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Introduction

Cyclin D1 is a regulatory subunit of cyclin-dependent kinases 
(CDKs). Levels of CDKs remain constant throughout the cell 
cycle, and their activity is regulated by partner cyclins.1 In contrast 
to other cyclins, cyclin D1 expression is induced by growth 
factors through the Ras signaling pathway, which involves Ras, 
Raf, mitogen-activated protein kinase/ERK kinase (MEK), and 
extracellular signal-regulated kinase (ERK).2,3 Therefore, cyclin 
D1 is considered a mitogenic sensor that responds to growth 
signals from the extracellular environment.4 Cyclin D1/CDK4 
and cyclin D1/CDK6 complexes phosphorylate retinoblastoma 1 
(RB1), which releases E2F proteins, leading to the transactivation 
of genes required for the G

1
/S transition.5,6

Ionizing radiation causes a genotoxic stress that results in 
various types of DNA damage, such as DNA base damage, 
single-strand breaks, and double-strand breaks (DSBs). Of these, 
DSBs are the most critical, and trigger genomic instability. To 
analyze the biological effects of long-term radiation exposure, 
cell cultures were exposed to fractionated radiation (FR) (0.5 Gy 
X-rays per fraction) at 1 Gy/min, twice per day, 6 d per week for 

31 d, and the effect on cyclin D1 localization was analyzed.7,8 
Cyclin D1 undergoes rapid degradation by the ubiquitin 
proteasome pathway following a single 10-Gy dose of radiation 
(SR), and this degradation causes cell cycle arrest at the G

1
/S 

checkpoint.7,9 Conversely, cyclin D1 is stabilized within the nuclei 
of human tumor cells that are exposed to FR over 31 d.7,8 The 
v-akt murine thymoma viral oncogene homolog (AKT) pathway 
regulates the cyclin D1 radioresponse. AKT phosphorylates 
residue 9 of glycogen synthase kinase 3 β (GSK3β), which 
prevents GSK3β from phosphorylating Thr286 of cyclin D1.10-

12 This blocks the nuclear export of cyclin D1, and cytoplasmic 
cyclin D1 is subsequently subjected to proteasomal degradation.12 
AKT is transiently activated after SR exposure13,14 but 
constitutively activated in cells exposed to FR for >14 d.7 These 
results suggest that exposure to FR affects the AKT signaling 
pathway.7,15 Constitutive AKT activation following FR exposures 
downregulates the nuclear export and proteolysis of cyclin D1, 
which results in the nuclear retention of cyclin D1 during S phase.7 
We recently reported that the abnormal expression of cyclin D1 
during S phase damages DNA by blocking DNA replication.15,16 
These cyclin D1-mediated DSBs activate DNA-activated protein 
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Cyclin D1 is a mitogenic sensor that responds to growth signals from the extracellular environment and regulates the 
G1-to-S cell cycle transition. When cells are acutely irradiated with a single dose of 10 Gy, cyclin D1 is degraded, causing 
cell cycle arrest at the G1/S checkpoint. In contrast, cyclin D1 accumulates in human tumor cells that are exposed to 
long-term fractionated radiation (0.5 Gy/fraction of X-rays). In this study we investigated the effect of fractionated low-
dose radiation exposure on cyclin D1 localization in 3 strains of normal human fibroblasts. to specifically examine the 
nuclear accumulation of cyclin D1, cells were treated with a hypotonic buffer containing detergent to remove cytoplasmic 
cyclin D1. proliferating cell nuclear antigen (pCNA) immunofluorescence was used to identify cells in S phase. With this 
approach, we observed S-phase nuclear retention of cyclin D1 following low-dose fractionated exposures, and found that 
cyclin D1 nuclear retention increased with exposure time. 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 genomic 
instability. Moreover, inhibition of the v-akt murine thymoma viral oncogene homolog (AKt) pathway facilitated cyclin D1 
degradation and eliminated cyclin D1 nuclear retention in cells exposed to fractionated radiation. thus, cyclin D1 may 
represent a useful marker for monitoring long-term effects associated with exposure to low levels of radiation.
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kinase (DNA-PK). DNA-PK, in turn, activates the AKT pathway 
and establishes a positive feedback loop that results in increased 
levels of cyclin D1.7,8 Thus, prolonged FR exposure causes the 
long-term deregulation of cyclin D1 expression, even after the 
radiation exposures have ended.

Cancer risks associated with exposure to low-dose radiation are 
likely lower than risks associated with high doses, and the effects 
of long-term radiation exposure are generally milder than for an 
acute exposure involving the same total dose. However, because 
epidemiological studies require a large sample size to accurately 
quantify risks, the effects of low-dose radiation remain unclear. 
Moreover, to understand the effects of low-dose radiation it is 
important to characterize the molecular mechanisms underlying 
the DNA damage response that follows this type of long-term 
radiation exposure. Cyclin D1 is a stable marker of long-term FR 
exposure, because it persists in the nucleus after FR exposures 
have stopped.7,8 It is therefore important to determine if cyclin D1 
accumulates within the nucleus of normal human cells after long-
term exposure to low doses of radiation. In this study, 3 strains 
of normal human diploid fetal lung fibroblast (WI-38, MRC5, 

and TIG3) were exposed to various levels of FR for 31 d, and the 
effects on cyclin D1 localization were analyzed.

Results

X-ray fractionation regimes and evaluating the effects of 
low-dose radiation

For 31 d, we exposed WI-38 cells to 0.01-, 0.05-, 0.5-, 1-, or 
2-Gy fractions of X-rays. MRC5 and TIG3 cells were exposed 
to 0.01-, 0.05-, or 2-Gy fractions. These cells were referred to as 
31FR cells. Cells for which the 31 d of FR exposure were followed 
by a 31-d non-radiation (NR) period are denoted 31FR-31NR. 
We analyzed cell growth during FR exposure (Fig. 1). The 
growth rate plateaued if cells were exposed to ≥0.5 Gy per 
fraction, indicating that the cells could no longer divide under 
FR exposure. In contrast, cells continued to grow exponentially 
for 31 d if exposed to 0.01 or 0.05 Gy FR (Fig. 1).

Levels of nuclear cyclin D1 following long-term FR
We tested whether cyclin D1 accumulates in the nucleus of 

S-phase cells exposed to low-dose FR. To identify cells in S phase, 

Figure 1. effect of long-term FR on cell growth. Cell growth of un-irradiated cells (open circles) and cells exposed to 0.01-Gy (open triangles), 0.05-Gy 
(open squares), 0.5-Gy (closed circles), 1-Gy (asterisks), and 2-Gy (open diamonds) fractions. Growth curves for WI-38, MRC5, and tIG3 cells are shown.
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Figure 2. Nuclear accumulation of cyclin D1 in cells exposed to long-term FR. (A) Immunofluorescence localization of cyclin D1 and pCNA is shown 
for WI-38 cells (upper panels), WI-38 cells treated with a detergent-containing hypotonic buffer (middle panels), and 31FR-WI-38 cells treated with a 
detergent-containing hypotonic buffer (lower panels). DNA was stained with Hoechst. (B) Cells double positive for cyclin D1 and pCNA were scored 24 h 
following the indicated FR exposure. Data for WI-38, MRC5, and tIG3 cells exposed to 0.01-Gy or 0.05-Gy fractions are shown.



©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com Cell Cycle 1251

immunofluorescence was used to label cells for proliferating cell 
nuclear antigen (PCNA), which localizes to the replication fork 
during S phase.17 Microscopic examination of control WI-38 

cells double-labeled for PCNA and cyclin D1 revealed 
diffuse PCNA and cyclin D1 throughout the nucleus 
and cytoplasm (Fig. 2A). To specifically examine nuclear 
PCNA and cyclin D1, proteins within the cell membrane 
and cytoplasm were washed away using a hypotonic buffer 
containing detergent, and isolated nuclei were examined. 
For control cells, PCNA localized to replication sites 
within nuclei17, but cyclin D1 was absent (Fig. 2A). 
For cells exposed to 0.05 Gy of FR for 31 d, however, 
detergent-insoluble nuclear cyclin D1 was detected in 
PCNA-positive nuclei (Fig. 2A, arrow). The percentage 
of cells positive for both PCNA and cyclin D1 increased 
with the duration of radiation exposure for the 3 strains 
of cells (Fig. 2B). In contrast, when WI-38 cells were 
exposed to SR, double-positive cells were not detected 24 
h later (Fig. S1).

Irreversible nuclear accumulation of cyclin D1 after 
long-term FR

We then asked whether cyclin D1 levels would return 
to baseline 31 d after the last FR exposure (31FR-31NR 
cells). Immunofluorescence was used to assess cyclin D1 
levels in 31FR-31NR-WI-38, 31FR-31NR-MRC5, and 
31FR-31NR-TIG3 cells. Interestingly, nuclear cyclin D1 

was retained in 31FR-31NR cells (Fig. 3). Percentages of double-
positive 31FR-31NR cells varied between the 3 cell lines (Fig. 3). 
As shown in Figure 1, differences in growth rates between these 
cell lines may affect the cyclin D1 response after long-term FR.

Dose response of nuclear cyclin D1 accumulation
A hypotonic buffer was used to isolate nuclear fractions from 

WI-38 cells exposed to FR,18 and cyclin D1 levels were examined 
by western blotting. FR increased levels of nuclear cyclin D1 in 
a dose-dependent fashion (Fig. 4). Even the lowest doses of FR 
(0.01 and 0.05 Gy per fraction) affected the nuclear accumulation 
of cyclin D1.

Nuclear cyclin D1 induced the formation of micronuclei
Nuclear accumulation of cyclin D1 induces genomic 

instability and is strongly linked to cancer development.19,20 Here, 
we analyzed micronucleus formation in WI-38 cells (Fig. 5A), as 
micronuclei represent potential cancer biomarkers.21 Micronuclei 
were observed in cyclin D1-positive 31FR-WI-38 cells (0.05 Gy 
per fraction; Fig. 5A and B) and even 31FR-31NR-WI-38 cells 
(Fig. 5B). Thus, long-term low-dose FR exposure induced genome 
instability that persisted after the exposures were stopped. We 
counted micronuclei in cyclin D1-negative and cyclin D1-positive 
cells, and found that the percentage of cells with micronuclei 
was higher for cyclin D1-positive cells (both 31FR-WI-38 and 
31FR-31NR-WI-38) than for cyclin D1-negative counterparts 
(Fig. 5B). These results demonstrated that the nuclear 
accumulation of cyclin D1 was associated with the formation of 
micronuclei in 31FR-WI-38 and 31FR-31NR-WI-38 cells.

AKT inhibition prevents the nuclear accumulation of 
cyclin D1

The AKT inhibitor API-2 facilitates cyclin D1 degradation 
in 31FR and 31FR-31NR cells established from HepG2 and 
HeLa cells.7 As such, we expected that API-2 could prevent the 
nuclear accumulation of cyclin D1 in 31FR-WI-38 cells. To test 

Figure 3. Retention of nuclear cyclin D1 in 31FR-31NR cells. Cells double positive 
for cyclin D1 and pCNA were scored in 31FR-31NR cells. Data for WI-38, MRC5, and 
tIG3 cells exposed to 0.01-Gy or 0.05-Gy fractions are shown.

Figure 4. Dose response of nuclear cyclin D1 in WI-38 cells. Detergent-
insoluble fractions of cell lysates were prepared 24 h after the last radia-
tion exposure, and western blotting was performed. Levels of nuclear 
cyclin D1 were determined for 31FR-WI-38 cells exposed to indicated FR. 
Cyclin D1 levels were normalized to actin, β, and values are expressed 
relative to un-irradiated controls (0 FR). Data are means and standard 
deviations for 4 experiments using independent samples.
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this hypothesis, 31FR-WI-38 cells were treated with API-2 for 
24 h, and then levels of PCNA and cyclin D1 were examined. 
API-2 treatment eliminated double-positive 31FR-WI-38 cells. 
We further confirmed that double-positive cells did not reappear 
7 d after the API-2 was removed (Fig. 6).

Discussion

Nuclear accumulation of cyclin D1 following FR exposure
Here we demonstrated that exposing normal human fibroblasts 

to long-term, low-dose FR induced the nuclear accumulation of 
cyclin D1 during S phase (Fig. 2). Cyclin D1 levels normally 
fluctuate during the cell cycle. Cyclin D1 levels increase in the 
nucleus during the G

1
 phase and subsequently decline when cells 

enter S phase. This decline results from the nuclear exclusion 
of cyclin D1 and its degradation within the cytoplasm, both of 
which correlate with increased levels of GSK3β.12 Cell cycle-
dependent proteolysis of cyclin D1 is essential for S-phase 

progression, and cyclin D1 accumulation during S phase perturbs 
DNA replication.15,20 These perturbations in DNA replication, 
e.g., DNA re-replication and the suppression of replication-fork 
progression, lead to DSBs.15,20 Here we observed that normal 
human fibroblasts exposed to long-term FR accumulated nuclear 
cyclin D1 and suffered chromosome damage in the form of 
micronuclei (Fig. 5). These micronuclei were likely generated 
as nuclear cyclin D1-retaining 31FR-31NR cells proliferated, 
considering the efficient cell cycle arrest of micronucleated cells. 
These results indicated that nuclear retention of cyclin D1 affects 
the genomic integrity of cells exposed to FR.

Irreversible nuclear cyclin D1 accumulation following long-
term radiation exposure

Phosphorylation of the histone H2AX (gamma-H2AX) 
is widely used as a DSB biomarker,22 but this marker is 
unsuitable for evaluating long-term radiation exposure, because 
it disappears when DSBs are repaired. Markers are therefore 
needed to trace radiation effects over long periods of time. In this 

Figure 5. Micronucleus formation in 31FR-WI-38 cells. (A) Images of cyclin D1-positive (green) 31FR-WI-38 cells with micronuclei. DNA was stained with 
Hoechst. Magnified images of a particular cell (arrow) are shown in the insert. Arrow within the insert indicates the micronucleus. (B) the percentage 
of cells with a micronucleus is shown for total cells (left panel), cyclin D1-negative cells (middle panel), and cyclin D1-positive cells (right panel). Data for 
31FR-WI-38 and 31FR-31NR-WI-38 cells are shown. Approximately 30% of 31FR and 15% of 31FR-31NR cells were positive for cyclin D1.
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study, we identified cyclin D1 
as a candidate marker of long-
term exposure to FR, because 
deregulated cyclin D1 localization 
persisted after FR exposures were 
stopped. Prolonged exposure to 
low-dose radiation irreversibly 
altered cyclin D1 localization 
in 31FR-31NR cells derived 
from normal human fibroblasts. 
Thus, cyclin D1 may serve as 
a stable marker of low-dose, 
long-term FR exposure. It has 
also been shown that senescent 
human fibroblasts express high 
levels of cyclin D1,23-26 and cell 
cycle deregulation often induces 
cellular senescence.27 Thus, cyclin 
D1 overexpression is considered 
a marker of cellular senescence. 
Importantly, senescent cells are 
negative for PCNA, because cell 
growth has been arrested. Long-
term FR exposure resulted in 
PCNA/cyclin D1 double-positive cells, indicating that they are 
different from senescent cells.

Prevention of cyclin D1 overexpression
We previously reported that long-term FR exposure causes 

abnormal nuclear accumulation of cyclin D1 in human tumor 
cells, and that this accumulation results from AKT-mediated 
downregulation of cyclin D1 proteasomal degradation.7,28 API-2, 
which is an AKT inhibitor, therefore facilitates GSK3β-mediated 
cyclin D1 proteolysis in these cells. Our present data showed 
that API-2 abrogated nuclear cyclin D1 retention induced by 
long-term, low-dose FR exposure in normal human fibroblasts 
(Fig. 6). As we described previously, nuclear accumulation of 
cyclin D1 induces genomic instability. Reducing cyclin D1 
levels, therefore, may promote genomic stability and mitigate 
the harmful effects of long-term FR. Cyclin D1 is considered a 
potential therapeutic target for treating cancer.29,30 Our results 
reveal that cyclin D1 is also a marker of long-term exposure to 
low-dose radiation in human cells.

In conclusion, we have described a unique response that 
normal cells exhibit to long-term, low-level radiation, namely 
the nuclear accumulation of cyclin D1. Abnormal localization 
of cyclin D1 persisted for at least 1 mo following the last dose 
of radiation. Thus, cyclin D1 may represent a useful marker for 
monitoring long-term effects of FR.

Materials and Methods

Cell culture conditions and drugs
Normal human diploid fetal lung fibroblasts (WI-38) were 

purchased from the American Type Culture Collection and 
grown in Dulbecco modified Eagle medium (DMEM)/F12 
medium (Sigma) supplemented with 10% heat-inactivated fetal 

calf serum. Normal human diploid lung fetal fibroblasts (MRC5 
and TIG3) were purchased from the Health Science Research 
Resources Bank and grown in minimum essential medium 
(Nacalai Tesque) supplemented with 10% heat-inactivated fetal 
calf serum. Serial passage experiments were started after 28.5, 
33, or 23 population doublings for WI-38, MRC5, or TIG-3 
cells, respectively. The AKT inhibitor API-2 was purchased from 
Calbiochem and dissolved in dimethyl sulfoxide. Cells were 
treated for 24 h with API-2 at a final concentration of 20 μM. 
Non-treated cells were used as controls.

Irradiation experiments
Cells were irradiated using a 150-kVp X-ray generator (Model 

MBR-1505R2, Hitachi) with a 0.5-mm Cu and 0.1-mm Al 
filter at a dose of 0.7 Gy/min. Low-dose X-ray fractions (0.01 or 
0.05 Gy) were administrated twice a day and 5 d/wk. Other cells 
received 0.5-Gy, 1-Gy, or 2-Gy fractions once a day and 5 d/wk. 
These exposure regimens were chosen to constitutively activate 
DNA damage signaling. Total doses delivered over 31 d were 
0.46 Gy, 2.3 Gy, 11.5 Gy, 23 Gy, or 46 Gy for cells exposed to FR 
of 0.01 Gy, 0.05 Gy, 0.5 Gy, 1 Gy, or 2 Gy, respectively.

Cell growth assay
Cells (1 × 105) were seeded into 25-cm2 flasks (Thermo Fisher 

Scientific), incubated overnight, and irradiated daily. Growth 
rates were monitored by counting cell numbers twice a wk. When 
the total cell number exceeded 1 × 105, cells were subcultured to 
1 × 105 cells in a new flask.

Immunofluorescence
Immunofluorescence stainings were performed as described.17 

Cells were seeded onto 18 × 18 mm coverslips and placed into 
35-mm tissue culture dishes. Cells on coverslips were first treated 
with a hypotonic buffer (10 mM Tris–HCL, pH 7.4, 2.5 mM 
MgCl

2
, 1 mM phenylmethylsulfonyl fluoride, and 0.5% NP-40) 

Figure 6. ApI-2 prevents the nuclear accumulation of cyclin D1. percentages of 31FR-WI-38 cells (doses are 
indicated) double positive for cyclin D1 and pCNA were determined for cells treated with ApI-2 (closed circles) 
and for cells not treated with ApI-2 (open circles). Cells were analyzed 24 h (left panel) or 7 d (right panel) after 
drug treatment.
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for 5 min, washed twice with phosphate buffered saline (PBS), 
and fixed with ice-cold acetone (5 min) and ice-cold methanol 
(5 min). Cells were then blocked in 5% ([w/v]) bovine serum 
albumin in PBS (PBS-BSA) for 15 min at room temperature. 
Antibodies against PCNA (Santa Cruz Biotechnology) and 
cyclin D1 (Nichirei Bioscience) were diluted with PBS-BSA and 
added to cells on coverslips. After a 1 h incubation, coverslips 
were washed 3 times with 0.1% Triton X-100 in PBS (PBST), 
and incubated with secondary antibodies conjugated with Alexa 
Fluor 488 (Molecular Probes) or Cy-3 (Jackson ImmunoResearch 
Laboratories) for 1 h. Cells were then washed 3 times with PBST 
and counterstained for DNA with Hoechst 33258 (4 µg/mL in 
Vectashield mounting medium; Vector Laboratories). Images 
were captured using a CCD camera attached to a fluorescence 
microscope (Keyence). For each data point, >50 cells were 
counted from at least 3 independent samples.

Western blot analyses
Western blotting was performed as described.7 To isolate 

nuclear fractions, cells were treated with a hypotonic buffer 
for 5 min on ice. Proteins were separated using sodium lauryl 
sulfate PAGE and electroblotted onto polyvinylidene fluoride 
membranes (Bio-Rad). Membranes were blocked with 5% (w/v) 
phospho-blocker (Cell Biolabs) for 1 h and then incubated with 
primary antibodies against β-actin (A2066, Sigma) and cyclin 
D1 (Nichirei Bioscience) for 1 h at room temperature or overnight 
at 4 °C. Next, membranes were incubated with either horseradish 

peroxidase-conjugated goat anti-rabbit (GE Healthcare) or anti-
mouse IgG (R&D Systems) secondary antibodies. Protein bands 
were visualized using Chemi-Lumi One L western-blotting 
substrate (Nacalai Tesque), and band intensities were measured 
using Image Lab software (Bio-Rad).

Statistical analysis
Error bars represent standard deviations. All experiments 

were repeated at least 3 times using independent samples. 
Student t test was used for statistical analyses. Single and double 
asterisks indicate significant differences at P < 0.01 and P < 0.05, 
respectively.
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