells were irradiated using a 150-kVp X-ray generator (Model MBR-1505R2,
Hitachi-Medico CO., Hitachi, Japan) with a 0.5-mm Cu and 0.1-mm Al filter
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at a dose of 0.7 Gy/min. Fractionation schedules were described before.'”
Total doses delivered over 31 days were 0.46 and 2.3 Gy for cells exposed
to FR of 0.01 and 0.05 Gy, respectively.

Cell growth assay

Cells (5% 10°) were seeded into 25-cm? flasks (Thermo Fisher Scientific,
San Jose, CA, USA), incubated overnight, and irradiated daily. Growth rates
were monitored by counting cell numbers twice a week. When the total
cell number exceeded 5x 10°, cells were subcultured to 5x 10° cells in a
new flask.

Immunofluorescence staining

Immunofluorescence staining was performed as described previously.*®
Cells (3x10°) were seeded onto 18 mmx 18 mm coverslips placed in
10 mm tissue culture dishes. The coverslips were fixed with ice-cold
acetone (5min), ice-cold methanol (5min) following treatment with a
hypotonic buffer (10mm Tris-HCl pH 7.4, 2.5 mm MgCl,, 1 mm phenyl-
methylsulfonyl fluoride and 0.5% Nonidet P-40) for 5min, and then
washed twice with phosphate-buffered saline (PBS). The cells were blocked
for 15 min at room temperature in 5% BSA (bovine serum albumin) in PBS.
Anti-PCNA antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-cyclin D1 (Nichirei Bioscience, Tokyo, Japan), anti-Rad51 (Millipore,
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Temecula, CA, USA) and anti-y-H2AX (Upstate, Charlottesville, VA, USA)
were diluted in PBS with 0.5% BSA and incubated with the coverslips for
1 h. The coverslips were then washed three times with 0.1% Triton X-100 in
PBS, incubated for 1 h with secondary antibodies conjugated with Alex 488
(Molecular Probes, Eugene, OR, USA) or Cy-3 (Jackson Immuno Research
Laboratories, West Grove, PA, USA). The coverslips were washed three
times with 0.1% Triton X-100 in PBS, counterstained for DNA with
Hochest33258 (4 pg/ml prepared in Vectashield mounting medium; Vector
Laboratories, Burlingame, CA, USA). Images were captured with a CCD
camera attached to a fluorescence microscope (Keyence, Osaka, Japan).
More than 100 cells were counted to quantify immunofluorescence data
with at least three independent samples.

Western blot analyses

Western blotting was performed as described previously.*® To isolate nuclear
fractions, cells were treated with a hypotonic buffer for 5 min on ice. Proteins
were separated by sodium-lauryl-sulfate-polyacrylamide gel electrophoresis
and transferred electro-phoretically onto PVDF membranes (Bio-Rad,
Hercules, CA, USA). Membranes were blocked with 5% (W/v) phospho-
blocker (Cell Biolabs. Inc.,, San Diego, CA, USA) for 1 h and incubated with
primary antibodies such as anti-3-actin (A2066, Sigma, St Louis, MO, USA),
anti-phospho-AKT-Ser473 (4060, Cell Signaling, Beverly, MA, USA), anti-AKT
(4685, Cell Signaling), anti-cyclin D1 (Nichirei Bioscience), for 1h at room
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Figure 7.

Apoptosis in ATM- and NBS1-deficient cells following FR. (a) Annexin V staining was performed for untreated control cells and cells

treated with FR for 21 days. Asterisks indicate a significant increase in annexin V-positive cells compared with control cells. (b) Treatment with
KU55933 induced apoptosis in ATM-complemented cells exposed to FR for 31 days. Cells were treated with KU55933 for 48 h. Asterisks
indicate a significant increase in annexin V-positive cells compared with cells without KU55933 treatment.

temperature or overnight at 4 °C. Membranes were then incubated for 1 h at
room temperature with the secondary antibody of HRP-conjugated goat anti-
rabbit IgG (GE Healthcare, Buckinghamshire, UK) or HRP-conjugated goat
anti-mouse IgG (R&D Systems, Minneapolis, MN, USA). The protein bands
were visualized with Chemi-Lumi One L Western blotting substrate
(NacalaiTesque). Band intensity was measured by densitometry using the
Image Lab Software (Bio-Rad).

Measurement of PP2A phosphatase activity

PP2A phosphatase activity was measured with cell lysates (100 pug) using a
PP2A immunoprecipitation phosphatase assay kit according to the
manufacturer’s instructions (Millipore). Samples and phosphate standard
with assay buffer (25 pl) were prepared to a 96-well plate. Add 100 pl of the
phosphate detection solution to each well. Incubate the reaction for
10 min at room temperature. OD values at 650 nm were measured with
a microplate reader (Model Sunrise, Tecan Group Ltd., Maennedorf,
Switzerland).

Annexin V staining

Apoptotic cells were identified and quantified using an annexin V-FITC
apoptosis detection kit (Bio Vision, Mountain View, CA, USA) following the
manufacturer’'s protocol. Cells were stained with annexin V-FITC and
propidium iodide 48 h after treatment with radiation. Annexin V-positive
apoptotic cells were analyzed by the fluorescence activated cell sorting
(FACScan) (Becton Dickinson, Mountainview, CA, USA).

Statistical analysis

Error bars represent standard deviations; in some cases the standard
deviations were too small to be visible on the histogram. All the
experiments were repeated at least three times with independent samples.

Student’s t-test was used for the analysis. A single asterisk and double
asterisks indicate significance of P < 0.01 and P < 0.05, respectively.
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