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Stanniocalcin 1 promotes cell proliferation via
cyclin E1/cyclin-dependent kinase 2
in human prostate carcinoma
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Abstract. Stanniocalcin 1 (STCI) is a glycoprotein hormone
that is involved in calcium/phosphate homeostasis. Increasing
evidence suggests that STC1 is involved in carcinogenesis;
however, few studies have defined the mechanisms and func-
tional roles of STCI activity in prostate carcinogenesis. In the
present study, MTT, flow cytometry and colony formation
assays, and small interfering RNA (siRNA) and overexpression
in multiple cell lines were used to investigate the function of
STCI1 in prostate carcinoma in vivo and in vivo. Knockdown of
endogenous STC1 using a siRNA decreased the proliferation
of DUI145 and LNCaP2 cells. These results were consis-
tent with the changes in the protein levels of cyclin El1 and
cyclin-dependent kinase 2. By contrast, increased expression
of STC1 in RWPE-1 cells led to increased cell proliferation,
suggesting that STC1 promotes prostate carcinoma cell prolif-
eration. In summary, the present study investigated the impact
of STC1 on the proliferation and growth of prostate cancer in
an effort to evaluate STCI as a predictive biomarker and as a
potential target for therapy.

Introduction

Prostate carcinoma is one of the most prevalent malignant
tumors in males. In 2012, 241,740 cases of prostate carcinoma
were diagnosed in the US, and this was the most common type
of newly diagnosed tumor among males, accounting for 29%
of new diagnoses. It also accounted for ~28,170 mortalities,
ranking as the second most common cause of cancer-related
mortality in males (1). It is estimated that 220,800 new cases
of prostate carcinoma were diagnosed in 2015, and 27,540
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mortalities were attributed to prostate carcinoma (2). Despite
numerous studies, the pathogenesis of prostate carcinoma has
not been fully elucidated (3-5). Novel diagnostic markers and
improved treatment strategies for prostate carcinoma must be
further explored.

Orr et al (6) demonstrated that the stanniocalcin 1 (STC1)
expression pattern was varied in prostate carcinomas. The
results indicated that STC1 may be crucial during prostate
carcinoma progression and development. Numerous experi-
ments need to be conducted to further explore the role of STC1
in prostate carcinogenesis and its potential as a novel cancer
biomarker

STC1 is a peptide hormone that was initially identi-
fied in teleost fish and is widely expressed in mammalian
tissues (7,8). Its function and mechanism are complex. STC1
is involved in the regulation of calcium and phosphorus,
inflammatory reactions and vascular sclerosis (9,10). Law and
Wong (11) identified a hypoxia-inducible factor-1a. (HIF-1a)
binding motif in the promoter region of the STC1 gene, indi-
cating that STCI1 expression may be responsive to hypoxia in
human tumors. The present study demonstrates that STCI is
overexpressed in the prostate carcinoma cell lines DU145 and
LNCaP2. A series of experiments were performed to study the
function of STCI in prostate carcinoma, and to improve the
understanding of prostate cancer pathogenesis.

Materials and methods

Cell culture. LNCaP2 and DUI145 prostate carcinoma and
normal prostate RWPE-1 cells were cultured in Gibco
RPMI-1640 medium, supplemented with 10% fetal bovine
serum (FBS) (both from Gibco, Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). The cells were incubated at 37°C in an
atmosphere of 5% CO,.

Reverse transcription-polymerase chain reaction (RT-PCR).
mRNA was isolated from two prostate carcinoma and one
normalprostatecelllines,andreversetranscribedandamplified
using a One-Step RT-PCR System (Fermentas, Vilnius,
Lithuania). The following primer sequences were used for PCR:
GAPDH antisense, 5'-CCTGCTTCACCACCTTCTTG-3'
and sense, 5'-AATCCCATCACCATCTTCCA-3"; STC1
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sense, 5S"-TTCTGGTGCTGGTGATCAGTG-3' and antisense,
5'"-TTTGGGCACAGTGGTCTGTCT-3". Samples were
initially heated to 95°C for 1 min, then subjected to 30 cycles
(GAPDH, 28 cycles) of 95°C for 30 sec, 56°C for 30 sec and
72°C for 90 sec; a final 10-min extension step at 72°C was also
included. All reaction products were purified on 1% agarose
gels containing ethidium bromide. The relative expression
levels of mMRNA were analyzed by a Phosphor-Imager.

Western blot analysis. The sample cells were washed with
cold phosphate-buffered saline (PBS), and then lysed in
Laemmli buffer [62.5 mM Tris-HCI (pH 6.8), 2% SDS,
10% glycerol, 50 mM dithiothreitol and 0.01% bromphenol
blue] for 5 min at 98°C. Cell lysate samples were separated
by SDS-PAGE, and the proteins were electrophoretically
transferred to polyvinylidene difluoride membranes. The
blots were subsequently blocked for 1 h with non-fat milk
and probed with the specific primary antibodies followed
by a secondary detection step. The immunoreactive proteins
were revealed by an enhanced chemiluminescence kit. The
following antibodies were used in the western blotting: rabbit
anti-STC1 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA), rabbit anti-cyclin D1 (Cell Signaling Technology,
Inc., Danvers, MA, USA), rabbit anti-cyclin E1 (Abcam,
Cambridge, MA, USA), rabbit anti-cyclin-dependent
kinase 4 (CDK4), and rabbit anti-CDK2 (both from Santa
Cruz Biotechnology, Inc.).

Vector construction and cell transfection. To knock down STC1
expression, a pPRNAT-U6.1/Neo vector encoding a small inter-
fering RNA (siRNA) directed against the target gene, STC1, in
prostate cells was utilized (si-STC1). The target sequence for
STC1 was, 5“TTAGTCCAGGAAGCAATAGTA-3". An empty
pRNAT-U6.1/Neo vector was used as a negative control (NC).
For transfection, prostate carcinoma cells were cultured to
70% confluency, transfected with a recombinant plasmid, and
harvested after 48 h for further experiments.

Methyl thiazolyl tetrazolium (MTT) and colony formation
assays. For the MTT assay, the cells were seeded in 96-well
plates at a density of 10° cells/well (n=6) and cultured for 12,
24, 48 or 72 h. Subsequently, the cells were incubated with
10 ul MTT (50 pg/well; Sigma-Aldrich, St. Louis, MO, USA)
for 4 h. The generated formazan was assessed at 490 nm to
detect the cell viability.

Additionally, a colony formation assay was conducted as
previously described (12).

Flow cytometric analysis. Cells were cultured in RPMI-1640
medium containing 1% FBS for the first 24 h and 10% FBS
for the subsequent 24 h (n=3). The cells were then harvested
and resuspended in fixation fluid at a density of 10° cells/ml.
Propidium iodide (PI) solution (1,500 ul) was then added, and
the cell cycle was analyzed using a FACSCalibur flow cytom-
eter (BD Biosciences, San Diego, CA, USA).

Tumor formation in nude mice. To evaluate tumor growth
in vivo, cells transfected with the si-STC1 or NC vectors
(DU145/5i-STC1, DU145/NC, LNCaP2/si-STC1 and
LNCaP2/NC; 5x10° cells/mouse) were subcutaneously
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injected into 4-week-old BALB/c nude mice (n=3/group;
Shanghai Laboratory Animal Center, Shanghai, China). The
experimental pairs (DU145/si-STC1 and DU145/NC; and
LNCaP2/si-STC1 and LNCaP2/NC) were established in
different mice. The development and growth of solid tumors
were monitored by measuring tumor size using a Vernier
caliper in a blinded manner every 5 days for a 40-day period,
and the following formula was used to calculate tumor volume:
Tumor volume = width? x length x 0.5. All nude mice were
sacrificed and individual tumor weights were gauged at the
end of the experiment. The animal experimental protocols
were approved by the Ethics Committee of Xiangya Hospital
of Central South University.

Statistical analysis. All experiments were repeated and data
are expressed as the mean + standard deviations. Differences
among >2 groups were assessed by ANOVA, and differences
between 2 groups were analyzed using a Student's t-test.
Analyses were performed with GraphPad Prism software
version 5.0 (GraphPad Software, Inc., San Diego, CA, USA).
Statistical significance was indicated by P<0.05.

Results

mRNA and protein expression of STCI in prostate carcinoma
and normal prostate cell lines. The mRNA and protein expres-
sion levels of STC1 were assessed by RT-PCR and western
blotting in the normal prostate (RWPE-1) and prostate carci-
noma (DU145 and LNCaP2) cell lines. The results revealed
that STC1 mRNA and protein levels were markedly higher
in the DU145 and LNCaP2 cells compared with the RWPE-1
cells (Fig. 1A and B).

Effect of STCI knockdown on prostate cancer cell prolif-
eration. To examine the biological function of STCI,
STCl1-knockdown DU145 and LNCaP2 cells were established.
As shown in Fig. 2A and B, cells stably transfected with
si-STC1 had markedly decreased levels of STC1 mRNA and
protein compared with the control group cells (DU145/NC and
LNCaP2/NC).

The effect of STC1 knockdown on the proliferation of
prostate cancer cells (DU145 and LNCaP2) was determined
using MTT analysis. During a 6-day period, the proliferation
results suggested that DU145/si-STC1 and LNCaP2/si-STC1
cells proliferated more slowly compared with DU145/NC and
LNCaP2/NC cells (Fig. 2C and D). Additionally, colony forma-
tion assays were used to investigate the effect of decreased
STCI expression in DU145 and LNCaP2 cells (Fig. 2E-H),
also indicating that downregulation of STC1 expression inhib-
ited cell proliferation in vivo.

Flow cytometric analysis was also used to assess cell
proliferation. The results demonstrated that transfection with
si-STCI led to increased Gl phase cell cycle arrest in DU145
and LNCaP2 cells (Fig. 3A-D). This result was in agreement
with the previous analyses.

Overexpression of STCI promotes RWPE-1 cell proliferation.
Given the aforementioned results, we hypothesized that STC1
overexpression may promote RWPE-1 cell proliferation. To
confirm this, cells were transfected with a plasmid encoding
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Figure 1. Expression of STC1 mRNA and protein in DU145 and LNCaP2 prostate carcinoma and RWPE-1 normal prostate cell lines. (A) STC1 and GAPDH
mRNA expression levels were examined by reverse transcription-polymerase chain reaction. (B) STCI1 and B-actin protein expression levels were examined

by western blotting. STCI, stanniocalcin 1.
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Figure 2. Knockdown of STCI inhibits the proliferation of prostate cancer cells. The effect of STC1 knockdown in (A) DU145 and (B) LNCaP2 prostate
cancer cell lines was assessed by reverse transcription-polymerase chain reaction (left panels) and western blotting (right panels). MTT assays demonstrated
the effect of STC1 knockdown (si-STC1) on the proliferation of (C) DU145 and (D) LNCaP2 compared with their respective NC group cells. Colony formation
analysis revealed the effects of si-STC1 and NC transfection on (E and F) DU145 cells (*P<0.05 vs. DU145/NC) and (G and H) LNCaP2 cells (“P<0.01 vs.

LNCaP2/NC). STC1, stanniocalcin 1; NC, negative control.

STC1 (RWPE-1-STC1), and these cells exhibited increased
levels of STC1 mRNA and protein compared with the
control group (RWPE-1-C; Fig. 4A). An MTT proliferation
analysis indicated that RWPE-1-STC1 cells had a higher rate
of proliferation compared with RWPE-1-C cells (Fig. 4B).
Similarly, a colony formation assay revealed that STCI1
overexpression promoted the growth of RWPE-1-STC1 cells
compared with the control cells. These results indicated that

upregulation of STCI expression promoted cell proliferation
in vivo (Fig. 4C and D).

Furthermore, flow cytometric analysis demonstrated that
in RWPE-1-STCI1 cells a smaller proportion of cells were
arrested in the G1 phase, while the percentage of cells in the
S phase was increased compared with that in the RWPE-1-C
cells (Fig. 4E and F). This result was also consistent with the
aforementioned analyses.
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Figure 3. Flow cytometric analysis of cell cycle distribution in prostate cancer cells with or without STC1 knockdown. (A) Cell cycle distribution of DU145/NC
and DU145/si-STCI cells, and (B) the percentages of DU145/NC and DU145/si-STC1 cells in the GO/G1, G2/M and S phases. (C) Cell cycle distribution of
LNCaP2/NC and LNCaP2/si-STC1 cells and (D) the percentages of LNCaP2/NC and LNCaP2/si-STCI cells in the GO/G1, G2/M and S phases. STCI, stan-
niocalcin 1; NC, negative control; si-STC1, STC1 knockdown.
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Figure 4. Overexpression of STC1 promotes cell proliferation in RWPE-1 normal prostate cells. (A) The overexpression of STCI in transfected RWPE-1 cells
was confirmed by reverse transcription-polymerase chain reaction (left panels) and western blotting (right panels). (B) An MTT assay demonstrated the effect
of STC1 on the proliferation of RWPE-1-STC1 and control group cells. (C and D) Colony formation analysis was performed on RWPE-1-STC1 and RWPE-1-C
cells ("P<0.01 vs. RWPE-1-C). (E) Cell cycle distributions of RWPE-1-STC1 and RWPE-1-C and (F) the percentages of RWPE-1-STC1 and RWPE-1-C cells
in the GO/G1, G2/M and S phases. RWPE-1-C, control RWPE-1 cells; RWPE-1-STC1, RWPE-1 cells overexpressing STCI.

Tumor formation in nude mice. To further determine the DU145/si-STC1 and LNCaP2/si-STC1 or DU145/NC and
effects of STC1 on tumor growth and development in vivo, LNCaP2/NC cells were subcutaneously implanted into
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Figure 5. Tumor formation in nude mice. (A and B) The tumor volumes of nude mice were assessed every 5 days for a total of 40 days. “P<0.01 vs. LNCaP2/si-STCI1,
“P<0.01 vs. DU145/si-STC1. (C-F) After 40 days, the weights of the tumors were recorded. (G) The expression levels of STC1 in the xenograft tumors gener-
ated from STC1-knockdown and control cells (without STC-1 knockdown) were verified by reverse transcription-polymerase chain reaction and western blot
analyses. STCI, stanniocalcin 1; si-STC1, STC1 knockdown; NC, negative control.

4-week-old nude mice. After 40 days of growth, the nude mice
were sacrificed and the tumor weight was assessed. As shown
in Fig. 5A and B, STCl1-knockdown tumors emerged later and
grew more slowly compared with the control tumors. After
40 days, tumors developed from STC1-knockdown DU145 and
LNCaP2 cells (0.276+0.065 and 0.441+0.057 g, respectively)
weighed less than the DU145 and LNCaP2 control group tumors
(0.658+0.098 and 0.739+0.072 g, respectively) (Fig. 5C-F).
The STC1 mRNA and protein expression in tumor tissue
removed from the nude mice was also monitored by RT-PCR
and western blotting (Fig. 5G). These results suggested that
STC1 promoted xenograft tumor development in vivo.

STCI affects the expression of cell cycle-related proteins in
prostate carcinoma cells, normal prostate cells and xenograft
tumors. Previous studies revealed that cyclin D/CDK4 and
cyclin E/CDK2 have vital roles in cell cycle progression and
are often overexpressed in cancer cells (12). To confirm the
association between STC1 expression and cell cycle-related
proteins in prostate carcinoma and normal prostate cells and
xenograft tumors, the expression levels of cyclin D1/CDK4 and
cyclin E1/CDK?2 were evaluated using western blotting. The
results revealed that STC1 knockdown had no significant effect
on cyclin D1/CDK4 protein levels (data not shown). However,
the protein levels of cyclin E1 and CDK2 were decreased by
the downregulation of endogenous STC1 in prostate carcinoma

Cyclin E1

CDK2

B-actin

Cyclin E1 Cyclin E1

CDK2 CDK2

B-actin B-actin

Figure 6. Expression levels of cyclin EI/CDK2 were verified by western blot-
ting. (A and B) Cyclin E1 and CDK2 protein expression levels were detected
in the prostate carcinoma cells with or without STC1 knockdown. Cyclin El
and CDK?2 protein expression levels were detected in (C) normal prostate
cells with or without STC1 overexpression, and (D) xenograft tumors with or
without STC1 overexpression. CDK?2, cyclin-dependent kinase 2; STC1, stan-
niocalcin 1; NC, negative control; si-STC1, STC1 knockdown; RWPE-1-C,
control RWPE-1 cells; RWPE-1/STC1, RWPE-1 cells overexpressing STCI1.
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cell lines (Fig. 6A and B). Consistent results were also obtained
in RWPE-1-STCI cells and xenograft tumors by western blot
analyses (Fig. 6C and D).

Discussion

Extensive evidence suggests that the STCI1 participates in
various types of carcinoma, including colorectal cancer (13),
renal cell (14) and laryngeal squamous cell carcinoma (15),
ovarian (16) and non-small cell lung cancer (17), and breast
carcinoma (18). Previous research has also shown that STC1
is overexpressed in prostate carcinoma (6), suggesting that
STC1 may play a significant role in this type of cancer. In the
present study, STC1 was detected in a normal prostate cell line
and two prostate carcinoma cell lines. The results illustrated
that STC1 may regulate the growth and metastasis of prostate
carcinoma, as its expression levels were markedly increased
in the prostate carcinoma cell lines (DU145 and LNCaP2)
compared with the normal prostate cell line. To ascertain how
STCI1 regulates prostate cell proliferation, STC1 was knocked
down in prostate carcinoma cells and overexpressed in normal
prostate cells. The results revealed that knockdown of STC1
induced a decrease in cell proliferation, while overexpression
of STC1 in RWPE-1 cells promoted cell growth.

Recent studies (19) have demonstrated that STC1 partici-
pates in cancer progression and metastasis, which prompted
our investigation into the role of STCI in prostate cancer
development and progression. Certain authors (20) have
suggested that STC1 can regulate the calcium concentration in
cells and activate a series of intracellular signals, which may
result in tumor cell proliferation and invasion, and provide
the necessary conditions for migration. In addition, STC1 can
increase the phosphorus concentration in the cell. Therefore,
the overexpression of STCI1 in tumor cells may be associated
with adaptation to a hypoxic environment (21).

In the present study, a flow cytometric analysis was
performed to assess cell cycle distribution. Cell proliferation
is controlled by cell cycle progression, which is regulated
by numerous cell proliferation signaling pathways (22-24).
In contrast to normal cells, the cell cycle is unregulated in
cancer cells. Studies have demonstrated that the cell cycle
is controlled via various cyclins and CDKs (12). Cyclins are
essential for the regulation of the cell cycle and the activation
of CDKs (25-27). In the present study, prostate carcinoma
cells transfected with si-STC1 exhibited cell cycle arrest in the
G1 phase, and decreased proliferative and tumorigenic abili-
ties. Previous studies have indicated that cyclin E1/CDK2 is
vital in various cancer-associated processes, including tumor
formation, invasion and metastasis (28,29). The results of the
present study supported that the function of cyclin E1/CDK2
is associated with prostate carcinoma cell growth, as noted
in multiple previous experiments (30). It is established that
cyclin E1/CDK2 activation promotes cell proliferation and
replication; however, the precise effects of cyclin E1/CDK2
require further study.

In conclusion, to the best of our knowledge, the present
study is the first to suggest STC1 as a potential biomarker
associated with the development and metastasis of prostate
carcinoma. The results indicate a novel mechanistic role for
STCI1 in the regulation of prostate carcinoma cell proliferation
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via cyclin E1/CDK2. This novel biomarker may aid in clinical
treatment and prediction of prognosis in prostate carcinoma.
Further research is necessary to explore the regulatory mecha-
nism of STCI.
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