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Cyclin D1b overexpression inhibits cell
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Abstract: Cyclin D1b is one of two proteins translated from cyclin D1 transcripts (isoforms a and b) that are gener-
ated due to gene polymorphism. Our previous study has reported low cyclin D1b expression in cervical cancer tis-
sue, with an expression level in moderately or poorly differentiated tissues that was significantly lower than that in
well-differentiated tissues. However, the functional role of cyclin D1b in cervical cancer remains to be elucidated.
In this study, using a cervical cancer cell line with stable expression of cyclin D1b, we found that upregulation of
cyclin D1b initiated cell cycle arrest at the GO/G1 phase and induced apoptosis, thereby inhibiting cell proliferation
and colony formation. Furthermore, xenograft transplantation experiments in nude mice demonstrated that cyclin
D1b upregulation inhibited cancer growth and induce apoptosis in vivo. In conclusion, the present study indicates
anti-tumor effects of cyclin D1b in cervical cancer, suggesting that cyclin D1b may represent a potential therapeutic

target for cervical cancer.
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Introduction

Cervical cancer is a common carcinoma of the
female reproductive system that has the sec-
ond highest incidence and the fifth highest
mortality among all carcinomas [1]. More than
80% of cervical cancers worldwide occur in
developing countries [2], and approximately
150,000 new cases are diagnosed in China
each year, accounting for 30% of all new cases
globally [3]. It is generally accepted that human
papillomavirus (HPV) infection is the most
important factor responsible for cervical can-
cer. However, only a small number of HPV-
infected patients develop cervical cancer [4],
indicating that the occurrence of cervical can-
cer is a complex process that involves numer-
ous factors. To date, therapeutic strategies for
cervical cancer mainly include surgical treat-
ment, radiotherapy and chemotherapy. How-
ever, all of these treatments have limitations
[5], and improving the survival rate of patients
remains a challenging task. Thus, further stud-
ies on mechanisms of cervical cancer and the

identification of new and effective gene therapy
targets are of great significance to the develop-
ment of new treatment strategies and the
improvement of patient survival.

Cyclin D1 is a key regulator of the cell cycle G1-S
transition, and previous studies have shown
that aberrant expression of cyclin D1 is closely
associated with a variety of tumors [6-8]. The
CCND1 gene encoding cyclin D1 contains a sin-
gle nucleotide polymorphism locus (DNA
rs9344), and polymorphisms at this location
can lead to alternative splicing and the genera-
tion of two different transcripts that are trans-
lated into two proteins, cyclin D1a and cyclin
D1b [9]. Currently, the mechanisms underlying
the function of cyclin D1a, which is the classic
type of cyclin D1, are thoroughly understood,
whereas few studies on cyclin D1b have been
reported due to its recent discovery. To date,
the role of cyclin D1b in malignant tumors
remains highly controversial. For example, stud-
ies in prostate cancer [10] and bladder cancer
[11] indicated that cyclin D1b is an oncogene,
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while studies in breast cancer cells showed
that cyclin D1b antagonizes the role of cyclin
D1a and inhibits tumor growth [12]. In addition,
other studies suggest that cyclin D1b does not
affect the pathogenesis of multiple myeloma
and mantle cell lymphoma [13]. Our previous
clinical study found that the expression of cyclin
D1b was downregulated in cervical cancer [14].
Therefore, we speculated that the role of cyclin
D1b may vary in different tumors, although the
underlying mechanisms remain unclear.

In the present study, we established a cervical
cancer cell line that stably overexpressed cyclin
D1b and investigated the effects of cyclin D1b
on the proliferation and apoptosis of cervical
cancer cells in vitro and in vivo. The results
showed that cyclin D1b overexpression inhibit-
ed cervical cancer cell proliferation and induced
apoptosis. Therefore, cyclin D1b may play an
important regulatory role in the occurrence and
development of cervical cancer.

Materials and methods
Cell culture

The human cervical carcinoma Hela cells were
obtained from the Cell Bank of Chinese
Academy of Sciences (Shanghai, China) and
cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS, HyClone,
Logan, UT, USA), 100 U/ml penicillin and 100
ug/ml streptomycin (Sigma-Aldrich, St. Louis,
MO, USA) and grown at 37°C in an incubator
with 5% CO,. The medium was replaced once
every 2-3 days, and cells were digested with
0.25% trypsin and passaged when they reached
80% confluence.

Plasmid construction and stable transfection

The full-length coding sequence of human
cyclin D1b gene was amplified by reverse tran-
scription polymerase chain reaction (RT-PCR)
and ligated into the pEGFP-C1 plasmid (CI-
ontech, Cambridge, UK) at the EcoR/Xhol
restriction enzyme recognition sites. The con-
structed plasmid was then sequenced and des-
ignated as pEGFP-cyclin D1b. HelLa cells were
seeded in 6-well plates at a density of 1.0x10°
cells/well and cultured overnight. When the
cells grew to 70-80% confluence, EGFP-cyclin
D1b and pEGFP-C1 empty vector were trans-
fected using Lipofectamine 2000™ (Invitrogen,
Carlsbad, CA, USA) according to the manufac-
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turer’'s instructions. Forty-eight hours after
transfection, geneticin (G418, Invitrogen) at a
concentration of 800 ug/ml was added to
screen stably transfected cell lines. Four weeks
later, monoclonal cells with G418 resistance
were selected, and the expression level of
cyclin D1b was determined. Next, the selected
cells were continuously cultured and passaged
in medium containing G418 (350 ug/ml) for
subsequent experiments.

Real-time PCR

Total RNA was extracted from cells using TRIzol
reagent (Invitrogen) and reverse transcribed to
cDNA using a first-strand cDNA synthesis kit
(Takara, Dalian, China) according to the manu-
facturer’s instructions. The primer sequences
are as follows: cyclin D1b, forward: 5'-AACAG-
ATCATCCGCAAACAC-3’, reverse: 5-TGGGACA-
TCACCCTCACTTA-3’; B-actin, forward: 5-GGAGA-
TTACTGCCCTGGCTCCTAGC-3’, reverse: 5-GGC-
CGGACTCATCGTACTCCTGCTT-3'. Real-time PCR
was conducted on the Exicycler™ 96 fluores-
cence quantitative instrument (Bioneer, Dae-
jeon, Korea). The total volume of the reaction
system was 20 ul, consisting of 1 ul of cDNA,
0.5 ul of each of the upstream and downstream
primers, 10 pl of SYBR Green master mix and 8
ul of ddH,O. The PCR reaction program was as
follows: 95°C for 10 min; 40 cycles of 95°C for
10 s, 58°C for 20 s, and 72°C for 30 s; and
then 4°C for 5 min.

Western blot analysis

Cells were lysed using RIPA lysis buffer (Be-
yotime Institute of Biotechnology, Haimen,
China), and the protein concentrations were
quantified using the bicinchoninic acid (BCA)
assay method. Equal amounts of proteins (40
ug) were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)
and then transferred to polyvinylidene difluo-
ride (PVDF) membranes (Millipore, Bedford,
MA, USA). The membrane was blocked with 5%
nonfat milk at room temperature for 1 h and
then incubated with anti-cyclin D1b antibody
(1:500, Wanlei Life Science, Shenyang, China)
at 4°C overnight, followed by incubation with
horseradish peroxidase (HRP)-labeled second-
ary antibody (1:5,000, Beyotime Institute of
Biotechnology) at 37°C for 1 h. The blotted pro-
tein bands were exposed to and visualized
using enhanced chemiluminescence (ECL)
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reagent. Developed films were digitized by sc-
anning, and the optical densities were analyzed
with the Image J software. 3-actin was used as
an internal reference for the analysis of protein
expression.

Cell proliferation assay

Cell proliferation was assessed using the 3-
(4,5-dimethyl-2)-2,5-diphenyl tetrazolium bro-
mide (MTT) assay. Cells were seeded into
96-well plates at a density of 5x10%/well and
placed in an incubator until the cells grew to
confluence. Subsequently, 100 ul of MTT solu-
tion (0.5 mg/ml, Sigma-Aldrich) was added at
different time points, and then the samples
were incubated at 37°C for 4 h. After the super-
natant was aspirated, 200 pl of dimethyl sulfox-
ide (DMSO, Sigma-Aldrich) was added to dis-
solve formazan crystals formed in the cells. The
absorbance value of each well was measured
at 490 nm using a microplate reader.

Colony formation assay

Cells were seeded into 10-mm dishes at a den-
sity of 2x10? cells/dish and then cultured at
37°C for 10-14 days until the visible cell clones
were formed. Afterward, the cells were fixed
with methanol. Fixative buffer was discarded,
and the cells were stained with Giemsa dye for
10 min. After the staining solution was discard-
ed, the number of cell clones was counted.

Detection of cell cycle and apoptosis with flow
cytometry

For cell cycle analysis, cells were digested with
trypsin and fixed overnight with ice-cold 70%
ethanol. Next, 50 ug/ml propidium iodide (PI)
containing RNase enzymes was added, and the
cells were incubated at 37°C for 30 min. The
proportions of cells in each cycling stage were
detected using flow cytometry (BD Biosciences,
San Jose, CA, USA).

An annexin V-FITC/PI apoptosis detection kit
(KeyGen Biotech, Nanjing, China) was used to
detect cell apoptosis. At 80% confluence, the
cells were trypsinized and collected. After
washing with PBS, 500 pl of annexin V-binding
buffer was added to resuspend the cells. After
the addition of 5 pl FITC-labeled annexin V and
5 pl PI, the cells were incubated at room tem-
perature in the dark for 15 min and then sub-
jected to detection by flow cytometry.
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Xenograft transplantation into nude mice

Six-week-old female nude mice (BALB/c nude)
were purchased from the Experimental Animal
Center of China Medical University. The care
and use of the experimental animals was app-
roved by the Institutional Animal Ethics Com-
mittee of China Medical University prior to the
study. A total of 1x107 cells in the logarithmic
growth phase were collected and injected into
nude mice at the right forelimb armpit, with 8
mice in each group. The long- and short-axis
diameters of the tumors were measured every
3 days starting on day 12 post-injection, and
the tumor volume (V) was calculated using the
formula V = ab?/2 (a and b represent the long
and short-axis diameters of the tumor, respec-
tively). At 30 days after inoculation, the mice
were sacrificed, and the tumors were removed
for subsequent experiments.

Terminal transferase-mediated biotin dUTP
nick end labeling (TUNEL) assay

Cell apoptosis was evaluated using the Colo-
rimetric TUNEL Apoptosis Assay Kit (Beyotime
Institute of Biotechnology) following the manu-
facturer’s instructions. After inactivation using
H202 solution, cell-seeded slides or paraffin-
embedded sections were incubated with 50 pl
of biotin-labeled solution at 37°C for 60 min.
Following wash with PBS, 50 pl of streptavidin-
HRP working solution was added, and the slide/
sections were incubated at room temperature
for 30 min. Following 3, 3-diaminobenzidine
(DAB) development, hematoxylin was used to
stain the nuclei, and the slide/sections were
photographed under a microscope.

Statistical analysis

Data are presented as the mean + standard
deviation and were analyzed using one-way
analysis of variance between groups using the
SPSS 16.0 software. The Bonferroni post-hoc
test was used for multiple comparison, and P <
0.05 was considered statistically significant.

Results

Establishment of HelLa cells stably overex-
pressing cyclin D1b

To investigate the role of cyclin D1b in cervical

cancer, we constructed the cyclin D1b expres-
sion plasmid pEGFP-cyclin D1b and then trans-
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Figure 1. Expression of cyclin D1b in stably transfected HelLa cells. A. Real-time PCR was used to detect the cyclin
D1b mRNA expression level. B. Western blotting was used to detect the cyclin D1b protein expression level in each
group. Representative results obtained from three repeated experiments are presented in the figure. C. B-actin
was used as an internal reference to analyze the relative protein expression level of cyclin D1b, n = 3. ##P < 0.01,

compared with the control group.
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Figure 2. Upregulation of cyclin D1b inhibited the proliferation and colony forma-
tion of Hela cells. A. The MTT method was used to detect cell proliferation. Cells
were seeded in 96-well plates, and the absorbance of each well was detected at
different time points at 490 nm, n = 6. B. Colony formation was assayed to evalu-
ated cell colony-forming ability. The cells were seeded in 10-mm Petri dishes at a
density of 2x102 cells/dish, and after 10-14 days, colony formation was observed.
Representative results from each group are shown in the figure. C. Comparison
of colony formation between the groups, n = 3. **P < 0.01, compared with the
control group; ##P < 0.01, compared with the pEGFP-C1 group.

fected pEGFP-cyclin D1b and pEGFP-C1 into
Hela cells. G418-resistant cell clones were
then selected, and real-time PCR and Western
blot analysis were used to detect the expres-
sion of cyclin D1b. Significantly increased
mRNA and protein expression levels of cyclin
D1b were observed in the pEGFP-cyclin D1b-
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The MTT assay was used
to detect the effect of
cyclin D1b upregulation
on Hela cell prolifera-
tion. As shown in Figure
2A, the proliferation of
pEGFP-cyclin D1b-trans-
fected cells was signifi-
cantly suppressed 48 h
after seeding and was
also significantly decre-
ased at 72 h and 96 h
after seeding compared
to the control group (P <
0.01). The colony-form-
ing ability of the cells
was also measured to
evaluate the effect of cyclin D1b on Hela cell
tumorigenicity in vitro. The result showed that
the number of colonies formed was significant-
ly reduced in the cyclin Dlb-overexpressing
group (Figure 2B and 2C; P < 0.01), indicating
that upregulation of cyclin D1b inhibits cervical
cancer cell proliferation and colony formation.
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Figure 3. Upregulation of cyclin D1b induced cell cycle arrest and apoptosis. A. Flow cytometry was used to evaluate
cell cycle arrest. Representative results obtained from three replicate experiments are presented in the figure. B.
The proportion of cells in each cell cycle phase was assessed by flow cytometry, n = 3. C. Flow cytometry was used to
detect cellular apoptosis. Representative results are presented in the figure. D. The proportion of apoptotic cells in
each group was evaluated by flow cytometry, n = 3. E. The TUNEL assay was also used to detect apoptosis. Apoptotic
nuclei are stained brown. Representative staining results for each group are presented in the figure; *P < 0.05, **P

< 0.01, compared with the control group.

Upregulation of cyclin D1b induces cell cycle
arrest and apoptosis in cervical cancer cells

To investigate the mechanisms underlying the
inhibition of cell proliferation by cyclin D1b, we
assessed changes in cell cycle progression
after cyclin D1b overexpression using flow
cytometry. Compared with the control group,
the percentage of total cells at the GO/G1
phase was significantly increased in the cyclin
D1b-overexpressing group (Figure 3A and 3B; P
< 0.05). As illustrated in Figure 3C and D, the
results from apoptosis assays further demon-
strated that the percentage of apoptotic cells in
Cyclin D1b-overexpressing cells was signifi-
cantly higher than that in the control group
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(20.54% £ 2.32% vs. 3.43% + 0.82%, P < 0.01).
In addition, we performed TUNEL assays to fur-
ther evaluate cell apoptosis (Figure 3E). The
nuclei were stained blue-purple in pEGFP-
Cl-transfected cells and control cells, whereas
they displayed a remarkable brown color in
pEGFP-Cyclin D1b-transfected cells. These
data indicate that upregulation of Cyclin D1b
arrests these cells in the GO/G1 phase of the
cell cycle and induces cell apoptosis.

Upregulation of cyclin D1b inhibits the growth
of xenograft tumors and induce apoptosis

Cells were transplanted subcutaneously into
nude mice, and after tumor formation, the

Int J Clin Exp Pathol 2014;7(7):4016-4023
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Figure 4. Upregulation of cyclin D1b inhibited the proliferation of cervical cancer cells
and induced cell apoptosis in vivo. A. A total of 1x107 cells were seeded into the right
forelimb armpit of nude mice, and 30 days after transplantation, the tumor tissues
were removed for analysis. B. Tumor volume changes after xenograft transplantation in
each group. The tumor volume was measured every 3 days after post-transplantation
day 12, n = 8; C.The TUNEL assay was used to detect tumor cell apoptosis. Apoptotic
nuclei are stained brown. Representative staining results for each group are presented
in the figure; *P < 0.05, **P < 0.01, compared with the control group.

tumor volume was measured every 3 days to
evaluate the effect of cyclin D1b on tumor
growth in vivo. Compared with controls, the tr-
ansfection of pEGFP-cyclin D1b showed signifi-
cant inhibition on tumor growth (Figure 4A and
4B; P < 0.05). Mice were sacrificed 30 days
after transplantation, and the tumors were re-
moved for analysis. As observed with the naked
eye, the mice in the pEGFP-cyclin D1b-tra-
nsfected group showed significantly small tu-
mors. Furthermore, the assessment of tumor
cell apoptosis in vivo demonstrated that the
number of apoptotic cells with brown-stained
nuclei in the cyclin D1b-overexpressing group
was significantly increased compared to the
other two groups (Figure 4C). Therefore, overex-
pression of cyclin D1b also inhibits tumor
growth and induces apoptosis in vivo.

Discussion

Previous studies have revealed that cyclin D1b
is involved in cell cycle regulation and transcrip-
tional regulation, thus playing a pivotal role in
tumor occurrence and progression [10, 12].
However, its definitive role in cervical cancer
has not yet been reported. In this study, we
established Hela cells that stably overex-
pressed cyclin D1b and found that upre-
gulation of cyclin D1b inhibited cervical can-
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promising  strategy
for cervical cancer
treatment.

Cyclin D1a and cyclin D1b are two transcripts
produced by differential splicing of the polymor-
phic cyclin D1 gene. Initially, cyclin D1b was
considered a nuclear proto-oncogene indepen-
dent of cyclin D1a [15], and a number of stud-
ies have indicated that abnormally high expres-
sion of cyclin D1b is associated with poor prog-
nosis in various cancers, such as breast cancer
[16, 17], non-small cell lung cancer [18] and
colon cancer in women [19]. However, studies
using the T47D and MCF7 breast cancer cell
lines suggest that cyclin D1b antagonizes the
effect of cyclin D1a and inhibits the growth of
breast cancer cells [12]. Our previous study
found that the expression of cyclin D1b was
downregulated in cervical cancer tissues, and
the cyclin D1b expression levels were signifi-
cantly lower in the patients with moderately
and poorly differentiated cancers than those
with highly differentiated cervical cancer [14].
In this study, both in vitro and in vivo results
showed that upregulation of cyclin D1b inhibit-
ed cancer cell proliferation and induced apop-
tosis, indicating that upregulation of cyclin D1b
may prevent the progression of cervical cancer.
Therefore, it is possible that cyclin D1b may
play different roles in different tissues or cells.

Cyclin D1a can bind to and activate the cyclin-
dependent kinases CDK4 and CDK6, thus

Int J Clin Exp Pathol 2014;7(7):4016-4023
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mediating the phosphorylation of retinoblasto-
ma (Rb) protein and inducing cell transition
from the G1 to S phase [20]. Abnormal regula-
tion of this process is closely associated with
the occurrence and development of various
tumors [21]. Compared with cyclin D1a, the
C-terminus of cyclin D1b lacks the “PEST”
sequence and residues that control nuclear
export and protein stability. Previous investiga-
tions have also shown that compared with
cyclin D1a, cyclin D1b has a significantly weak-
er impact on the phosphorylation of Rb, and its
role in the malignant transformation of cells
also differs from that of cyclin Dla [22].
Moreover, studies on B lymphocytes have dem-
onstrated that cyclin D1a and cyclin D1b pos-
sess different biological functions, as cyclin
D1b does not exert a regulatory effect on pro-
gression of the cell cycle [23]. In this study,
upregulation of cyclin D1b arrested the cell
cycle at the GO/G1 phase and significantly
increased the proportion of apoptotic cells,
indicating that the regulatory role of cyclin D1b
in the cervical cancer cell cycle may also differ
from that of cyclin D1a.

Persistent HPV infection is one of the major
contributing factors to the development of cer-
vical cancer [24]. After HPV DNA integrates into
the host chromosome, the early oncoproteins
E6 and E7 are expressed, which induces the
activation of proto-oncogenes and the inactiva-
tion of tumor suppressor genes in host cells,
eventually leading to the abnormal proliferation
and malignant transformation of normal cervix
epithelial cells [25-27]. Rb is one of the most
important binding targets during E6 and
E7-induced cell proliferation [28], and cyclin D1
and E7 show homology at Rb binding sites [29].
Therefore, upregulation of cyclin D1b may com-
petitively inhibit the binding of E7 protein with
Rb in cervical cancer, further hindering the
gene expression required for cell replication
and viral synthesis and inhibiting cell prolifera-
tion. However, the precise mechanism underly-
ing the role of cyclin D1b in cervical cancer
requires further exploration.

In summary, the results of this study indicate
that upregulation of cyclin D1b inhibited cervi-
cal cancer cell proliferation and colony forma-
tion, arrested the cell cycle at the GO/G1 phase,
and ultimately induced cell apoptosis. In addi-
tion, our in vivo experiments verified that upreg-
ulation of cyclin D1 inhibited the growth of can-
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cer xenograft tumors in nude mice and induced
apoptosis. Thus, cyclin D1b may represent a
potential candidate for gene therapy in cervical
cancer.
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