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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.1,2 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 

(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 kinase1 (Chk1), and checkpoint kinase2 (Chk2). The 
G

1
/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 p21.3-6

Cyclin D1 degradation occurs rapidly after irradiation and 
results in the release of p21 in a p53-independent manner.3 Thus, 
cell cycle progression ceases at the G

1
/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.7,8

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.9 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.9,10 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 3β (GSK3β) is a protein kinase that 
phosphorylates cyclin D1 on threonine 286 (Thr286) to facili-
tate its degradation.11 AKT-mediated phosphorylation of GSK3β 
on serine 9 decreases its kinase activity on cyclin D1 Thr286, 
which inhibits the nuclear export and cytoplasmic proteasomal 
degradation of cyclin D1.12,13 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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The health-related hazards resulting from long-term 
exposure to radiation remain unknown. Thus, an appropriate 
molecular marker is needed to clarify these effects. Cyclin D1 
regulates the cell cycle transition from the G1 phase to the S 
phase. Cyclin D1 is degraded as a G1/S checkpoint after 10 Gy of 
single acute radiation exposure, whereas conversely, cyclin D1 
is stabilized when human tumor cells are exposed to fraction-
ated radiation (FR) with 0.5 Gy of x-rays for 31 d. In this article, 
we review new findings regarding cyclin D1 overexpression in 
response to long-term exposure to FR. Cyclin D1 overexpres-
sion is associated with induction of genomic instability in irra-
diated cells. Therefore, repression of cyclin D1 expression is 
likely to cancel the harmful effects of long-term exposure to 
FR. Thus cyclin D1 may be a marker of long-term exposure to 
radiation and is a putative molecular radioprotection target for 
radiation safety.
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was mediated by the AKT/GSK3β pathway.9,10 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
1
/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.14 
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 1.15 Activated AKT phosphorylates the GSK3β 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.16 
Thus, cyclin D1 accumulates in the nucleus as a result of PI3K- 
and AKT-mediated GSK3β inactivation.

Cyclin D1 mediates the G
1
/S transition by binding to Cdk4. 

Cyclin D1/Cdk4 phosphorylates Rb, and E2F is then released to 
transactivate genes required for the G

1
/S transition.17 In addition, 

cyclin D1 plays a role in the G
1
/S transition by sequestering a 

Cdk inhibitor of p21 and p27.18,19

Cyclin D1 levels vary throughout the cell cycle; cyclin D1 
levels increase in the nucleus during the G

1
 phase and decline 

because of cyclin D1 nuclear exclusion when cells enter the S 
phase concomitant with an increase in GSK3β levels.20 Because 
cyclin D1 degradation during the S phase is essential for cell 
cycling, deregulating cyclin D1 expression during the S phase 
perturbs DNA replication.21,22

Cyclin D1 Regulation after Irradiation

After exposure to 10 Gy or 20 Gy of SR, cyclin D1 undergoes 
ubiquitin-proteasome degradation for a G

1
/S checkpoint and pre-

vents entry of irradiated cells into the S phase.3,9 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.23 CCND1 (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.24 Cdks inactivation by downregulating cyclin D1 expres-
sion results in Rb dephosphorylation, which then sequesters E2F 
to prevent its transactivating activity and to arrest cells at the 
G

1
/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.9 The CCND1 mRNA levels were not 
dramatically different before and after 31-d FR.9 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).9 In contrast, transient AKT activation has been reported 
in HepG2, HeLa, and human umbilical vein endothelial cells 
after 2 or 3 Gy of SR.9,25

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-
tion and GSK3β 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 
at higher DSB levels (>2 Gy).26 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-
ous genotoxic stresses, including low doses of 
radiation,27 and is the upstream target of the 
AKT pathway in 31FR cells.9 This epigenetic 

Figure 1. A fraction schedule to establish 31FR and 31FR-31NR cells. Number described in 
the box indicates the day. Cells were exposed to FR 6 d a week for 31 d to establish 31FR cells. 
Cells were further cultured without FR for 31 d to make 31FR-31NR cells.
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change in the DNA damage signaling pathway with DNA-PK/
AKT/GSK3β-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.23 
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/GSK3β/Cyclin D1 
Pathway by Replication-Associated DSBs 

Triggered by Cyclin D1 Overexpression

We previously reported that downregulation of cyclin D1 
degradation resulted in persistent cyclin D1 expression during 
the S phase of 31FR cells.9 Deregulation of cyclin D1 expres-
sion perturbed DNA replication by inhibiting replication fork 
progression.22 Cyclin D1 has been shown to bind with the rep-
lication factor PCNA, a clamp loader of DNA polymerase.28-30 
PCNA may recruit cyclin D1 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 α, DSBs were made by BLM helicase in 
cooperation with Mus81 nuclease for recovery.31 We also found 
that Mus81 controlled DSB formation in 31FR cells (Fig. 3).22 
Using siRNAs, cyclin D1 or Mus81 knockdown decreased the 
amounts of DSBs in cyclin D1-overexpressing cells, whereas 
Cdk4 inactivation by siRNA or a CDK4 inhibitor of Cdk4-I 
had no effect.9,22 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.21 Therefore, FR-induced 
DSBs were not induced by DNA re-replication, but were induced 
by suppressing replication fork movement. In addition to cyclin 

D1, cyclin A overexpression induces DSBs in human and mouse 
fibroblasts.32 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

1
/S boundary 

because of activation of a G
1
/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.

Figure 2. AKT radioresponse after 31-d FR. AKT pro-survival signals accu-
mulate during exposure to FR. When these signals cross a threshold, the 
AKT response is changed from transient activation to constitutive activa-
tion after irradiation. Cyclin D1 is overexpressed in 31FR cells in which AKT 
is constitutively activated because of cumulative AKT pro-survival signals.

Figure 3. Induction of DSBs during the recovery of cyclin D1-mediated 
aberrant replication forks. PCNA, a clamp loader, is involved in the forma-
tion of the replication fork complex and regulates replication fork pro-
gression. Cyclin D1 binding to PCNA in a replication fork complex inhibits 
replication fork progression. Mus81 creates DSBs at a replication site to 
remove aberrant replication forks for the recovery from replication stress 
mediated by cyclin D1 overexpression. Replication forks are then recon-
structed to resume DNA replication.
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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.33 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 (γ-H2AX), which can be 
detected with <20 mGy.34 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, γ-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.35,36 
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.37 
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.38,39 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.40,41

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.16,42 In contrast, overexpression of non-
degradable cyclin D1-T286A results in tumorigenesis in trans-
genic mice.16,43-45 Thus, nuclear accumulation of cyclin D1 is 
associated with tumor-initiation event. Oncogene activation 
results in constitutive activation of the ATM-regulated DDR.46 
ATM and DNA-PK activation due to cyclin D1 overexpression 
was also observed in 31FR and 31FR-31NR cells.9,22 Oncogene 
activation perturbs DNA replication and causes DSB accumula-
tion because of replication stress and genomic instability in non-
malignant cells.47-49 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.50-53

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.12,13,15 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.15,54,55 
Activated AKT, a common mediator of cell survival signals 
induced by radiation through multiple intracellular signal-
ing pathways, modulates apoptosis and increases the apop-
totic threshold.56,57 Thus, constitutive activation of the AKT/
GSK3β/cyclin D1 pathway due to the accumulation of AKT 
survival signals results in radioresistance of 31FR cells.9

Cyclin D1 is considered a potential therapeutic target for 
cancer treatment.58,59 Aberrant cyclin D1 expression is often 
detected in premalignant and malignant tissues. Cyclin D1 
overexpression is strongly correlated with a poor prognosis in 
oral carcinoma and head and neck squamous cell carcinoma 
after radiotherapy or chemoradiotherapy.60,61 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 

Figure 4. Cyclin D1 overexpression cycling in response to 31-d FR. After SR, 
cyclin D1 degradation causes Cdks inactivation as a G1/S checkpoint. In con-
trast, DNA-PK/AKT/GSK3β-mediated cyclin D1 overexpression results in per-
turbation of DNA replication and induction of DSBs. Cyclin D1-dependent 
DSBs establish a positive feedback loop for cyclin D1 overexpression cycling 
and the subsequent induction of genomic instability in 31FR cells.
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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.62 Phase I and II clinical trials 
for API-2 have been conducted for advanced tumors.63,64 We also 
confirmed the efficacy of API-2 for suppressing the radioresistance 
of tumors derived from HepG2 and HeLa cells in animal experi-
ments.65 We previously showed that inactivation of AKT/GSK3β-
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.9,65 Because 
API-2 facilitates GSK3β-mediated cyclin D1 proteolysis in 31FR 
and 31FR-31NR cells,9 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 D1 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.
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