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Prostate cancer is usually androgen-dependent and responds well to
androgen ablation therapy based on castration. However, at a certain
stage some prostate cancers eventually acquire a castration-resistant
phenotype where they progress aggressively and show very poor
response to any anticancer therapies. To characterize the molecular
features of these clinical castration-resistant prostate cancers, we
previously analyzed gene expression profiles by genome-wide cDNA
microarrays combined with microdissection and found dozens of
trans-activated genes in clinical castration-resistant prostate cancers.
Among them, we report the identification of a new biomarker,
stanniocalcin 2, as an overexpressed gene in castration-resistant
prostate cancer cells. Real-time polymerase chain reaction and immun-
ohistochemical analysis confirmed overexpression of stanniocalcin
2, a 302-amino-acid glycoprotein hormone, specifically in castration-
resistant prostate cancer cells and aggressive castration-naïve
prostate cancers with high Gleason scores (8–10). The gene was not
expressed in normal prostate, nor in most indolent castration-naïve
prostate cancers. Knockdown of stanniocalcin 2 expression by short
interfering RNA in a prostate cancer cell line resulted in drastic
attenuation of prostate cancer cell growth. Concordantly, stanniocalcin
2 overexpression in a prostate cancer cell line promoted prostate
cancer cell growth, indicating its oncogenic property. These findings
suggest that stanniocalcin 2 could be involved in aggressive
phenotyping of prostate cancers, including castration-resistant
prostate cancers, and that it should be a potential molecular target
for development of new therapeutics and a diagnostic biomarker
for aggressive prostate cancers. (Cancer Sci 2009; 100: 914–919)

Prostate cancer (PC) is the most common malignancy in
males and the second-leading cause of cancer-related death

in United States and Europe.(1) The incidence of PC has been
increasing significantly in most developed countries, probably
due to the prevalence of western lifestyle and the explosion of
the aging population.(1,2) Surgical and radiation therapies are
effective to the localized disease, but nearly 30% of treated PC
patients still suffer from relapse.(3–5) Most of the patients with
relapsed or advanced disease respond well to androgen-
ablation therapy (medical or surgical castration) because PCs
are usually androgen-dependent at a relatively early stage.
However, they often acquire a castration-resistant phenotype
where they progress aggressively and finally kill PC patients.
Development of new therapies on the basis of the molecular
mechanisms of prostate carcinogenesis or castration-resistant
prostate cancer (CRPC) is urgently required.

We previously carried out a genome-wide expression
profile analysis of CRPCs and castration-naïve prostate cancers
(CNPCs) using cDNA microarray in combination with micro-
dissection to enrich populations of cancer cells.(6) Among dozens
of genes being trans-activated commonly in CRPC cells, we
focus here on stanniocalcin 2 (STC2), an overexpressing gene

in CRPC cells. STC was first identified as a glycoprotein hor-
mone secreted from specific endocrine glands (corpuscle of
Stannius) in the kidney region of bony fish that is involved in
calcium and phosphate homeostasis.(7,8) STC is released into the
blood in response to rising serum calcium levels to regulate the
Ca2+ and phosphate uptake in different target organs.(7,8) In
mammals that lack a specific corpuscle of Stannius gland, two
related mammalian genes have been identified, STC1 and STC2,
both of which are predicted to be secreted glycosylated pro-
teins.(9,10) However, their physiological and pathological functions
in human beings and human cancers have not been clearly elu-
cidated.

In this study, we validated STC2 overexpression in CRPCs
and highly aggressive PCs with high Gleason scores (GS). We
also showed its positive involvement in proliferation or viability
of PC cells. Our data could provide new insights into the molecu-
lar mechanisms of PC progression and some clues to developing
new therapeutic strategies or diagnostic biomarkers against
aggressive PCs and CRPCs.

Materials and Methods

Cell lines. Human PC cell lines LNCaP, 22Rv1, DU-145, and
PC-3 were obtained from American Type Culture Collection
(Rockville, MD, USA). LNCaP-derived CRPC cell line C4-2B
was purchased from ViroMed Laboratories (Minnetonka, MN,
USA). All of the cell lines were cultured as monolayers in
the following medium: DMEM (Dulbecco’s Modified Eagle
Medium. Sigma-Aldrich, St. Louis, MO) for 22Rv1, LNCaP, C4–
2B and DU-145; and F-12 (Gibco, Carlsbad, CA) for PC-3
with 10% fetal bovine serum and 1% antibiotic/antimycotic
solution (Sigma-Aldrich). Cells were maintained in incubators
containing humidified air with 5% CO2 at 37°C.

Semiquantitative reverse transcription–polymerase chain reaction
(RT-PCR). Purification of PC cells and normal prostatic epithelial
cells from frozen PC tissues was described previously.(6) Total
RNA was extracted using RNeasy Kit (Qiagen, Valencia, CA,
USA) according to the manufacturer’s instructions, treated with
DNase Ι (Roche Diagnostics, Mannheim, Germany), and reversely
transcribed to single-stranded cDNA using random hexamer or
oligo d(T)12–18 primer with Superscript reverse transcriptase ΙΙ
(Invitrogen, Carlsbad, CA, USA). We prepared appropriate
dilutions of each single-stranded cDNA followed by normalizing
cDNA content using β-actin (ACTB) as a quantitative control,
demonstrating the PCR reaction using single-stranded cDNA
as PCR templates. Primer sequences were: ACTB (forward,
5′-TTGGCTTGACTCAGGATTTA-3′; reverse, 5′-ATGCTAT-
CACCTCCCCTGTG-3′), and STC2 (forward, 5′-TTACTCCAT-
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GAGCCTTCCTTTG-3′; reverse, 5′-TCCTGTTGCCTAA-
ATCCGTAGTA-3′). The conditions for PCR were initial
denaturation at 95°C for 5 min, 23 cycles for ACTB and 30
cycles for STC2 of denaturation at 95°C for 30 s, annealing
at 55°C for 30 s, and elongation at 72°C for 30 s on a GeneAmp
PCR system 9700 (Applied Biosystems, Foster, CA, USA). We
also carried out quantitative real-time PCR using a a Prism 7700
sequence detector with the SYBR Premix ExTaq (Takara,
Kyoto, Japan) in accordance with the manufacturer’s instruc-
tions. The primers for real-time quantitative PCR were the same as
those described above.

Northern blot analysis. We extracted total RNA from five PC
cell lines using the RNeasy Kit (Qiagen), and their mRNAs
were purified using an mRNA Purification Kit (GE Healthcare
Bioscience, Piscataway, NJ, USA), according to the manufacturer’s
protocols. A 1 μg aliquot of each mRNA from the PC cell
lines, as well as those isolated from normal human brain, heart,
kidney, liver, lung, prostate, and testis (BD Biosciences, Palo
Alto, CA, USA), were separated on 1% denaturing agarose gels
and transferred onto nylon membranes. The membranes were
hybridized for 20 h with 32P-labeled STC2 cDNA that was
labeled by Megaprime DNA labeling system (GE Healthcare
Bioscience). Probe cDNA of STC2 was prepared as a 551-bp
PCR product using the following primers: forward, 5′-
AACATTTACCATTAGAGAGGGGG-3′; reverse 5′-CACATA-
GAAATGACACTCCTCCC-3′. Prehybridization, hybridization,
and washing were carried out according to the manufacturer’s
instructions. The blots were autoradiographed at –80°C for 7 days.

Generating antibody to STC2 and immunohistochemical analysis.
Monoclonal mouse antibody to STC2 was generated by immun-
izing recombinant STC2 proteins at Medical and Biological
Laboratories (Nagoya, Japan). CNPC tissues were obtained
from the patients who underwent prostectomy in Kochi University
Medical School (Nankoku, Japan). CRPC tissues were obtained
from Kochi University Medical School, Iwate Medical College
(Morioka, Japan), and Okayama University Medical School
(Okayama, Japan) with appropriate informed consent. Immuno-
histochemical studies were carried out using the Ventana
automated immunohistochemical systems (Discovery; Ventana
Medical Systems, Tucson, AZ, USA). Sections were incubated
with a 1:100 diluted solution of purified anti-STC2 monoclonal
antibody (0.75 mg/mL) for 16 min. The automated protocol is
based on an indirect biotin–avidin system using a biotinylated
universal secondary antibody and diaminobenzidine substrate
with hematoxylin counterstaining. The specificity of the binding
was confirmed by negative staining using mouse non-immune
serum as a primary antibody.

Scoring of immunohistochemical staining. To evaluate both the
intensity of staining and proportion of positive-stained cells, we
used a scoring method reported previously.(11) Positive staining
of anti-STC2 antibody was defined as follows: score 1, variable
weak cytoplasmic staining; score 2, segmental and apical
granular cytoplasmic staining; and score 3, diffuse continuous
and intense cytoplasmic staining. For each score, the proportion
of cells with the score was estimated visually. A combined
weighted score (STC2 IHC score) consisting of the sum of the
proportion of cells with each score was calculated for each
sample as described previously.(11) For example, a case with 70%
score 3 staining, 20% score 2 staining, and 10% score 1 staining
would be scored as follows: 70 × 3 + 20 × 2 + 10 × 1 = 260.
The maximum score should be 300. All sections were scored,
blinded and independently, by a clinical pathologist (M.F.).
Comparisons of STC2 expression in three groups (GS 2–6, 7,
and 8–10) were analyzed using the Kruskal–Wallis test for
multiple comparisons. P < 0.01 was considered significant.
Additional post-testing was carried out using Mann–Whitney U-
test with the Bonferroni method to adjust for multiple pair-wise
differences. P < 0.003 between three groups was considered

significant with the Bonferroni method. All statistical calculations
were done with Statview software (version 5.0; SAS Institute,
Cary, NC, USA).

Construction of short hairpin RNA (shRNA)-expressing vectors and
cell viability assay. To investigate the biological function of STC2
in PC cells, we used psiU6BX3.0 vector for expression of
shRNA against a target gene as described previously.(6) Plasmids
designed to express shRNA were prepared by cloning of
double-stranded oligonucleotides into psiU6BX vector. The
oligonucleotide sequences of target sequences for STC2
are: sense strand sequence for si1, 5′-CAACTCTTGTGA-
GATTCGG-3′; si2, 5′-GACGAACAGTCTGAGTATT-3′; si3,
5′-GCAGGAGCTGGTATTGTAG-3′; and siEGFP, 5′-GAAG-
CAGCACGACTTCTTC-3′ as a negative control. PC-3 cells
(2 × 106), which expressed STC2 at a high level, were seeded
on 10-cm dishes, transfected with psiU6-STC2 (si1-3), or
psiU6-siEGFP using FuGene6 (Roche Diagnostics) according to
the manufacturer’s instructions, then cultured in appropriate
medium containing 800 μg/mL of Geneticin (Sigma-Aldrich)
for 14 days. The cells were fixed with 100% methanol, stained
with 0.1% of crystal violet-H20 for colony formation assay. In
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) assay, cell viability was measured using Cell Counting
Kit-8 (Dojindo Laboratories, Kumamoto, Japan) at 10 days after
transfection. Absorbance was measured at 490 nm, and at
630 nm as a reference, with a Microplate Reader 550 (Bio-Rad,
Hercules, CA). Preliminarily, knockdown effects of these shRNA-
expression vectors on endogenous STC2 expression were
validated 7 days after transfection by RT-PCR using the primers
for semiquantitative RT-PCR.

Generation of STC2-overexpressing cells and in-vitro growth
assay. Full-length human STC2 cDNA was amplified using
primers that were designed to contain HA-tag sequences at the
COOH terminus, and cloned into the pIRESneo3 vector
(Clontech, Mountain View, CA). Human PC cell line 22Rv1
cells were seeded into a 100-mm dish (5 × 105 cells per a dish)
and transfected with 6 μg of pIRESneo3 empty vector or
pIRESneo3-STC2-HA expression vector using FuGENE6
reagent (Roche Diagnostics) according to the manufacturer’s
instructions. Cells were selected with appropriate medium
containing 400 μg/mL Geneticin (Sigma-Aldrich) for 14 days
when discrete colonies were isolated. All clones were
maintained in selective medium. Each clone was assayed for
STC2 protein expression by Western blot analysis using anti-HA
tag antibody (Roche Diagnostics). Proliferation of 22Rv1 cells
that stably expressed STC2 (22Rv1-STC2) or those
transfected with pIRESneo3 empty vector (22Rv1-mock clone
mixture) were examined by the Cell Counting Kit-8 (Dojindo
Laboratories). Both 22Rv1-STC2 and 22Rv1-mock cells were
seeded at the concentration of 3 × 103 cells per well using 48-
well plates. The assay was carried out every 48 h for 9 days,
according to the manufacturer’s instructions.

Results

STC2 overexpression in CRPC cells. We previously reported the
genome-wide expression profiles of CRPC cells and CNPC cells
purified from clinical PC tissues.(6) Of a number of trans-
activated genes in CRPC cells compared with normal prostatic
epithelial cells, we focused on STC2 in this study. Semi-
quantitative RT-PCR (Fig. 1a) and real-time quantitative
RT-PCR (Fig. 1b) confirmed the elevated expression of STC2 in
6 out of 7 clinical CRPC cells, compared with CNPC cells and
normal prostatic epithelial cells. Northern blot analysis using
five PC cell lines and normal adult tissues confirmed the
elevated expression of STC2 in all PC cell lines, compared with
normal prostate and adult vital organs including brain, heart,
kidney, liver, and lung (Fig. 1c). Multiple tissue northern blot
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analysis also revealed no or very limited expression of STC2 in
normal adult organs, except for the pancreas (Fig. 1d).

Immunohistochemical analysis of STC2 in clinical PCs and correlation
with GS. To validate the overexpression of STC2 protein in
CRPC cells, we carried out immunohistochemical analysis on
clinical PC tissues using a monoclonal antibody specific to
human STC2. As shown in Figure 2a, a strong immunochemical
signal for STC2 was detected predominantly in the cytoplasm of
cancer cells, especially in CRPC cases. Six of nine CRPCs we
examined showed strong immunoreactivity to anti-STC2
antibody. One CNPC with GS 10 (Fig. 2b) and five CNPCs with
GS 9 also showed strong immunoreactivity, whereas most
CNPCs with GS 7 showed no or very weak immunoreactivity to
anti-STC2 antibody (Fig. 2c). Adjacent normal prostatic epithelium
in the same patient revealed very weak or no signal for STC2.
Hormone ablation therapy is usually ineffective for PCs with
high GS, which progress aggressively and are lethal, and these
findings showed that STC2 was expressed specifically in
CRPCs and aggressive PCs.

To further investigate the clinic–pathologic significance of
STC2 expression in PC tissues, we analyzed the relationship

between the calculated immunohistochemical score for STC2
and GS in 53 CNPC tissues with various GS. As each PC specimen
apparently showed a different degree of staining intensity and
different proportion of positively stained cells, indicating a
heterogeneous pattern as well as the GS system, we took this
heterogeneity into consideration and employed the immunohis-
tochemical scoring system. A combined weighted score was given
by the sum of the proportion (0–100%) of stained cells for
which the score 1, 2, or 3 was given, according to the signal
STC2 immunohistochemical scores and intensity, as described
previously.(11) Compared to STC2 expression, there were sig-
nificant differences between the GS 2–6 group (n = 12) and the
GS 8–10 group (n = 8), and between the GS 7 group (n = 33)
and the GS 8–10 group (Mann–Whitney U-test with Bonferroni
method; P = 0.0006 and P = 0.0004, respectively). No significant
difference was observed between the GS 2–6 and GS 7 groups
(P = 0.0110). We confirmed that the STC2 immunohistochemical
score revealed a strong correlation with high GS (Fig. 2d).

Knockdown of STC2 expression by shRNA-attenuated PC cell
growth. To examine the biological roles of STC2 overex-
pression in PC cells, we constructed three vectors designed to

Fig. 1. Stanniocalcin 2 (STC2) overexpression in castration-resistant prostate cancer (CRPC) cells. (a) Semiquantitative reverse transcription–polymerase
chain reaction (RT-PCR) validated that STC2 was overexpressed in the microdissected CRPC cells, compared with castration-naïve prostate
cancer (CNPC) cells and normal prostatic epithelial (NP) cells, which were also microdissected. β-actin (ACTB) was used to quantify the cDNA
contents. (b) Real-time quantitative RT-PCR showed overexpression of STC2 transcript in CRPC cells (samples 2–8) compared with that of CNPC cells
(samples 9–15) and NP cells (sample 1). ACTB was used to quantify each of the cDNA contents, and the relative quantity (y axis) was calculated so
that the expression in NP cells was one. Real-time quantitative RT-PCR was duplicated for each sample (white and black columns). (c) Northern blot
analysis showed a high level of STC2 expression in five prostate cancer cell lines (lanes 1–5), whereas its expression was hardly detectable in adult
normal organs, including brain, heart, kidney, liver, lung, prostate, and testis (lanes 6–12). (d) Multiple tissue northern blot analysis indicated that
STC2 was expressed only in normal pancreas, with no or very low expression in adult normal organs. The length of the STC2 transcript was
approximately 5.4 kb. P.B.Leukocyte, peripheral blood leukocyte. 
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express shRNA specifically to STC2, and transfected them into
the PC-3 cell line, which expressed endogenous STC2 at a high
level. Among the three shRNA-expression vectors, si2 and si3
showed significant knockdown effects on endogenous STC2
transcripts (Fig. 3a), and this transfection resulted in reduction
in the numbers of colonies (Fig. 3b), as well as those of the
viable cells measured by MTT assay for PC-3 cells (Fig. 3c). In
contrast, the transfection of si1 and a negative control (siEGFP)
showed little or no knockdown effect on STC2 expression and
did not affect the viability of PC-3 cells. These findings
indicated that STC2 overexpression could play important roles
in PC cell growth or viability.

STC2 overexpression promoted cancer cell growth. To further
investigate the potential oncogenic function of STC2, we
established three stable transformants (Clones 1–3) from 22Rv1
cells, in which exogenous STC2 expressed constitutively. We
also prepared a control 22Rv1 cells transfected empty vector
(Mock) and compared their proliferation. Western blot analysis
(Fig. 4a) confirmed high levels of exogenous STC2 expression
in three stable clones (Clones 1–3). MTT assay showed that the
three STC2-overexpressing clones grew more rapidly than
the 22Rv1-mock clone mixture (Student’s t-test; *P < 0.01,
**P < 0.05), indicating that STC2 overexpression promoted PC
cell growth (Fig. 4c).

Discussion

This study identified STC2 as a novel target molecule for
therapy development or a biomarker of aggressive PCs and
CRPCs. PC shows relatively good prognosis and hormone-
ablation therapy or castration is usually effective in most
relapsed or advanced PCs. However, once CRPC cells emerge or
PCs are at an advanced stage with a high GS, there are very
limited treatment options for these PC patients, such as
docetaxel plus predonisone,(12,13) which can still offer the
minimum effect on PCs. Hence, it is vital to identify molecular
targets for CRPCs or aggressive PCs and develop novel
therapies to target those molecules. Their expression pattern in
normal adult organs is one of the most important factors in
determining molecular targets for therapy, and as our northern
blot data and a previous report suggested, STC2 was expressed

in the α cells in the islet of the pancreas.(14) As shown here, due
to its restrictive expression in adult normal organs and its critical
roles in PC cell viability, STC2 could be a promising target for
a novel therapeutic approach with a minimal risk of adverse
effects. Furthermore, STC2 was established as a secreted protein
by a previous study(10) and our enzyme-linked immunosorbent
assay study using the culture media of cancer cell lines (data not
shown). STC2 could function to promote PC cell viability in an
autocrine/paracrine manner. It is possible that STC2 could
be detected in the patient serum as a diagnostic biomarker
predicting PC aggressiveness, and neutralization of STC2 by
highly specific antibodies might have potential as one of the
therapeutic strategies against CRPCs and aggressive PCs.

Our immunohistochemical study clearly indicated STC2
overexpression not only in CRPCs, but also in high-grade CNPC
with GS 8–10. High-grade CNPCs, similar to CRPCs, respond
poorly to androgen-ablation therapy and show highly aggressive
behavior and poor prognosis. The GS system is based on tumor
microarchitecture and, although GS 8–10 cancer is described as
poorly differentiated, the molecular and cellular characteristics
of its phenotype are not well known. A recent study by True
et al.(15) provided new insight into molecular characteristics that
distinguish high Gleason grade PCs from well-differentiated
low Gleason grade PCs. They and Peehl et al.(16) showed a
significant association between high levels of monoamine
oxidase A expression and high-grade PCs. High-grade PC had
some similar molecular profiles to CRPCs, which might reflect
dedifferentiation and explain the clinical association of grade
with prognosis.(17) Our findings regarding STC2 expression in
CRPCs and high-grade CNPCs suggest STC2 to be a response
marker of androgen-ablation therapy and a prognostic marker.

Recent reports suggested that HIF-1 could possibly regulate
STC2 expression(18) and some proportions of renal cell cancers
(RCCs) overexpressed STC2, which was correlated with their
aggressiveness and poor prognosis.(19) We also confirmed that
STC2 overexpression in clinical RCC cells by our microarray
data(20) and RT-PCR, and our shRNA experiment showed that
STC2 was also essential to RCC cell viability or cell growth
(data not shown). Another in vitro study implied that STC2
could have potential to protect the cells from various cell
stresses, especially endoplasmic reticulum stress.(21) HIF-1, the

Fig. 2. Immunohistochemical analysis of
stanniocalcin 2 (STC2) in prostate cancer tissues.
Immunoreactivity with anti-STC2 antibody
was observed in castration-resistant prostate
cancers (CRPCs) and castration-naïve prostate
cancers (CNPCs) with high Gleason scores (GS),
exhibiting strong positive immunostaining in
the cytoplasm of prostate cancer cells. (a) The
representative picture of CRPC (×200); (b)
the representative picture of CNPC with GS 10
(×200); (c) the representative picture of CNPC
with GS 7 (×200). Adjacent normal prostatic
epithelium revealed very weak or no signal
for STC2 ([b,c] arrowheads). (d) Correlation
between STC2 immunohistochemical (IHC)
score and GS in CNPCs. There were significant
differences in STC2 IHC scores between the
GS 2–6 group (n = 12) and the GS 8–10 group
(n = 8), and between the GS 7 (n = 33) and
GS 8–10 groups (Mann–Whitney U-test with
Bonferroni method; P = 0.0006 and P = 0.0004,
respectively).
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endoplasmic reticulum stress pathway, or other cell stress
pathways might induce STC2 overexpression in CRPC cells,
and STC2 overexpression in PC cells is likely to provide their
ability to survive under castration, ischemia, and other various
cell stresses. However, the detailed mechanism of its growth-
promoting or survival effect on PCs and the mechanism of
STC2 overexpression in aggressive PCs are unknown and
should be defined by further investigations.

In summary, the autocrine/paracrine signaling pathway by STC2
can be essential in the cell viability of CRPCs and aggressive
PCs, although the detailed pathways and binding receptors

involved remain unknown. The detection of STC2 and its
inhibition could provide us with a novel promising approach for a
biomarker or a molecular treatment of CRPCs and aggressive PCs.
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