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Cyclin D1 overexpression perturbs DNA
replication and induces replication-associated
DNA double-strand breaks in acquired
radioresistant cells
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Abbreviations: BrdU, bromodeoxyuridine; CDK4-1, Cdk4 inhibitor; CIdU, 5-chloro-2'-deoxyuridine; DDR,
DNA damage response; DSBs, double-strand breaks; FR, fractionated irradiation; GSK3, glycogen synthase kinase 3beta;
IF, immunofluorescence; IdU, 5-Iodo-2"-deoxyuridine; RT, radiotherapy; SR, single radiation; Thr286, threonine286;
CD1-WT, wild-type cyclin D1

Introduction

The most severe form of DNA damage induced by ionizing radi-
ation is DNA double-strand breaks (DSBs), which can trigger
chromosomal aberrations such as deletions, insertions and trans-
locations. A series of DNA damage responses (DDRs) are induced
in eukaryotic cells after irradiation to maintain genomic stabil-
ity. Cell cycle checkpoints are activated after irradiation resulting
in blockage of cell cycle progression to achieve proper repair of
DNA damage.! Cell death is induced in order to exclude abnor-
mal cells in response to high doses of irradiation.? The molecu-
lar mechanisms involved in DDR have been well studied using
single radiation (SR) exposure regimes; however, DDRs after
multiple fractionated radiation (FR) exposure regime remain to
be elucidated.

in cancer treat
tionated RT limi

It is well known that cyclin D1 is degraded following SR expo-
sure, which arrests cells at the G,/S boundary as a G,/S check-
point.? Conversely, cyclin D1 is stabilized in human tumor cells
after exposure to FR of X-ray at 0.5 Gy twice per day for 1 mo. This
exposure regime confers acquired radioresistance to tumor cells.
By binding to Cdk4, cyclin D1 becomes an important regulator
of cell cycle progression at the G,/S transition. Cyclin D1-Cdk4
phosphorylates Rb, after which E2F is released to transactivate
genes required for G- to S-phase progression.>¢ Overexpression
of cyclin D1/Cdk4 prevents FGF-mediated growth arrest by
inhibiting downregulation of cyclin E/Cdk2 activity.”® In addi-
tion to its role in activating Cdk4, cyclin D1 controls transcrip-
tion of several genes in a Cdk-independent manner.>'°

The cyclin D1 level is tightly controlled for normal cell cycle
progression, and its deregulation is linked to the development of
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Parental cells
{HepG2, Hela)

3

Fractionated radiation (FR)
{0.5Gy, twice/day for 31days)

Long-term FR cells
(31FR cells)

g

Non-irradiation
for over 31days

¥

Acquired radioresistant cells
(31FR-31NR)

cancer.! Cyclin D1 is implicated in induction of chromosomal
instability in mammary gland tumors.”¥ Abundance of cyclin D1
is also associated with cellular senescence in response to repli-

cative stress.”> Cyclin D1 accumulates during G -phase progres-
sion and is degraded during the S-phase. During cell cycling,
cyclin D1 expression is regulated both at the transcriptional and
post-translational levels. Cyclin D1 expression is regulated by
mitogenic signaling through small guanosine triphosphate-bind-
ing proteins such as Ras.”

Glycogen synthase kinase 3beta (GSK38) is a protein kinase
that phosphorylates cyclin D1 on threonine286 (Thr286) to facil-
itate its degradation. AKT-mediated phosphorylation of GSK3{
on serine 9 decreases its kinase activity on cyclin D1 Thr286,
which inhibits nuclear export and cytoplasmic proteasomal deg-
radation of cyclin D1.8 Thus, AKT positively regulates G /S
cell cycle progression by inactivating GSK3p, which results in
cyclin D1 accumulation in the nucleus. We previously reported
that long-term FR-induced cyclin D1 overexpression was due to
downregulation of cyclin D1 proteolysis via the activation of the
DNA-PK/AKT/GSK3B pathway.#2

Oncogene activation perturbs DNA replication and induces
both DSBs and DDRs in nonmalignant cells during tumorigen-
esis.? Overexpression of cell cycle regulators such as cyclin D1,
cyclin A and cyclin E induces DSBs and DNA damage check-
points in human and mouse fibroblasts.?*?¢ We recently reported
that persistent cyclin D1 expression during S-phase induces
DSBs in acquired radioresistant cells.* However, the molecular
mechanisms underlying cyclin D1-mediated DSBs during DNA
replication have not been completely characterized.

In this study, we investigated the effect of cyclin D1 over-
expression on DNA replication in acquired radioresistant cells.
We found that Mus81 created DSBs in response to aberrant

774 Cell Cycle

replication forks that were induced by cyclin D1 overexpression.
These DSBs were efficiently repaired, because acquired radio-

resistant cells continued to grow without any remarkable delay.
We also demonstrated that either a DNA-PK inhibitor or an
ATM inhibitor could induce cell death in acquired radioresistant
cells. Thus, we provide evidence for a new strategy to suppress
tumor radioresistance by targeting DDRs in response to cyclin
D1-mediated DSBs in acquired radioresistant cells.

Results

Cyclin Dl-mediated DSBs in acquired radioresistant
31FR-31NR cells. We previously established acquired radiore-
sistant 31FR-31NR cells by 31-d FR exposure followed by 31-d
non-FR (Fig. 1). This radioresistant phenotype was irrevers-
ible without FR exposure for > 1 mo; therefore, we termed it
“acquired radioresistance.™ In this study, we used the neutral
comet assays to quantify the DSB levels in 31FR-31INR cells
derived from HepG2 and Hela cell lines (Fig. 2A). A higher
tail moment value in 31FR-31NR cells compared with the cor-
responding parental (OFR) cells indicated that acquired radiore-
sistant cells harbored large amounts of DSBs (Fig. 2A).

In a prior study, we found that cyclin D1 was overexpressed in
31FR-31NR cells derived from HepG2 and HelLa cell lines.! We
examined whether the amount of DSBs decreased after repress-
ing cyclin D1 gene expression using siRNA (Fig. 2B). Knock
down of cyclin D1 by using cyclin D1 siRNA was confirmed by
western blot analyses in HeLa cells (Fig. 2C). Distributions of
tail moment values were the same in HeLa OFR cells with both
control siRNA and cyclin D1 siRNA. Thus, cyclin D1 siRNA
did not affect the amount of DSBs in parental OFR cells. In con-
trast, transfection with cyclin D1 siRNA clearly decreased the tail
moment value in HeLa 31FR-3INR cells compared with HelLa
cells transfected with control siRNA. These results demonstrated
that cyclin D1 overexpression induced DSBs in 31FR-31NR cells.

Cdk4-independent DSBs formation in 31FR-3INR cells.
Cyclin D1-mediated DSBs may affect cell cycle progression in
31FR-3INR cells. However, the percentage of BrdU-positive
S-phase 31FR-31NR cells with control siRNA was the same as
OFR cells with control siRNA. Thus, 31FR-31NR cells continued
to grow without any remarkable delay compared with OFR cells
(Fig. 3A).

Cyclin D1 is a regulator of Cdk4 and Cdk6 during the G,/S
transition of the cell cycle. We investigated whether Cdk4 was
required for cyclin D1-mediated DSB formation in 31FR-31NR
cells. In order to inactivate Cdk4, we used Cdk4 siRNA or a
Cdk4 inhibitor (Cdk4-I). As we reported previously, 1.9 pM of
Cdk4-I could suppress cyclin D1/Cdk4-dependent phosphoryla-
tion of Rb at Serine 795 in OFR and 31FR-31NR cells of HeLa.*
In HeLa cells, human papillomavirus E7 disrupts the formation
of RB-E2F complexes, which results in increased expression lev-
els of E2F-responsive genes. Therefore, Cdk4 inactivation did not
affect the G,/S transition in OFR and 31FR-3INR cells derived
from Hela cells (Fig. 3A). The amounts of v-H2AX did not
decrease after treatment with either Cdk4 siRNA or a Cdk4-1 in
31FR-3INR cells (Fig. 3B and C). These results demonstrated
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that cyclin D1/Cdk4 activity was unnecessary for DSB forma-
tion in 31FR-31NR cells.

Slowing down of replication fork progression due to
cyclin D1 overexpression in 31FR-3INR cells. Persistent
cyclin D1 expression during S-phase may perturb DNA rep-
lication in 31FR-31INR cells. We used the DNA fiber assay to
determine if cyclin D1 affected the elongation stages of DNA
replication. The cells were first pulse-labeled with 5-iodo-2'-de-
oxyuridine (IdU; detected by Cy3, red signal) and subsequently
labeled with 5-chloro-2'-deoxyuridine (CIdU; detected by Alexa
488, green signal). Replication fork elongation was detected as
unidirectional red-green tracks (R-G, Fig. 4A). Short-length
R-G tracks were evident in 31FR-31NR cells but not in OFR
cells (indicated by the arrowhead in Fig. 4A). Lengths of the

www.landesbioscience.com

green-labeled tracks in the R-G tracks were measured in 50
DNA tracks. The average replicating DNA tracks with the stan-
dard deviations was shown in Figure 4B and C. The lengths
of replicating DNA in the 31FR-31NR cells were shorter than
those in the OFR cells derived from the HepG2 and HeLa cell
lines (Fig. 4B). These results indicated that replication forks
in 31FR-31NR cells progressed more slowly than those in OFR
cells.

We have made cells overexpressing wild-type cyclin D1
(CD1-WT) and a nondegradable cyclin D1 mutant (CDI-
T286A), mutated at the phosphorylation on Thr286, and con-
firmed their expression by western blotting in a prior study.
Enforced expression of a CD1-T286A but not CD1-WT resulted
in its overexpression. Short replicating DNA tracks increased
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by CD1-T286A overexpression in HepG2 and Hela cells com-
pared with parental cells (Fig. 4C). Thus, cyclin D1 overexpres-
sion disrupted DNA replication by suppressing replication fork

progression.

Mus81-mediated DSBs in 31FR-31NR cells. Mus81 cleaves
an aberrant fork structure to generate DSB, which removes a
stalled fork from replication sites.”’? Therefore, DSBs may be
generated by Mus81 in response to replication perturbations
caused by cyclin D1 overexpression. Mus81 expression was sup-
pressed by its siRNA but not by random control siRNA in OFR

776 Cell Cycle

and 31FR-3INR cells (Fig. 5A). Mus81 knockdown decreased
v-H2AX signals in 31FR-31NR cells compared with the con-
trol siRNA cells. We further performed immunostaining of
cyclin D1 and y-H2AX in OFR and 31FR-3INR cells derived
from Hela cells. y-H2AX was observed in cyclin Dl-positive
31FR-31NR cells as indicated by arrow on the lower panel in
Figure 5B. Upon Mus81 depletion by using Mus81 siRNA, dou-
ble-positive cells with y-H2AX and cyclin D1 were disappeared
in 31FR-3INR cells (Fig. 5B). These results demonstrated that
cyclin D1-dependent DSBs were created by Mus81 endonuclease
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in response to aberrant replication forks triggered by cyclin D1
overexpression in 31FR-31NR cells.

Eradication of 31FR-31INR cells by inhibition of DNA-PK
and ATM. We next investigated DDR in 31FR-31NR cells in
response to cyclin D1-mediated DSBs. Activation of the DNA
damage-activated serine/threonine protein kinases DNA-PK and
ATM was examined in 31FR-3INR cells using an anti-phospho-
DNA-PKcs-Thr2609 and anti-phospho-ATM-Ser1981 antibody,
respectively. In order to identify cells in S phase, cells were stained

www.landesbioscience.com

with PCNA, which is a replication fork processivity protein at
the ongoing replication fork during S phase. DNA-PK and ATM
phosphorylation was not observed in the control OFR cells but
was observed in the PCNA-positive 31FR-31NR cells (Fig. 6A).
These results indicated that cyclin D1-mediated DSBs activated
DNA-PK and ATM during S-phase in 31FR-31NR cells.

We expected DNA-PK and ATM inactivation to prevent
DNA repair of cyclin D1-mediated DSBs and induce 31FR-31NR
cell death. Treatment with either a DNA-PK inhibitor NU7026
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or an ATM inhibitor KU55236 did not affect 0FR cell sur-
vival; however, these inhibitors reduced the overall survival of
the 31FR-31NR cells with cyclin D1-mediated DSBs (Fig. 5B).
We also examined HeLa cell apoptosis using annexin V stain-
ing. After treatment with either the DNA-PK inhibitor or the
ATM inhibitor, the proportions of the apoptotic 31FR-3INR
cells increased, but that of the parental OFR cells did not change.
Thus, both these inhibitors could induce cell death only in
31FR-3INR cells with cyclin D1-mediated DSBs.

778 Cell Cycle

Discussion

Cyclin D1-mediated DSBs following long-term FR. We have
been investigating the biological effects of long-term FR-induced
cyclin D1 overexpression in human tumor cell lines. In response
to long-term FR with a moderate dose, cyclin D1 behavior is
completely different from that observed after SR with high
doses. Cyclin D1 is degraded following SR and causes G,/S
arrest through inactivating Cdk4, while cyclin D1 is stabilized

Volume 12 Issue 5

- 186 -

©2013 Landes Bioscience. Do not distribute.



by downregulating its proteolysis via A
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over 1 mo. In this study, we investi-
gated the level of cyclin D1-mediated
DSBs in 31FR-3INR cells using
the neutral comet assay. Some of
31FR-3INR cells contained large
amounts of DSBs, as shown by their
high rtail moment values compared
with the values of the parental OFR
cells. Thus, DSBs are generated only
at a specific stage of the cell cycle.
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Cyclin D1 overexpression sup-
presses replication fork progression.
It has been reported that the accu-
mulation of cyclin D1 in the nucleus
loads replicative MCM helicase onto
the chromatin and triggers DNA
re-replication, which is required
for Cdk4 activity. Our results

revealed that Cdk4 inactivation did

not affect the amount of DSBs in

the 31FR-3INR cells. Thus, cyclin D1-mediated DSBs are not
induced by DNA re-replication in 31FR-31NR cells.

We also found that cyclin D1 overexpression perturbed DNA
replication by downregulating replication fork progression. Cyclin
D1 is assocjated with the replication factor PCNA, a clamp loader
for DNA polymerase.?*3 Thus, PCNA may recruit cyclin D1
to replication forks and the interaction between cyclin D1 and

www.landesbioscience.com

PCNA may prevent replication fork movement in 31FR-31NR
cells. However, further studies will be needed to determine the

molecular mechanisms underlying slowing down on replication
fork progression triggered by cyclin D1 overexpression.
Replication-associated DSBs are created by Mus81 endo-
nuclease to remove stalled replication forks. Oncogene-induced
replication stress is associated with induction of genomic
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instability and acceleration of tumor progression.””** The struc-
ture-specific Mus81/Emel complex is produced in response to
this type of replication perturbation to control genomic stability
during DNA replication.” Mus81 creates DSBs by cleaving DNA
to resolve stalled replication forks that are induced by treatments
with DNA synthesis inhibitors such as aphidicolin and hydroxy-
urea.”? Qur present results showed that Mus81 created DSBs in
response to cyclin D1-mediated slowing down of replication forks
in 31FR-31NR cells.

DSBs induced by radiation spread randomly over an entire
genome and subsequently activate DNA damage signals involv-
ing DNA damage sensor kinases such as ATM and DNA-PK.
In contrast, Mus81 cleaves aberrant fork structures to generate
one-sided DSBs only at the sites of stalled replication forks.?*
Mus81-induced DSBs are thought to be repaired more easily than
radiation-induced DNA damage, because these DSBs are cre-
ated during homologous recombination repair (HRR).?** Thus,
cyclin Dl-mediated DSBs are efficiently repaired in 31FR-31NR
cells to promote the growth of these cells.

Eradication of acquired radioresistant cells by ATM and
DNA-PK inhibition. Tumor radioresistance is one of the major
obstacles in accomplishing complete cure of cancer with frac-
tionated radiotherapy (RT).”** Thus, it is important to iden-
tify molecular targets to suppress tumor radioresistance during
cancer treatment. Our findings indicated that treatment with
either a DNA-PK inhibitor or an ATM inhibitor efficiently
induces apoptosis of acquired radioresistant cells harboring
cyclin D1-mediated DSBs but does not affect apoptosis of paren-
tal cells. Thus, both of these inhibitors may affect acquired radio-
resistant cells without harmful side effects to normal cells.

In conclusion, this is the first study to demonstrate that
cyclin D1 overexpression perturbs DNA replication by sup-
pressing replication fork progression. DSBs could be induced
by Mus81 for the recovery of cyclin Dl-mediated slowing down
of replication forks. The combination of fractionated RT with
a DNA-PK inhibitor or an ATM inhibitor can suppress tumor
radioresistance by eradicating acquired radioresistant cells and
may improve outcomes with fractionated RT.

Materials and Methods

Cell culture condition and drugs. The human liver cancer cell
line HepG2 and the human cervical cancer cell line HeLa were
obtained from the Cell Resource Center for Biomedical Research
(IDAC, Tohoku University). Cells were grown in RPMI 1640
medium (NacalaiTesque) supplemented with 5% heat-inacti-
vated fetal calf serum. A Cdk4 inhibitor,®® a DNA-PK inhibitor
(NU7026) and an ATM inhibitor (KU55933) were purchased
from Calbiochem. pFlex-cyclin D1 vectors®® were introduced
into HepG2 and Hel.a cells, as described previously.*

Neutral comet assay. The neutral comet assays were performed
using CometAssay kits (Trevigen) following the manufacturer’s
protocol, as described previously.”” Images were captured with
a CCD camera attached to a fluorescence microscope. The tail
moment was determined by multiplying the fraction of DNA in
the tail by the length of the tail.
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RNA interference. Cells were transfected with siRNA using
Lipofectamine RNAIMAX reagent (Invitrogen). Cyclin D1 and
contro] siRNAs were purchased from Santa Cruz Biotechnology.
Mus81 siRNA was purchased from Invitrogen. Cells were incu-
bated with 40 nM of these siRNAs for 24 h. The medium was
then removed and replaced with fresh medium for another 24

h. Neutral comet assay, cell cycle analysis, western blotting and
immunofluoresence staining were performed 48 h after siRNA
transfection.

Cell cycle analysis. Cell cycle analysis was performed as
described previously.”” The cells were pulse-labeled with 20 wM
bromodeoxyuridine (BrdU) for 1 h, washed with PBS and then
fixed in 70% ethanol overnight. BrdU-positive cells were quanti-
fied by a FACScan (Cytomics FC500, Becron Dickinson).

Western blot analyses. Western blotting was performed as
described previously.?® Histone extracts were prepared as described
by Tung and Winn.* Proteins were separated by sodium-lauryl-
sulfate-PAGE and transferred electrophoretically to PVDF mem-
branes (Bio-Rad). The membranes were blocked with 5% (w/v)
phospho-blocker (Cell Biolabs, Inc.) for 1 h and incubated with
each primary antibody, including anti-B-actin (Sigma, A2066),
anti-Cdk4 (Santa Cruz Biotechnology, SC-260), anti-cyclin D1
(Nichirei Bioscience) and anti-y-H2AX (Upstate), either for 1 h
at room temperature or overnight at 4°C. The membranes were
then incubated for 1 h at room temperature with either HRP-
conjugated goat anti-rabbit IgG (Nichirei Bioscience) or HRP-
conjugated goat anti-mouse IgG (R&D Systems). Protein bands
were visualized with Chemi-Lumi One L western blotting sub-
strate (NacalaiTesquea). Band intensity was measured by densi-
tometry using Image Lab Software (Bio-Rad).

Immunofluorescence staining. Immunofluorescence staining
was performed as described previously.?® Cells were seeded onto
coverslips placed in 10 mm tissue culture dishes. The coverslips
were fixed with ice-cold acetone (5 min), ice-cold methanol (5
min) and then washed twice with PBS. The cells were permeabi-
lized and blocked for 30 min at room temperature in 5% bovine
serum albumin (BSA) and 0.1% Triton X-100 in PBS. Anti-PCNA
antibody (Mouse IgG, PC10; Oncogen) (Rabbit IgG, SC-7007;
Santa Cruz), anti-ATM-phosphoserine 1981 (Rockland), anti-
DNA-PKes-phosphothreonine 2609 (Thermo Scientific), anti-
cyclin D1 (Nichirei) and anti-y-H2AX (Trevigen) 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 con-
jugated with Alex 488 (Molecular Probes for mouse IgG) or
Cy-3 (Jackson Immuno Research Laboratories, Inc. for mouse
IgG). The coverslips were washed three times with 0.1% Triton
X-100 in PBS, counterstained for DNA with 4, 6-diamidino-
2-phenylindole (DAPI) (4 wg/ml prepared in Vectashield mout-
ing medium; Vector Laboratories). Images were captured with a
CCD camera attached to a fluorescence microscope.

DNA fiber analysis. DNA fiber analysis was performed as
described previously.®® Cells were labeled with 20 wM IdU for
10 min and then with 20 pM CIdU for 20 min. The cells were
trypsinized and resuspended in PBS at 1 x 106 cells/ml. The cells
(2.5 wl) were then mixed with 7.5 pl lysis buffer (0.5% SDS in
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200 mM TRIS-HCI, pH 7.4, 50 mM ethylene diaminetetraace-
tic acid) on a glass slide. After 8 min, DNA spreads were fixed in
3:1 methanol/acetic acid and then stored in 70% ethanol at 4°C.
CldU and IdU staining used a previously described protocol.
The length of fork extension was studied during second (green
CldU, 20 min) labeling period. Signals were measured by using
Photoshop software (Adobe Systems). The results of the analyses
on 50 tracks are shown.

Clonogenic assay. Cells were treated with NU7026 or
KU55933 for 24 h. They were then seeded in 60-mm dishes
coated with 0.1% gelatin (Wako) at 1 x 10° cells per dish and
incubated for 10 d until colonies were visible. Colonies were
fixed with ethanol for 30 min and stained with Giemsa solution
(Merck and Co., Inc.). Colonies with > 50 cells were counted
under a light microscope (Olympus, SZX10).

Annexin V staining. Apoptotic cells were identified and
quantified using the annexin V-FITC apoptosis detection kit
(Bio Vision) following the manufacturer’s protocol. Cells were

stained with annexin V-FITC and propidium iodide at 72 h after
treatment with NU7026 or KU55933. Annexin V-positive apop-
totic cells were analyzed by FACScan (Becton Dickinson).

Statistical analysis. All experiments were repeated at least
three times with independent samples. Results are given as
means + standard deviations. Group comparisons were made by
Student’s t-test. A single asterisk and double asterisks indicate sig-
nificance at p < 0.01 and p < 0.05, respectively.
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Introduction

Ionizing radiation (IR) can induce various types of DNA
damage, such as DNA base damage, DNA single-strand breaks
(SSBs), and DNA double-strand breaks (DSBs). Radiation trans-
fers energy to DNA and disrupts DNA chemical bonds, which
results in direct induction of DNA damage. Radiation also affects
water and causes the generation of reactive oxygen species (ROS)
that react with DNA. In this case, radiation indirectly induces
DNA damage via ROS production. Gamma irradiation or X-rays
(1 Gy) can damage 500 DNA bases and create 1000 SSBs and
40 DDBs per cell.”* The most important biological consequence
of IR is believed to be DSBs, which can trigger genomic insta-
bility in cells. For example, chromosomal aberrations, such as
deletions, insertions, or translocations, can occur even after DSB
repair.

Mammalian cells harbor a series of DNA damage responses
(DDRs) that are induced after radiation in order to maintain
genomic stability. The molecular mechanisms involved with
DDRs have been thoroughly investigated using single radiation

2738
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(SR) exposure regimes. DNA damage sensor kinases, ataxia
telangiectasia mutated protein (ATM), and DNA-dependent
protein kinase (DNA-PK) recognize DNA lesions and transfer
these DNA damage signals to transducers, such as p53, check-
point kinasel (Chkl), and checkpoint kinase2 (Chk2). The
G,/S checkpoint, which regulates the entry into the S phase in
the presence of DSBs, functions by inactivating cyclin-dependent
kinases (Cdks) via the degradation of positive regulators of Cdks,
such as cyclin D1 and Cdc25A, and by activating a negative regu-
lator such as p21.3¢

Cyclin D1 degradation occurs rapidly after irradiation and
results in the release of p21 in a p53-independent manner.? Thus,
cell cycle progression ceases at the G,/S boundary by suppress-
ing Cdks activity. Cell cycle checkpoints block cell cycle progres-
sion in the presence of DSBs to achieve adequate DNA damage
repair after irradiation. After repairing DNA damage, the cells
resume cell cycling by activating Cdks. On the other hand, cell
death is induced in order to exclude abnormal cells that have been
exposed to high doses of radiation. Induction of apoptosis after
exposure to high doses of radiation is associated with mitochon-
drial transmembrane potential collapse, caspase activation, and
DNA degradation.”?

In order to analyze the biological effect of long-term exposure
to radiation, human cells were exposed to fractionated radiation
(FR) with 0.5-Gy x-ray fraction at dose rate of 1 Gy per minutes
twice per day, 6 d a week for 31 d (Fig. 1). ATM and DNA-PK
were constitutive activated by FR for 31 d? The cells treated with
these exposure regimes were referred to as 31FR cells. A total
dose of 27 Gy was delivered to cells for 31 d (Fig. 1). We further
established 31FR-31NR cells by 31-d FR exposure followed by
31-d non-FR. We recently identified a unique DDR involving
cyclin D1 in 31FR and 31FR-31NR cells.*!® Cells acquired radio-
resistance because of cyclin D1 overexpression by downregulat-
ing the cyclin D1 degradation pathway after exposure to 31 d FR.
Glycogen synthase kinase 33 (GSK3B) is a protein kinase that
phosphorylates cyclin D1 on threonine 286 (Thr286) to facili-
tate its degradation.”” AKT-mediated phosphorylation of GSK383
on serine 9 decreases its kinase activity on cyclin D1 Thr286,
which inhibits the nuclear export and cytoplasmic proteasomal
degradation of cyclin D1."%"> Constitutive activation of the AKT
pro-survival pathway in 31FR cells resulted in downregulation
of cyclin D1 proteolysis. Consequently, 31-d FR conferred radio-

resistance to tumor cells by cyclin D1 overexpression, which
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was mediated by the AKT/GSK3p pathway.>'® Thus, cyclin D1
could be used as a marker of long-term exposure to radiation but
not of SR exposure.

This paper reviews a novel attractive DDR involving cyclin
D1 in 31FR cells. Deregulation of cyclin D1 expression generates
DSBs during DNA replication and is associated with induction
of genomic instability in cells. Therefore, cyclin D1 may serve
not only as a marker of long-term exposure to radiation, but may
also be a molecular target to reduce the effects of radiation expo-
sure for radioprotection.

Cyclin D1 Expression during Cell Cycling

Cyclin D1 is a positive cell cycle regulator during the G,/S
transition. Cyclin D1 expression is regulated both at the tran-
scriptional and post-translational levels. Cyclin D1 expression is
upregulated by mitogenic signaling through the Ras-signaling
pathway involving Ras/Raf/mitogen-activated protein (extra-
cellular signal-regulated kinase [ERK] kinase) (MEK)/ERK."
Cyclin D1 levels are also post-translationally regulated by its deg-
radation through the following ubiquitin-proteasome pathway.

Phosphorylation of the cyclin D1 Thr286 residue facilitates
the nuclear exclusion of cyclin D1 by the nuclear exporter chro-
mosome maintenance region 1 (CRM1), and then it is degraded.
When stimulated by insulin or a growth factor, phosphatidylinosi-
tol-3-OH kinase (PI3K) generates phosphatidylinositol-3,4,5-tri-
phosphate, a lipid messenger that is essential for the translocation
of AKT (protein kinase B) to the plasma membrane, where it is
phosphorylated and activated by 3-phosphoinositide-dependent
kinase 1.” Activated AKT phosphorylates the GSK3p serine 9
residue to inactivate its kinase activity on the cyclin D1 Thr286
residue. This blocks cyclin D1 nuclear export, and cytoplasmic
cyclin D1 subsequently undergoes proteasomal degradation.’®
Thus, cyclin D1 accumulates in the nucleus as a result of PI3K-
and AKT-mediated GSK3f inactivation.

Cyclin D1 mediates the G, /S transition by binding to Cdk4.
Cyclin D1/Cdk4 phosphorylates Rb, and E2F is then released to
transactivate genes required for the G /S transition.” In addition,
cyclin D1 plays a role in the G/S transition by sequestering a
Cdk inhibitor of p21 and p27.1%1?

Cyclin D1 levels vary throughout the cell cycle; cyclin D1
levels increase in the nucleus during the G, phase and decline

REVIEW

because of cyclin D1 nuclear exclusion when cells enter the S
phase concomitant with an increase in GSK3p levels.?® Because
cyclin D1 degradation during the S phase is essential for cell
cycling, deregulating cyclin D1 expression during the S phase
perturbs DNA replication.?"2

Cyclin D1 Regulation after Irradiation

After exposure to 10 Gy or 20 Gy of SR, cyclin D1 undergoes
ubiquitin-proteasome degradation for a G,/S checkpoint and pre-
vents entry of irradiated cells into the S phase.>® ATM signaling
has been shown to play a critical role in regulating cyclin D1
degradation in response to DNA damage via F-box protein 31
(FBXO31), best known for their role as the substrate recogni-
tion components of the SCF (SKP/Cullin/F-box protein) class
of E3 ubiquitin ligases. ATM directly phosphorylates FBXO31
to facilitate cyclin D1 degradation.?> CCNDI (Cyclin D1 gene)
expression is also downregulated following irradiation by inhibit-
ing CREB binding protein (CBP)/p300 histone acetyltransfer-
ase (HAT) activities via binding of an RNA binding protein,
translocated in liposarcoma (TLS), that contains non-coding
RNAs.* Cdks inactivation by downregulating cyclin DI expres-
sion results in Rb dephosphorylation, which then sequesters E2F
to prevent its transactivating activity and to arrest cells at the
G,/S boundary.

Conversely, cyclin D1 is stabilized in HepG2 and Hela
cells after exposure to 0.5 Gy of FR for 31 d, which results in
cyclin D1 overexpression.” The CCNDI mRNA levels were not
dramatically different before and after 31-d FR.? Therefore, 31
d FR-induced cyclin D1 overexpression was not due to some
genetic change, such as gene amplification, but was due to the
decreased protein degradation mediated by the AKT signaling
pathway. AKT, a positive regulator of cyclin D1, is constitutively
activated when cells are exposed to FR for >14 d (total dose is
12 Gy)? In contrast, transient AKT activation has been reported
in HepG2, HelLa, and human umbilical vein endothelial cells
after 2 or 3 Gy of SR>%

Collectively, these results suggest that AKT pro-survival sig-
nals accumulate under the situation of constitutive activation of
DNA-PK and ATM due to repeated radiation exposures. There
is a threshold for the changes in the AKT radioresponse from a
transient activation pattern to a constitutive activation pattern

approximately 14 d of FR (Fig. 2). AKT activa-

31FR cells

tion and GSK3p inactivation precede cyclin D1
overexpression, because cyclin D1 overexpres-
sion is evident 31 d after FR. In addition, pro-
survival signaling via the AKT/ERK pathway is
activated at lower DSB levels (<2 Gy) but not

31FR-31NR cells 31

at higher DSB levels (>2 Gy).? Thus, the AKT
' pro-survival signaling pathway varies according

to the magnitude of the irradiated dose and the
duration of radiation exposure.
DNA-PK activates AKT in response to vari-
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ous genotoxic stresses, including low doses of
radiation,” and is the upstream target of the
AKT pathway in 31FR cells? This epigenetic
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change in the DNA damage signaling pathway with DNA-PK/
AKT/GSK3B-mediated cyclin D1 overexpression is irreversible,
even after discontinuing FR for >1 mo. Cyclin D1-T286A that is
mutated at the phosphorylation site on Thr286 resists radiation-
induced cyclin D1 degradation by the ATM-FBXO31 pathway.”®
This demonstrated that AKT-mediated cyclin D1 dephosphory-
lation on Thr286 invalidated ATM/FBXO31-mediated cyclin
D1 degradation after 31 d FR.

Establishment of a Positive Feedback Loop
through the DNA-PK/AKT/GSK3p/Cyclin D1
Pathway by Replication-Associated DSBs
Triggered by Cyclin D1 Overexpression

We previously reported that downregulation of cyclin DI
degradation resulted in persistent cyclin D1 expression during
the S phase of 31FR cells.’” Deregulation of cyclin D1 expres-
sion perturbed DNA replication by inhibiting replication fork
progression.?? Cyclin D1 has been shown to bind with the rep-
lication factor PCNA, a clamp loader of DNA polymerase.?®%
PCNA may recruit cyclin DI to replication forks, and cyclin
D1 binding to PCNA may inhibit replication fork movement
in 31FR cells (Fig. 3). In response to aberrant replication forks
induced by treatment with low-dose aphidicolin, an inhibitor
of DNA polymerase o, DSBs were made by BLM helicase in
cooperation with Mus81 nuclease for recovery.? We also found
that Mus81 controlled DSB formation in 31FR cells (Fig. 3).
Using siRNAs, cyclin D1 or Mus81 knockdown decreased the
amounts of DSBs in cyclin Dl-overexpressing cells, whereas
Cdk4 inactivation by siRNA or a CDK4 inhibitor of Cdk4-I
had no effect.>? These results demonstrated that DSBs were
mediated by cyclin D1 itself and did not require the activity of
cyclin D1/Cdk4.

In contrast, overexpressing cyclin D1 using a cyclin D1
expression vector triggered DNA re-replication and induced
DSBs in a Cdk4-dependent manner.? Therefore, FR-induced
DSBs were not induced by DNA re-replication, but were induced
by suppressing replication fork movement. In addition to cyclin

Transient AKT activation

%

Day 0

Constitutive AKT activation
>

o

Day 14
(total 12 Gy) (total 27 Gy)

" Above Threshold
Below Threshi

>

AKT pro-survival signal

< cells

@ Cyclin D1-overexpressed cells

D1, cyclin A overexpression induces DSBs in human and mouse
fibroblasts.3? Cyclin D1-mediated DSBs are also associated with
induction of genomic instability in normal cells and increases
cancer risk.

Figure 4 shows a schematic representation of DDR involv-
ing cyclin D1 in response to SR or 31 d FR. After SR with
high doses, cyclin D1 is degraded by the ATM/FBXO31 path-
way to inactivate Cdks. Cells are arrested at the G,/S boundary
because of activation of a G,/S checkpoint. In contrast, cyclin
D1 is stabilized after FR for 31 d by DNA-PK/AKT-mediated
downregulation of its proteolysis. Persistent cyclin D1 expres-
sion during the S phase perturbs DNA replication and induces
DSBs during the processing of abnormal DNA replication forks
(Fig. 3). Cyclin D1-induced DSBs again activate the DNA-PK/
AKT pathway, thus establishing a positive feedback loop of
cyclin D1 overexpression cycle. Cyclin D1-induced DSBs are
also associated with genomic instability and tumorigenesis in

31FR cells.

Normal replication forks \
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Replication fork blockage \
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Cyclin D1 as a Marker of Long-Term
Exposure to Radiation

A biomarker is an indicator of a biological state that is defined
as any measurement reflecting an interaction between a biologi-
cal system and a genotoxic stress and is used to evaluate biologi-
cal effects.®® Chromosomal aberrations are commonly used as IR
biomarkers for radiation dose estimations, although the detection
limit with this assay is <100 mGy. Radiation-induced DSBs are
assessed by phosphorylation of H2AX (y-H2AX), which can be
detected with <20 mGy.>* However, it should be noted that DSBs
are not unique to IR and can be induced by aging, oxidative
stress, smoking, and certain chemicals. In addition, y-H2AX has
a disadvantage as a biomarker of long-term exposure to radiation,
because it disappears when DSBs are repaired. Thus, another
stable biomarker is needed to evaluate the effects of long-term
exposure to radiation.

‘We are investigating suitable IR biomarkers from among mol-
ecules that are associated with DDRs of FR. Cyclin D1 is one
candidate marker of FR, because cyclin D1 overexpression occurs
after 31 d FR but not after SR and is long lasting even after FR
is stopped. Further evaluation is needed to determine if cyclin
D1 can be used as a biomarker of FR, especially by using normal
human cells after long-term exposure to low doses of radiation.

A Role of Cyclin D1 Overexpression

Genetic aberrations in cell cycle regulators are frequently
noted in human cancer and are linked to cancer development.?>3¢
Cyclin D1 overexpression is one of the most commonly observed

alterations involving chromosomal translocations, gene ampli-
fication, and polymorphisms in various types of cancer cells.’”
Cyclin D1 plays a role in controlling the transcription of several
genes that regulate cell differentiation and proliferation by mod-
ulating the activities of transcription factors, co-activators, and
co-repressors.>** Cyclin D1 is recruited to chromatin along with
chromatin remodeling factors and alters acetylation and methyla-
tion of histones, which modulates the accessibility of transcription
factors to chromatin. Cyclin D1 overexpression induces chromo-
somal instabilities, by interfering with the transcription of genes
that govern the mitotic phase, and results in tumorigenesis.“*

Overexpression of wild-type cyclin D1 has been shown to be
insufficient for inducing cell transformation, as nuclear export
and subsequent cytoplasmic proteolysis reduce the oncogenic
potential of this protein.’**? In contrast, overexpression of non-
degradable cyclin D1-T286A results in tumorigenesis in trans-
genic mice.’043% Thus, nuclear accumulation of cyclin D1 is
associated with tumor-initiation event. Oncogene activation
results in constitutive activation of the ATM-regulated DDR.%
ATM and DNA-PK activation due to cyclin D1 overexpression
was also observed in 31FR and 31FR-31NR cells.>* Oncogene
activation perturbs DNA replication and causes DSB accumula-
tion because of replication stress and genomic instability in non-
malignant cells.#% Therefore, cyclin D1 nuclear accumulation
after exposure to 31 d FR possibly leads to the progression of
malignancy in normal cells caused by the induction of genomic
instability triggered by cyclin D1-dependent DSBs. On the other
hand, cyclin D1 overexpression is considered as a marker of cel-
lular senescence. It was reported that senescent cells express high
levels of cyclin D1 in normal human fibroblasts.’**?

Single radiation 31-day FR
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Cyclin D1 degradation
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Targeting Cyclin D1 for Radioprotection

Accumulating evidence suggests that the PI3K/AKT
signaling pathway regulates cell proliferation and survival
processes that contribute to tumor progression.'>>* This
pathway is upregulated after irradiation and is strongly corre-
lated with radiosensitivity of irradiated cells. AKT can block
apoptotic pathways by regulating various target molecules,
including pro-apoptotic and anti-apoptotic proteins.’>>%%
Activated AKT, a common mediator of cell survival signals
induced by radiation through multiple intracellular signal-
ing pathways, modulates apoptosis and increases the apop-
wotic threshold.>®” Thus, constitutive activation of the AKT/
GSK3B/cyclin D1 pathway due to the accumulation of AKT
survival signals results in radioresistance of 31FR cells.”

Cyclin D1 is considered a potential therapeutic target for
cancer treatment.’®® Aberrant cyclin D1 expression is often
detected in premalignant and malignant tissues. Cyclin D1
overexpression is strongly correlated with a poor prognosis in

www.landesbioscience.com

oral carcinoma and head and neck squamous cell carcinoma
after radiotherapy or chemoradiotherapy.®® Cyclin D1 lev-
els are believed to be worth monitoring during the course of
treatment to assess clinical responses. In addition to being a
molecular target for cancer treatment, cyclin D1 is a selec-
tive molecular marker of long-term exposure to radiation in
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irradiated cells, where genomic instability is induced by cyclin D1
overexpression. API-2 was originally identified as a highly selective
AKT inhibitor during screening by the National Cancer Institute
and is considered an anticancer drug.®? Phase I and II clinical trials
for API-2 have been conducted for advanced tumors.®% We also
confirmed the efficacy of API-2 for suppressing the radioresistance
of tumors derived from HepG2 and Hel a cells in animal experi-
ments.® We previously showed that inactivation of AKT/GSK33-
mediated cyclin D1 overexpression using an AKT inhibitor of
API-2 abrogated cyclin D1 overexpression and rendered 31FR
cells susceptible to radiation with increased apoptosis.*® Because
API-2 facilitates GSK3fB-mediated cyclin D1 proteolysis in 31FR
and 31FR-31NR cells,’ it also can suppress tumoregenesis that is
induced by cyclin D1 overexpression in normal cells. Therefore,
targeting cyclin D1 is likely to cancel the effects of long-term expo-
sure to FR that are caused by cyclin DI overexpression.

Conclusions

We have described a unique DDR involving cyclin D1 after
31 d FR and its biological effects. Cyclin D1 overexpression

generates DSBs during DNA replication and is associated
with tumor initiation by inducing genomic instability in cells.
Determination of cyclin D1 expression is proved to be a marker
for monitoring long-term exposure of radiation. Furthermore,
cyclin D1 is a molecular target for reducing the cancer risk posed
by 31 d FR for radioprotection of humans.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

We thank Prof Satish Kumar Adiga for his critical reading
of the paper. The authors were supported by research grants
from the Japanese Ministry of Education and Science Kiban
C (24510063). This work was conducted at the Joint Usage/
Research Center (RIRBM), Hiroshima University.

Sources of Support
Research grants from the Japanese Ministry of Education and

Science Kiban C (24510063). This work was performed at the
Joint Usage/ Research Center (RIRBM), Hiroshima University.

References 11.  Diehl JA, Cheng M, Roussel MF, Sherr CJ. Glycogen  21.  Aggarwal P, Lessie MD, Lin DI, Pontano L, Gladden
synthase kinase-3beta regulates cyclin D1 pro- AB, Nuskey B, Goradia A, Wasik MA, Klein-Szanto
1. Elkind MM. Repair processes in radiation biology. teolysis and subcellular localization. Genes Dev AJ, Rustgi AK, et al. Nuclear accumulation of
Radiat Res 1984; 100:425-49; PMID:6390488; 1998; 12:3499-511; PMID:9832503; http://dx.doi. cyclin D1 during S phase inhibits Cul4-dependent
hrep://dx.doi.org/10.2307/3576409 org/10.1101/gad.12.22.3499 Cdtl  proteolysis and triggers  p53-dependent
2. Ciccia A, Elledge SJ. The DNA damage response: 12, Vivanco I, Sawyers CL. The phosphatidylinositol DNA rereplication. Genes Dev 2007; 21:2908-
making it safe to play with knives. Mol Cell 2010; 3-Kinase AKT pathway in human cancer. Nat Rev 22; PMID:18006686; http://dx.doi.org/10.1101/
40:179-204; PMID:20965415; heep://dx.doi. Cancer 2002; 2:489-501; PMID:12094235; hetp:// gad.1586007
0rg/10.1016/j.molcel.2010.09.019 dx.doi.org/10.1038/nrc839 22. Shimura T, Ochiai Y, Noma N, Oikawa T, Sano Y,
3. Agami R, Bernards R. Distinct initiation and 13. Manning BD, Cantley LC. AKT/PKB signaling: Fukumoto M. Cyclin D1 overexpression perturbs
maintenance mechanisms cooperate to induce Gl navigating downstream. Cell 2007; 129:1261-74; DNA replication and induces replication-associated
cell cycle arrest in response to DNA damage. Cell PMID:17604717; htep://dx.doi.org/10.1016/j. DNA double-strand breaks in acquired radioresistant
2000; 102:55-66; PMID:10929713; htp://dx.doi. cell.2007.06.009 cells. Cell Cycle 2013; 12:773-82; PM1D:23388457;
0rg/10.1016/50092-8674 (00) 00010-6 14. Filmus J, Robles Al Shi W, Wong MJ, Colombo heep://dx.doi.org/10.4161/cc. 23719
4. CannKL, Hicks GG. Regulation of the cellular DNA LL, Conti CJ. Induction of cyclin DI overexpres-  23. Santra MK, Wajapeyee N, Green MR. F-box protein
double-strand break response. Biochem Cell Biol sion by activated ras. Oncogene 1994; 9:3627-33; FBXO31 mediates cyclin D1 degradation to induce
2007; 85:663-74; PMID:18059525; http://dx.dot. PMID:7970723 G1 arrest after DNA damage. Nature 2009; 459:722-
org/10.1139/007-135 15.  Nicholson KM, Anderson NG. The protein kinasc B/ 5; PMID:19412162;  http://dx.doi.org/10.1038/
5. Harper JW, Elledge S§]. The DNA damage Ake signalling pathway in human malignancy. Cell nature08011
response: ten years after. Mol Cell 2007; 28:739- Signal 2002; 14:381-95; PMID:11882383; hutp:// 24. WangX, Arai S, Song X, Reichart D, Du K, Pascual
45; PMID:18082599; http://dx.doi.org/10.1016/j. dx.doi.org/10.1016/S0898-6568(01)00271-6 G, Tempst P, Rosenfeld MG, Glass CK, Kurokawa R.
molcel.2007.11.015 16. Alt JR, Cleveland JL, Hannink M, Dichl JA. Induced ncRNAs allosterically modify RNA-binding
6. Lakin ND, Jackson SP. Regulation of p33 in response Phosphorylation-dependent  regulation of cyclin proteins in cis to inhibit transcription. Nature
to DNA damage. Oncogene 1999; 18:7644-55; D1 nuclear export and cyclin Dl-dependent cel- 2008; 454:126-30; PMID:18509338; http://dx.doi.
PMID:10618704; hutp://dx.doi.org/10.1038/ lular transformation. Genes Dev 2000; 14:3102- 0rg/10.1038/naturc06992
sj.onc.1203015 14; PMID:11124803; hup://dx.doi.org/10.1101/  25. Tan J, Geng L, Yazlovitskaya EM, Hallahan DE.
7. Zhou L, Yuan R, Serggio L. Molecular mecha- g2d.854900 Protein kinase B/Akt-dependent phesphorylation
nisms of irradiation-induced apoptosis. Front Biosci 17, Massagué J. G1 cell-cycle control and cancer. Nature of glycogen synthase kinase-3beta in irradiated vas-
2003; 8:d9-19; PMID:12456331; htp://dx.doi. 20045 432:298-3065 PMID:15549091; htp://dx.doi. cular endothelium. Cancer Res 2006; 66:2320-7;
org/10.2741/927 org/10.1038/nature03094 PMID:16489037; http://dx.doi.org/10.1158/0008-
8. Elmore S. Apoptosis: a review of pro- 18 Polyak K, KatoJY, Solomon MJ, Sherr CJ, Massague 5472.CAN-05-2700
grammed cell death. Toxicol Pathol 2007; 1, Roberts JM, Koff A. p27Kipl, a cyclin-Cdk inhibi- 26. Hawkins AJ, Golding SE, Khalil A, Valerie K. DNA
35:495-516;  PMID:17562483;  hup://dx.doi. tor, links transforming growth factor-beta and con- double-strand break - induced pro-survival signaling.
org/10.1080/01926230701320337 tact inhibition to cell cycle arrest. Genes Dev 1994; Radiother Oncol 2011; 101:13-7; PMID:21726915;
9. Shimura T, Kakuda S, Ochiai Y, Nakagawa H, 8:9-22; PMID:8288131; htp://dx.doi.org/10.1101/ htep://dx.doi.org/10.1016/j.radonc.2011.05.074
Kuwahara Y, Takai Y, Kobayashi ], Komatsu K, gad.8.1.9 27. Bozulic L, Surucu B, Hynx D, Hemmings BA.
Fukumoto M. Acquired radioresistance of human 19, Sherr CJ, Roberts JM. CDK inhibitors: positive and PKBalpha/Aktl acts downstream of DNA-PK in the
tumor cells by DNA-PK/AKT/GSK3beta-mediated negative regulators of Gl-phase progression. Genes DNA double-strand break response and promores sur-
cyclin D1 overexpression. Oncogene 2010; 29:4826- Dev 1999; 13:1501-12; PMID:10385618; http:/ vival. Mol Cell 2008; 30:203-13; PMID:18439899;
37; PMID:20562919; hrtp://dx.doi.org/10.1038/ dx.doi.org/10.1101/gad.13.12.1501 http://dx.doi.org/10.1016/j.molcel.2008.02.024
onc.2010.238 20. Yang K, Guo Y, Stacey WC, Harwalkar J, Fretthold 28. Fukami-Kobayashi], Mitsui Y. Cyclin D1 inhibits cell
10. Shimura T. Acquired radioresistance of cancer and 1, Hitomi M, Stacey DW. Glycogen synthase kinase 3 proliferation through binding to PCNA and cdk2.
the AKT/GSK3B/cyclin D1 overexpression cycle. has a limited role in cell cycle regulation of cyclin D1 Exp Cell Res 19995 246:338-47; PMID:9925749;
J Radiar Res 2011; 52:539-44; PMID:21881296; levels. BMC Cell Biol 2006; 7:33; PMI1D:16942622; http://dx.doi.org/10.1006/excr.1998.4306
htep://dx.doi.org/10.1269/jrr.11098 hitp://dx.doi.org/10.1186/1471-2121-7-33
2742 Cell Cycle Volume 12 Issue 17

- 195 -

. Do not distribute.

j0oscience

©2013 Landes B



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Prosperi E, Scovassi Al, Stivala LA, Bianchi L.
Proliferating cell nuclear antigen bound 10 DNA
synthesis sites: phosphorylation and association with
cyclin D1 and cyclin A, Exp Cell Res 1994; 215:257-
62; PMID:7982468; hup://dx.doi.org/10.1006/
excr.1994.1341

Xiong Y, Zhang H, Beach D. D type cyclins
associate with multiple protein kinases and the
DNA replication and repair factor PCNA. Cell
1992; 71:505-14; PMID:1358458; hutp://dx.doi.
org/10.1016/0092-8674(92)90518-H

Shimura T, Torres MJ], Martin MM, Rao VA,
Pommier Y, Katsura M, Miyagawa K, Aladjem ML
Bloom’s syndrome helicase and Mus81 are required
to induce transient double-strand DNA breaks in
response to DNA replication stress. ] Mol Biol 2008;
375:1152-64;  PMID:18054789;  hutp://dx.doi.
0rg/10.1016/j.jmb.2007.11.006

Tane S, Chibazakura T. Cyclin A overexpres-
sion induces chromosomal double-strand breaks
in mammalian cells. Cell Cycle 2009; 8:3900-
3;  PMID:19901524;  hup://dx.doi.org/10.4161/
cc.8.23.10071

Pernot E, Hall ], Baatout S, Benotmane MA,
Blanchardon E, Bouffler S, El Saghire H, Gomolka
M, Guertler A, Harms-Ringdahl M, et al. Tonizing
radiation biomarkers for potential use in epide-
miological studies. Mutat Res 2012; 751:258-86;
PMID:22677531; http://dx.doi.org/10.1016/j.
mrrev.2012.05.003

Lassmann M, Hinscheid H, Gassen D, Biko ],
Meineke V, Reiners C, Scherthan H. In vivo forma-
tion of gamma-H2AX and 53BP1 DNA repair foci
in blood cells after radioiodine therapy of differen-
tiated thyroid cancer. ] Nucl Med 2010; 51:1318-
25; PMID:20660387; http://dx.doi.org/10.2967/
jnumed.109.071357

Gillett C, Fantl V, Smith R, Fisher C, Bartek ],
Dickson C, Barnes D, Peters G. Amplification and
overexpression of cyclin D1 in breast cancer detected
by immunohistochemical staining. Cancer Res 1994;
54:1812-7; PMID:8137296

Russell A, Thompson MA, Hendley ], Trute L,
Armes J, Germain D. Cyclin D1 and D3 associ-
ate with the SCF complex and are coordinately
elevated in breast cancer. Oncogene 1999; 18:1983-
91; PMID:10208420; http://dx.doi.org/10.1038/
sj.onc.1202511

Dichl JA. Cycling to cancer with cyclin D1. Cancer
Biol Ther 2002; 1:226-31; PMID:12432268

FuM, Rao M, Bouras T, Wang C, Wu K, Zhang X, Li
Z,Yao TP, Pestell RG. Cyclin D1 inhibits peroxisome
proliferator-activated receptor gamma-mediated adi-
pogenesis through histone deacetylase recruitment. |
Biol Chem 2005; 280:16934-41; PMID:15713663;
http://dx.doi.org/10.1074/jbc.M500403200

Hulit ], Wang C, Li Z, Albanese C, Rao M, Di Vizio
D, Shah S, Byers SW, Mahmood R, Augenlicht LH,
et al. Cyclin D1 genctic heterozygosity regulates
colonic epithelial cell differentiation and tumor num-
ber in ApcMin mice. Mol Cell Biol 2004; 24:7598-
611; PMID:15314168; http://dx.doi.org/10.1128/
MCB.24.17.7598-7611.2004

Casimiro MC, Pestell RG. Cydlin d1 induces chro-
mosomal instability. Oncotarget 2012; 3:224-5;
PMID:22538871

Lung JC, Chu JS, Yu JC, Yue CT, Lo YL, Shen CY,
Wu CW. Aberrant expression of cell-cycle regulator
cyclin D1 in breast cancer is related to chromosomal
genomic instability. Genes Chromosomes Cancer
2002; 34:276-84; PMID:12007188; hutp://dx.doi.
org/10.1002/gcc.10072

www.landesbioscience.com

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Quelle DE, Ashmun RA, Shurtleff SA, Kato JY,
Bar-Sagi D, Roussel MF, Sherr C]. Overexpression
of mouse D-type cyclins accelerates G1 phase
in rodent fibroblasts. Genes Dev 1993; 7:1559-

71;  PMID:8339933;
gad.7.8.1559

Benzeno S, Lu F, Guo M, Barbash O, Zhang
F, Herman ]G, Klein PS, Rustgi A, Dichl JA.
Identification of murtatons that disrupt phosphor-
ylation-dependent nuclear export of cyclin DI.
Oncogene 2006; 25:6291-303; PMID:16732330;
http://dx.doi.org/10.1038/sj.0nc.1209644

Gladden AB, Diehl JA. Location, location, location:
the role of cyclin DI nuclear localization in cancer.
J Cell Biochem 2005; 96:906-13; PMID:16163738;
http://dx.doi.org/10.1002/jcb.20613

Lin DI, Lessie MD, Gladden AB, Bassing CH, Wagner
KU, Diehl JA. Disruption of cyclin D1 nuclear export
and proteolysis accelerates mammary carcinogen-
esis. Oncogene 2008; 27:1231-42; PMID:17724472;
http://dx.doi.org/10.1038/sj.0nc.1210738

Mallette FA, Gaumont-Leclerc MF, Ferbeyre G. The
DNA damage signaling pathway is a critical media-
tor of oncogene-induced senescence. Genes Dev
2007; 21:43-8; PMID:17210786; http://dx.doi.
org/10.1101/gad. 1487307

Bartkova J, Rezaei N, Liontos M, Karakaidos P,
Kletsas D, Issaeva N, Vassiliou LV, Kolertas E,
Niforou K, Zoumpourlis VC, et al. Oncogene-
induced senescence is part of the tumorigenesis bar-
rier imposed by DNA damage checkpoints. Nature
2006; 444:633-7; PMID:17136093; hrep://dx.doi.
0rg/10.1038/naturc05268

Di Micco R, Fumagalli M, Cicalese A, Piccinin
S, Gasparini P, Luise C, Schurra C, Garre’ M,
Nuciforo PG, Bensimon A, et al. Oncogene-induced
senescence is a DNA damage response triggered by
DNA hyper-replication. Nature 2006; 444:638-
42; PMID:17136094; http://dx.doi,org/]0.1038/
nature05327

Murfuni I, Nicolai S, Baldari S, Crescenzi M,
Bignami M, Franchitto A, et al. The WRN and
MUSB8I proteins limit cell death and genome insta-
bility following oncogene activation. Oncogene
2013; 32:610-20; PMID:22410776; htep://dx.doi.
org/10.1038/0nc.2012.80

Duli¢ V, Drullinger LF, Lees E, Reed S1, Stein GH.
Altered regulation of G1 cyclins in senescent human
diploid fibroblasts: accumuladion of inactive cyclin
E-Cdk2 and cyclin D1-Cdk2 complexes. Proc Natl
Acad Sci U S A 1993; 90:11034-8; PMID:8248208;
http://dx.doi.org/10.1073/pnas.90.23.11034
Lucibello FC, Sewing A, Briisselbach S, Biirger C,
Miiller R. Deregulation of cyclins D1 and E and sup-
pression of cdk2 and cdk4 in senescent human fibro-
blasts. ] Cell Sci 1993; 105:123-33; PMID:8360268
Aradja P, Wong H, Veillete C, Riabowol K.
Overexpression of cyclin D1 blocks prolifera-
ton of normal diploid fibroblasts. Exp Cell Res
1995; 217:205-16; PMID:7698220; http://dx.doi.
org/10.1006/excr.1995.1080

Leontieva OV, Lenzo F, Demidenko ZN,
Blagosklonny MV. Hyper-mitogenic drive coexists
with mitotic incompetence in senescent cells. Cell
Cycle 2012; 11:4642-9; PMID:23187803; htep://
dx.doi.org/10.4161/cc.22937

Duronio V. The life of a cell: apoprosis regulation by
the PI3K/PKB pathway. Biochem ] 2008; 415:333-
44; PMID:18842113; hutp://dx.doi.org/10.1042/
BJ20081056

htep://dx.doi.org/10.1101/

Cell Cycle

- 196 -

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Song G, Ouyang G, Bao S. The activation of Akt/
PKB signaling pathway and cell survival. ] Cell Mol
Med 2005; 9:59-71; PMID:15784165; http://dx.doi.
org/10.1111/5.1582-4934.2005.tb00337.x

Dent P, Yacoub A, Contessa ], Caron R, Amorino G,
Valerie K, Hagan MP, Grant S, Schmidr-Ullrich R.
Stress and radiation-induced activation of multiple
intracellular signaling pathways. Radiat Res 2003;
159:283-300;  PMID:12600231;  hutp://dx.doi.
org/10.1667/0033-7587(2003)159[0283:SARIAO] 2
.0.CO;2

Schmide-Ullrich RK, Contessa JN, Dent P,
Mikkelsen RB, Valerie K, Reardon DB, Bowers G,
Lin PS. Molecular mechanisms of radiation-induced
accelerated repopulation. Radiat Oncol Investig
1999; 7:321-30; PMID:10644055; hutp://dx.doi.
0rg/10.1002/(SICI)1520-6823(1999)7:6<321::AID-
ROI253.0.C052-Q

Alao JP. The regulation of cyclin DI degrada-
tion: roles in cancer development and the poten-
tal for therapeutic invention. Mol Cancer
2007;  6:24; PMID:17407548;  hutp://dx.doi.
org/10.1186/1476-4598-6-24

Musgrove EA, Caldon CE, Barraclough ], Stone
A, Sutherland RL. Cyclin D as a therapeutic tar-
get in cancer. Nat Rev Cancer 2011; 11:558-72;
PMID:21734724; htep://dx.doi.org/10.1038/
nrc3090

JayasuryaR, Francis G, Kannan S, Lekshminarayanan
K, Nalinakumari KR, Abraham T, Abraham EK, Nair
MK. p53, p16 and cyclin D1: molecular determinants
of radiotherapy treatment response in oral carcinoma.
Int J Cancer 2004; 109:710-6; PMID:14999779;
http://dx.doi.org/10.1002/ijc.20042

Higuchi E, Oridate N, Homma A, Suzuki F, Atago
Y, Nagahashi T, Furuta Y, Fukuda S. Prognostic sig-
nificance of cyclin D1 and pl6 in patients with inter-
mediate-risk head and neck squamous cell carcinoma
treated with doceraxel and concurrent radiotherapy.
Head Neck 2007; 29:940-7; PMID:17563903;
http://dx.doi.org/10.1002/hed.20632

Yang L, Dan HC, Sun M, Liu Q, Sun XM, Feldman
RI, Hamilton AD, Polokoff M, Nicosia SV, Herlyn
M, et al. Akt/protein kinase B signaling inhibi-
tor-2, a selective small molecule inhibitor of Akt
signaling with antitumor activity in cancer cells
overexpressing Akt. Cancer Res 2004; 64:4394-9;
PMID:15231645; hutp://dx.doi.org/10.1158/0008-
5472.CAN-04-0343

Feun LG, Blessing JA, Barrett R, Hanjani P. A phase
IT trial of tricyclic nucleoside phosphate in patients
with advanced squamous cell carcinoma of the cer-
vix. A Gynecologic Oncology Group Study. Am J
Clin Oncol 1993; 16:506-8; PMID:8256767; http://
dx.doi.org/10.1097/00000421-199312000-00010
Feun LG, Savaraj N, Bodey GP, Lu K, Yap BS, Ajani
JA, Burgess MA, Benjamin RS, McKelvey E, Krakoff
1. Phase I study of tricyclic nucleoside phosphate
using a five-day continuous infusion schedule. Cancer
Res 1984; 44:3608-12; PMID:6744283

Shimura T, Kakuda S, Ochiai Y, Kuwahara Y, Takai
Y, Fukumoto M. Targeting the AKT/GSK3B/cyclin
D1/Cdk4 survival signaling pathway for eradica-
tion of tumor radioresistance acquired by fraction-
ated radiotherapy. Int J Radiat Oncol Biol Phys
2011; 80:540-8; PMID:21398050; htrp://dx.doi.
0rg/10.1016/j.ijrobp.2010.12.065

2743

. Do not distribute.

josclence

©2013 Landes B



OPEN

SUBJECT AREAS:

EXPERIMENTAL MODELS
OF DISEASE

ANATOMY

REPRODUCTIVE SIGNS AND
SYMPTOMS

RISK FACTORS

Received
21 January 2013

Accepted
4 September 2013

Published
8 October 2013

Correspondence and
requests for materials
should be addressed to
M.F. (fukumoto@idac.
tohoku.ac.jp)

Effects of radioactive caesium on bull
testes after the Fukushima nuclear plant
accident
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We aimed to investigate the effect of chronic radiation exposure associated with the Fukushima Daiichi
Nuclear Plant accident on the testis from 2 bulls. Estimated dose of internal exposure in one bull was 0.7-
1.2 mGy (***Cs) and 0.4-0.6 mGy (**Cs) and external exposure was 2.0 mGy (**'Cs) and 0.8 mGy (**’Cs)
(196 days). Internal dose in the other was 3.2-6.1 mGy (***Cs) and 1.8-3.4 mGy (**’Cs) and external dose
was 1.3 mGy (***Cs) and 0.6 mGy ("¥’Cs) (315 days). Sperm morphology and spermatogenesis were within
normal ranges. ** **’Cs radioactivity was detected but Cs was not detectable in the testis by electron probe
microanalysis. Thus, adverse radiation-induced effects were not observed in bull testes following chronic
exposure to the above levels of radiation for up to 10 months. Since we could analyse a limited number of
testes, further investigation on the effects of ionizing radiation on spermatogenesis should be extended to
more animals.

deposition of radioactive materials. Clinical manifestations of radiation exposure depend on the extent

of penetration and the dose absorbed by various tissues’. After the Great East Japan Earthquake on 11
March 2011, the Fukushima Daiichi Nuclear Power Plant (FNPP) accident led to a discharge of a tremendous
amount of radioactive substances™*. On 22 April 2011, the evacuation zone was set to a 20-km radius surrounding
the FNPP, leaving approximately 3,400 cows, 31,500 pigs, and 630,000 chickens behind within the zone. On 12
May 2011, the Japanese government ordered Fukushima prefectural government to euthanize unleashed live-
stock within the evacuation zone. Abandoned animals now have formed an invaluable model for studying the
effects of chronic radionuclide intake. A comprehensive assessment of the effect of long-term exposure to
internally deposited radionuclides on surviving domestic animals in the evacuation area is therefore urgently
needed for the benefit of the livestock industry, as well as for human health. Radiobiological data from the FNPP
accident could help to develop a set of internationally harmonized measures to protect domestic animals in the
event of a future nuclear or radiological emergency.

Exposure to a large dose of ionizing radiation can cause irreparable damage to multiple organ systems,
particularly those with highly proliferative cells, such as the skin, the hematopoietic and gastrointestinal system®.
The testis is a relatively radiosensitive organ®, composed of a series of spermatogenic cells such as stem cells,
spermatogonia, spermatids, spermatocytes, and sperm. These different types of germ cells differ remarkably in
their susceptibility to radiation-induced effects according to their level of reproductive activity®. The effect on
reproductive organs and behaviour by chronic exposure to radionuclides is one of major concerns. Furthermore,
radiation-induced genomic changes, occurring in germ cells may have hereditary effects, including carcinogen-
esis, congenital malformation and growth retardation in offspring. Data used for estimating the risk associated
with exposure to ionizing radiation have been primarily obtained from epidemiological studies of survivors of the
atomic bombing of Hiroshima and Nagasaki”®, the Chernobyl nuclear accident’, and some complementary

R adiation accidents can result in localized or whole-body exposure and both the internal and external
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animal experiments'®'2. However, reports of the effect of chronic

low-dose radiation on livestock animals are limited.

We recently reported radionuclide deposition in organs of aban-
doned cattle following the FNPP accident. The deposition occurred
in an individual radionuclide and in an organ-specific manner, and
radioactive caesium (Cs) was detected in all the organs examined®.
Discharge of '*'Cs and 'Cs that emit y- and B-rays is of primary
concern, because they were released in a large amount and have a
long half-life". Thus, significant questions regarding the effect of
long-term exposure to radioactive Cs on human health are now being
raised. The current study focused on the effect of exposure to radio-
active caesium on the reproductive organs of bulls that were aban-
doned in the 20-km FNPP evacuation zone from 12 March to 27
September 2011 and 24 January 2012. The aim of the present study
was to investigate the effect of chronic radiation exposure on bull
testes to '**Cs and '¥’Cs associated with the FNPP accident.

Results

Radioactivity concentration of ***Cs and *’Cs in male bull organs
and blood for liquid. Organs, including testes, and peripheral blood
(PB) were collected from 12 bulls and a male foetus at different sites
within the 20-km FNPP evacuation zone on different dates. PB could
not be obtained from any foetus examined because they were too
small. The concentration of radionuclides in these tissues was then
determined (Table 1). Radioactive concentrations of '**Cs and '*’Cs
were almost similar in all the organs and PB examined for liquid. We
could measure the radioactivity concentration of **Cs and "’Cs of
the testis from 2 bulls and 1 foetus as listed in Table 2. Organ
concentration of radioactive Cs was the highest in skeletal muscles
among organs examined. Testicular concentrations of '**Cs and **’Cs
for liquid were approximately 13- to 16-fold higher in bull 1 and 17-
to 18-fold higher in bull 2 than PB concentrations for liquid. The
foetal organs also showed deposits of both the two radionuclides.

Calculated doses of *Cs and '¥Cs in bull. The average and
maximum doses of internal exposure calculated are shown in
Table 3. In bull 1, the estimate of the internal dose during 196 days
from combined **Cs and 'Cs was 1.1-1.8 mGy. In bull 2, the
estimate of the internal dose for 315 days was 5.0-9.5 mGy.
External exposure of bull 1 was 2.8 mGy and that of bull 2 was
1.9 mGy.

Spermatogenesis and sperm morphology are normal in irradiated
bulls. Effects of long-term radiation exposure on the number and
morphology of several types of germ cells present in the testis were
investigated. Nuclear and acrosome morphology of sperm was
assessed by DAPI and FITC-PNA staining, respectively. The sperm
acrosome ~was located between the nucleus and the plasma
membrane, and in bull, sperm envelops two-thirds of the nucleus
(Figure 1). We observed that the total number and morphology of

Organs 134Cs 137Cs
Longissimus thoracis muscle 475 175 480 =182
Tensor fasciae late muscle 382186 399x195
Diaphragm 193+ 18 186 =23
Heart 237 104 233 =92
Liver 165 + 66 17575
Kidney 253+ 117 258=118
Lung 279 + 282 294 =297
Spleen 183 + 46 185 + 46
Blood 179 188
Data are presented as mean * SD.

f13Cs and ¥7Cs i
Organs 134Cs 137Cs
No.1 Longissimus thoracis muscle 284 =8 2887
Tensor fasciae late muscle 356 +7 370+ 6
Diaphragm 195+ 5 205+ 4
Liver 171+ 6 1815
Kidney 251+ 8 259 =7
Lung 164 =7 173+ 6
Spleen 218 =7 210+ 6
Testis 1958 21346
Blood 12 =1 16 + 1
No.2  Tensor fasciae late muscle 999 +14 1050 =11
Masseter muscle 1177 =18 1234+ 14
Tongue 890 = 9 Q48 =7
Heart 656 =12 694 + 10
Liver 2738 276+ 6
Kidney 830+ 15 897 =12
lung 537 £ 15 542 = 11
Spleen 257 =9 273 +7
Testis 643 + 23 661 =18
Blood 38 =1 36+ 1
Foetus  Longissimus thoracis muscle 308 +8 3365
Tensor fasciae late muscle 3836 403 =5
Tongue 322 £ 57 359 28
Heart 202 =9 2325
Liver 163 £6 178 =7
Kidney 166 + 2 176 £ 6
lung 1036 111 +3
Spleen 218+ 6 203+ 6
Submandibular gland 187 =10 198 =10
Umbilical cord 42 +2 44 =2
Testis 187 =24 200 + 20
Blood ND* ND*
Data are presented as mean + SD.
*ND: Not determined.

epididymal sperm from irradiated bulls were normal. In addition,
relative sizes of nuclei and acrosomes were normal in almost all
sperm tested.

‘We next examined the morphology of a series of germ cells present
in the testis under a microscope. Control seminiferous tubules
showed normal spermatogenesis (Figure 2A, B). Interestingly, sper-
matogenesis was not disrupted in the testes from radiation-exposed
animals compared to controls (Figure 2C, E), indicating that radi-
ation exposure in the present study did not affect this process. In
addition, there was no difference in the number of spermatogonia,
spermatocytes, spermatids, and sperm in the testes of radiation-
exposed animals compared with control testes (Figure 2D, F). HE
staining of foetal testes confirmed that spermatogonial cells were
present in the seminiferous tubules (Figure 2G, H).

Bull Exposure 134Cs ¥7Cs
No.1  Infernal 0.7-1.2* 0.4-0.6*
{0.1-0.2*%) (0.09-0.1*%)
External dose (mGy) 2.0 0.8
No.2  Internal 3.2-6.1% 1.8-3.4*
(0.4-0.8*¥) (0.2-0.4*%)
External dose (mGy) 1.3 0.6
*Estimated average dose ~ maximal dose (mGy).
**Estimated average dose rate - maximal dose rate {uGy/h).
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