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S100A16 promotes cell proliferation and metastasis via AKT
and ERK cell signaling pathways in human prostate cancer
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Abstract S100A16 is a member of the S100 calcium-binding
protein family. It is overexpressed in many types of tumors and
associatedwith proliferation, migration, and invasion; however,
its function in human prostate cancer is unresolved. Our objec-
tive was to determine its effects and the underlying pathways of
S100A16 in prostate cancer tissues and cells. We measured
S100A16 expression by quantitative real-time polymerase and
Western blotting in eight matched prostate cancer and adjacent
normal tissues, and in three prostate cancer cell lines, DU-145,
LNCaP, and PC-3, compared to a normal prostate epithelial cell
line PrEC. DU-145 cells stably overexpressing S100A16 and
PC-3 cells with S100A16 knockdown were established by
transfection with S100A16 overexpression plasmid or
shRNAs. Invasion, migration, and proliferation were analyzed

by transwell assay, wound healing, and colony formation as-
says, respectively. Western blotting and invasion assays were
performed to determine expressions and activation of AKT,
ERK, p21, and p27. S100A16 was significantly overexpressed
in both prostate cancer tissues and cells lines compared to nor-
mal controls (P<0.05). Overexpression of S100A16 signifi-
cantly promoted invasion, migration, and proliferation in pros-
tate cancer cells in vitro, whereas silencing S100A16 showed
the converse effects (P<0.05). Furthermore, overexpression of
S100A16 activated cell signaling proteins AKT and ERK and
downregulated tumor suppressors p21 and p27. Specific inhib-
itors, LY294002 and PD98059, suppressed activation of AKT
and ERK, which attenuated DU-145 cell clone formation and
invasion induced by S100A16 overexpression. S100A16 may
promote human prostate cancer progression via signaling path-
ways involving AKT, ERK, p21, and p27 downstream effec-
tors. Our findings suggest that S100A16 may serve as a novel
therapeutic or diagnostic target in human prostate cancer.
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Introduction

Prostate cancer is a heterogeneous disease. Despite the discov-
ery of novel molecules targeted at more personalized thera-
pies, the mechanisms underlying its progression from abnor-
mal epithelial proliferation to invasive carcinoma and meta-
static disease are poorly understood [1]. There is a lack of
effective therapeutic and chemopreventive interventions for
advanced prostate cancer; therefore, the identification of novel
predictive biomarkers is still required to improve the clinical
management of prostate cancer.
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S100A16 is a member of the S100 family of proteins which
are small, 10–12 kDa acidic proteins containing the EF-hand
Ca2+-binding motif [2]. S100 proteins perform multiple regu-
latory functions in cellular processes such as motility, differ-
entiation, cell growth, contraction, transcription, cell cycle
progression, and secretion [3]. S100 protein levels are found
to be altered in many types of tumors and are therefore con-
sidered potential markers of cancerous tissues [4]. S100A4
has been reported to be overexpressed in prostate cancer and
shown to accelerate prostate cancer metastasis [5]. S100A16
has been reported to be upregulated in breast cancer, ovarian
cancer, and lung cancer [6]. In addition, we previously report-
ed that S100A16 may be a novel adipogenesis-promoting fac-
tor which was associated with cell proliferation [7]. However,
the detailed relationship between S100A16 and prostate can-
cer remains to be established.

Based on our hypothesis that S100A16 promotes prolifer-
ation and metastasis in prostate cancer, we employed prostate
cancer tissue samples and cell lines with low, moderate and
high metastatic potential (LNCaP, DU-145 and PC-3, respec-
tively) in order to explore the role of S100A16 in human
prostate cancer metastasis.

Materials and methods

Prostate cancer tissue samples, cell lines, and cell culture

In accordance with the Local Ethics Committees of the First
Affiliated Hospital of Nanjing Medical University, China,
eight matched pairs of human prostate cancer tissues and nor-
mal adjacent tissue samples were acquired during surgery,
immediately frozen in liquid nitrogen and stored at −80 °C
for further analysis.

The human prostate cancer cell lines PC3, LNCaP, and
DU-145 were purchased from the American Type Culture
Collection (ATCC; Rockville, MD, USA) and normal prostate
epithelial cells PrECs was a gift from the Department of
Gastroenterology, The First Affiliated Hospital of Nanjing
Medical University.

Cells were cultured in RPMI 1640 (LNCaP, DU-145, and
PrECs) and F12K (PC3) containing 10 % fetal bovine serum
(FBS) supplemented with 100 U/ml penicillin and 0.1 mg/ml
streptomycin, and incubated at 37 °C in a humidified atmo-
sphere of 5 % CO2.

Plasmids and S100A16 transfection

S100A16 RNA interference (RNAi) plasmids and S100A16
overexpression plasmids were obtained from an earlier study
[ 7 ] . S 1 0 0 A 1 6 - s h R N A 1 ( t a r g e t s e q u e n c e :
CCATCGCCAAACTCATCCATGAGCAGGAG) and
S100A16-shRNA2 (target sequence: TGTCAGACTGCTA

CACGGAGCTGGAGAAG) were generously provided by
Dr. Wenbin Zhou (Department of Breast Surgery, The First
Affiliated Hospital of Nanjing Medical University, Nanjing).
DU-145 cells were transfected with S100A16 overexpression
plasmids or vector controls; PC-3 cells were transfected with
S100A16 shRNA or scrambled shRNA, as previously de-
scribed [7]. The transfected cells were cultured as described
above in the presence of 200 μg/ml G418 (Sigma-Aldrich, St.
Louis, MO, USA). For the experiments, the cells were treated
with serum-free RPMI 1640 media overnight and then cul-
tured in normal media for the specified times.

RNA extraction and real-time quantitative reverse
transcription PCR (qRT-PCR)

Total RNA was extracted from prostate cancer tissues
us ing TRIzo l accord ing to the manufac tu re r ’s
instruction(Invitrogen). Reverse transcription was per-
formed using a Revert Aid™ First Strand cDNA
Synthesis Kit (MBI-Fermentas; Thermo Scientific,
Rockford, IL, USA). Transcripts for S100A16 and β-
actin (control) were used for real-time qRT-PCR. The
p r i m e r s w e r e a s f o l l o w s : β - a c t i n - F , 5 ′ -
TCACCAACTGGGACGACAT-3 ′ ; β -act in-R, 5 ′ -
GCACAGCCTGGATAGCAAC-3 ′; S100A16-F, 5 ′-
ACCACATGCTGACGGACACA-3′; S100A16-R, 5′-
GTCCAGTATTCGTCAAAGCAGATG-3′.

Western blot analysis

The cells were washed twice with ice-cold phosphate-
buffered saline (PBS). They were harvested by scraping
in lysis buffer [50 mM Tris–HCl (pH 7.4), 150 mM
NaCl, 1 % (v/v) Nonidet-P40, 1 mM EDTA, 1 mM
NaF, 10 μg/ml aprotinin, 10 μM leupeptin, 1 mM
phenylmethanesulfonyl fluoride] and allowed to stand
on ice for 30 min. After centrifugation (12,000 rpm,
20 min) at 4 °C, the supernatant was collected and equal
amounts (60 μg) of total protein were separated on 12 %
SDS-PAGE gels before being electrophoretically trans-
ferred to Immobilon-P membranes (Millipore, Bedford,
MA, USA). The membranes were probed overnight at
4 °C with primary antibodies to S100A16, AKT, p-
AKT, ERK, p-ERK, p21, p27, and monoclonal anti-β-
actin in TBST (1:5000) containing 1 % BSA (w/v). The
membranes were then incubated with anti-rabbit or anti-
mouse secondary antibodies for 2 h. The immune com-
plex was detected by electrochemical luminescence
(ECL) using an ECL Plus detection kit (Pierce,
Rockford, IL, USA) and analyzed using a scanning den-
sitometer with molecular analysis software (Bio-Rad,
Hercules, CA, USA).
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Wound healing migration assay

Cells (10×104) were seeded in a 12-well plate and cultured
until they formed a confluent (80 %) monolayer. Scratches
were made using a 100-μl pipette tip, and the culture medium
was replaced with fresh complete medium. The extent of clo-
sure at 12 and 24 h after the scratches had been formed were
analyzed under an optical microscope.

Invasion assay

Harvested cells were washed twice in PBS, resuspended in
serum-free culture medium with 0.2 % BSA, and adjusted to

a final concentration of 106 cells/ml. The invasion assay was
performed in a 24-well transwell plate (Costar Corning,
Schiphol-Rijk, Netherlands) with porous polycarbonate mem-
brane inserts (8 μm) precoated with 60 μl ECM gel solution.
RPMI 1640/10% FBS (300ml) media was added to the lower
compartment of each well, and 200 ml of the cell suspension
was added to the precoated upper compartment. The inserts
were incubated for 48 h at 37 °C, 5%CO2. Cells remaining on
top of the filter were removed by soft mechanical dislodging.
The numbers of cells that had migrated to the bottom of the
filter were counted using a trypan blue dye exclusion assay
under an optical microscope. Six random fields from each
chamber were counted for each condition.

Fig. 1 Analysis of S100A16
expression in human prostate
cancer tissue. a Real-time qRT-
PCR analysis of S100A16mRNA
transcripts, comparing S100A16
expression levels in eight
matched prostate cancer tissue
samples and adjacent normal
tissue samples. b Western blot
analysis of S100A16 protein
expression in four of the six
paired tissue samples. β-Actin is
included as a loading control. c
Densitometric quantification of
the Western blot results showing
relative expression of S100A16
protein normalized to β-actin. T
prostate cancer tissue, N matched
adjacent normal tissue; *P< 0.05;
#P< 0.01, compared to control.
The results represent at least three
independent experiments
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Cell proliferation assay

The proliferation assay was performed using a WST-1 assay
kit (Roche, Mannheim, Germany) according to the manufac-
turer’s protocol. The cells were seeded in a 96-well plate in
100 μl of culture medium at a density of 103 cells/well. After
incubation for 0, 24, 48, and 72 h at 37 °C, 5 % CO2, 10 μl of
the reconstituted WST-1 mixture was added to each well and
gently mixed. The cells were incubated for a further 4 h, and
the absorbance of each sample was measured at a wavelength
of 450 nm.

Flow cytometry

The cells were collected with trypsin/EDTA and washed with
PBS, 2 mM EDTA, 0.5 % BSA. The cells were fixed in 10 %
ice-cold ethanol and incubated with propidium iodide in the
dark for 2 h. Flow cytometric analysis was performed on a
total of 104 cells/sample using a FacsCalibur with CellQuest
software (BD Biosciences, San Jose, CA, USA).

Colony formation assay

Transfected DU-145 and PC-3 cells, as described above, were
used for the colony formation assays. Stably expressing cells
were harvested and mixed with RPMI 1640 media containing
10 % FBS and 0.5 % agar (bottom layer). Cells (5×103 cells/
well) in 20 % FCS/0.7 % agarose (top layer) were plated and
incubated at 37 °C for 14 days. After incubation, the plates were
stained with 0.005 % crystal violet for >2 h. The colonies were
counted (two colony grids/well) under an optical microscope [6].

Specific inhibitors LY294002 (L9908, SIGMA) and
PD98059 (P215, SIGMA) (100 mM) were added to DU-145
stably overexpressing S100A16 cells to observe the effects of
PI3K and ERK inhibition, respectively.

Statistical analysis

Data were analyzed by two-tailed Student’s t tests to compare
pairs of data and by one-way analysis of variance (ANOVA) for
comparisons between multiple groups. Differences were consid-
ered significant at P<0.05 (*) and highly significant P<0.01 (#).

Fig. 2 S100A16 expression in
human prostate cancer cell lines,
including S100A16-
overexpressing and S100A16-
silenced cells. a, b Western
blotting and densitometric
analysis of S100A16 expression
in DU-145, LNCaP, and PC-3
human prostate cancer cell lines,
compared to normal prostate
epithelial cells PrEC. β-Actin is
included as a loading control. c
Western blot analysis of S100A16
protein expression in DU-145
cells transfected with S100A16
overexpression plasmid
compared to vector control; d PC-
3 cells transfected with S100A16
shRNAs compared to scrambled
shRNA controls. β-Actin is
included as a loading control. e, f
Densitometric quantification of
the Western blotting results
showing relative expression of
S100A16 protein in the
transfected cells normalized to β-
actin. *P< 0.05, compared to
control. The results represent at
least three independent
experiments
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Results

S100A16 was upregulated in prostate cancer tissue
samples

We evaluated S100A16 mRNA and protein expression in
eight matched human prostate cancer tissue samples and nor-
mal adjacent tissues by real-time qRT-PCR and Western

blotting, respectively. The data showed that both S100A16
mRNA and protein expression were significantly higher in
prostate cancer tissue compared to hyperplastic prostate tissue
(P<0.05; Fig. 1). The average fold change in the tumor tissue
samples was approximately 3.5 relative to nontumor tissue.
These results demonstrated that S100A16, which is associated
with cell migration, invasion, and metastasis, was upregulated
in prostate cancer tissue.

Fig. 3 S100A16 promotes
invasion and migration in human
prostate cancer cells in vitro. a–d
Invasion assays in matrigel-
coated chambers after incubation
for 48 h. a DU-145 cells
overexpressing S100A16
compared to vector control; b PC-
3 cells with S100A16 knockdown
compared to scrambled shRNA
controls. Magnification ×200. c, d
Quantification of the invasion
assays based on six random fields
from each chamber for each
condition. e–h Wound healing
assays of cell migration showing
closure at 0, 12, and 24 h after the
scratches had been formed. e DU-
145 cells overexpressing
S100A16 compared to vector
control; f PC-3 cells with
S100A16 knockdown compared
to scrambled shRNA controls.
Magnification ×200. g, h
Quantification of the wound
healing assays representing the
distances between four random
points within the wound edge, in
three replicate experiments.
*P< 0.05, compared to control
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S100A16 protein expression in prostate cancer cell lines

We also examined S100A16 protein expression in three hu-
man prostate cancer cell lines, LNCaP, PC-3, and DU-145,
and compared these to a normal prostate epithelial cell line
PrEC. Western blotting revealed that S100A16 was upregu-
lated in all three prostate cancer cell lines (P<0.05); however,
the highest levels were observed in PC-3 cells and the lowest
levels in DU-145 cells, compared to normal PrEC controls
(Fig. 2a, b). Therefore, we selected DU-145 and PC-3 cells
to investigate the effects of forced overexpression and
S100A16 knockdown, respectively. Western blotting con-
firmed that S100A16 was upregulated in DU-145 cells
transfected with S100A16 overexpression plasmid (P<0.05;
Fig. 2c, e), whereas it was silenced in PC3 cells transfected
with S100A16 shRNAs (P<0.05; Fig. 2d, f).

S100A16 promoted cell invasion and migration in human
prostate cancer cell in vitro

To determine whether S100A16 played a role in prostate can-
cer cell metastasis in vitro, we investigated whether upregula-
tion of S100A16 could induce prostate cancer cell invasion
and migration. The results showed that a significantly higher
proportion of S100A16-overexpressing DU-145 cells migrat-
ed through matrigel-coated chambers compared to vector

control cells (P<0.05; Fig. 3a, c). In contrast, knockdown of
S100A16 with shRNA1 or shRNA2 resulted in a significantly
lower number of invading PC-3 cells, compared to scrambled
controls (P<0.05; Fig. 3b, d).

These effects were confirmed by wound healing assays,
which showed that overexpression of S100A16 induced migra-
tion of DU-145 cells (Fig. 3e, g), whereas knockdown of
S100A16 inhibited migration of PC-3 cells, compared to control
cells (Fig. 3f, h). The effects were significant at 24 h (P<0.05).

S100A16 regulated cell proliferation in human prostate
cancer cell in vitro

We investigated whether S100A16 might play a role in cell pro-
liferation and cell cycle progression in prostate cancer cells.
Silencing of S100A16 with shRNA1 and shRNA2 inhibited col-
ony formation in PC-3 cells compared to control cells (P<0.05;
Fig. 4b, d), whereas forced overexpression of S100A16 promoted
colony formation in DU-145 cells (P<0.05; Fig. 4a, c).

Flow cytometric analysis showed that the ratio of G1 cells
was significantly lower in S100A16-overexpressing DU-145
cells than in control cells (P<0.05; Fig. 4e, g), suggesting that
upregulation of S100A16 promoted cell proliferation in pros-
tate cancer. In contrast, downregulation of S100A16 in PC-3
cells showed the converse effect (P < 0.05; Fig. 4f, g).
Furthermore, the percentage of S100A16-silenced PC-3 cells

Fig. 4 S100A16 promotes proliferation in human prostate cancer cells
in vitro. a–d Soft agar colonies reflecting cell growth. a DU-145 cells
overexpressing S100A16 compared to vector control; b PC-3 cells with
S100A16 knockdown compared to scrambled shRNA controls.
Magnification ×200. c, d Quantification of the colony formation assays
based on two colony grids/well. e–h Flow cytometric analysis showing
the proportion of prostate cancer cells at each phase of the cell cycle. e
DU-145 cells overexpressing S100A16 compared to vector control; f PC-

3 cells with S100A16 knockdown compared to scrambled shRNA
controls. g, h Quantification giving the percentage of cells in each
phase of the cell cycle, for each transfected population. i, j Proliferation
assays showing cell growth after 0, 24, 48, and 72-h incubation. iDU-145
cells overexpressing S100A16 compared to vector control; j PC-3 cells
with S100A16 knockdown compared to scrambled shRNA controls. The
results represent at least three independent experiments. *P < 0.05,
compared to control
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at S phase was significantly lower than that of control cells
(P<0.05); however, the difference in S phase was not signif-
icant between S100A16-overexpressing DU-145 cells and
control cells (Fig. 4 h).

Cell proliferation assays showed that S100A16 overexpres-
sion significantly increased cell growth in DU-145 cells at 48
and 72 h compared to vector controls (P<0.05; Fig. 4i). In
contrast, S100A16 knockdown significantly decreased cell

growth in PC-3 cells at 72 h compared to scrambled controls
(P<0.05; Fig. 4j).

The effect of S100A16 on cell signaling proteins and tumor
suppressors

To investigate the molecular mechanisms and pathways by
which S100A16 may influence cellular functions in human

Tumor Biol. (2016) 37:12241–12250 12247
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prostate cancer, we examined the expressions of AKT, ERK,
p-AKT, p-ERK, and cyclin-dependent kinase inhibitors p21
and p27. Western blotting revealed a significant increase in

phosphorylated AKT and ERK, indicating activation of their
associated pathways, and downregulation of tumor suppres-
sors p21 and p27 in S100A16-overexpressing DU-145 cells
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compared to vector controls (P<0.05; Fig. 5a). Conversely,
S100A16 knockdown significantly inhibited activation of
AKT and ERK, and upregulated p21 and p27 protein expres-
sion compared to scrambled controls (P<0.05; Fig. 5b).

To establish whether the mitogen-activated protein kinases/
extracellular signal-regulated kinases (MAPK/ERK) and
phosphoinositide3-kinase/protein kinase B (PI3K/AKT) path-
ways played a role in S100A16-induced prostate cancer invasion
and proliferation, we used LY294002 and PD98059 to inhibit
AKT and ERK, respectively. The results showed a significant
reduction in the invasive capacity and number of colonies
formed in DU-145 cells stably overexpressing S100A16 in the
presence of these inhibitors (P<0.05; Fig. 5c–e).

Discussion

The S100 family of proteins includes at least 21 identified
Ca2+-binding proteins, many of which have been found to
be upregulated and to play roles in different tumor types [2,
4, 6]. These include S100A7, which was found to enhance
invasion in human breast cancer [8]. S100A4 was seen to
accelerate tumorigenesis and invasion in human prostate can-
cer and is employed as a biomarker in chemoprevention reg-
imens [7, 9]. Several S100 gene family members have been
reported as overexpressed in human bladder cancers, includ-
ing S100A2, S100A3, S100A5, S100A7, S100A8, S100A9,
S100A14, S100A15, S100A16, and S100P [10, 11]; enhanced
expressions of S100A8 and S100A9 were identified as early
events in prostate tumorigenesis and may contribute to devel-
opment, progression, and invasion in prostate carcinomas
[12]. In addition, S100A4 has been shown enhance tumori-
genesis through activation of nuclear factor-kappaB (NF-κB)
and matrix metallopeptidase 9 (MMP-9) pathways, and
through suppression of tumor suppressor gene p53 [7,
14–17]. However, the role of S100A16 in human prostate
cancer remains to be established. Therefore, our objective
was to determine whether S100A16 has a direct functional
link to human prostate cancer progression.

To test this hypothesis, we examined S100A16 expression in
prostate cancer tissue samples and adjacent normal tissues, and
in three prostate cancer cell lines with different metastatic

potentials, DU-145, LNCaP, and PC-3, compared to a normal
prostate epithelial cell line PrEC. DU-145 cells are less invasive
in vitro and exhibit relatively low potential for metastasis in vivo
compared to more malignant PC-3 cells; LNCaP cells grow
readily in tissue culture as well as in nude mice following inoc-
ulation [13].Western blot analysis confirmed that S100A16 was
expressed in both normal and prostate cancer tissues and cell
lines; however, its expression was significantly higher in the
tumorous tissues and cell lines compared to the normal samples
(P<0.05). The data on Fig. 2a may suggest that S100A16 pro-
tein levels show correlations with the metastatic potential, in-
creasing from DU-145 cells to LNCaP and PC-3 cells.

Along with several other members of the S100 protein
family, S100A16 is considered to be involved in progression
of cancer and a potential marker of tumor cells [4]. In this
study, overexpression of S100A16 was found to promote in-
vasion, migration, and proliferation in DU-145 cells, a human
prostate cancer cell line with low metastatic potential, com-
pared to normal prostate cells. In contrast, these actions were
suppressed in S100A16-silenced PC-3 cells, which have high
metastatic potential. Taken together, S100A16 may function
to support and enhance factors that promote progression and
metastasis in human prostate cancer.

The molecular signaling pathways that were implicated in
these S100A16-promoted functions remained to be
established. Therefore, we examined the relationship between
S100A16 protein expression in prostate cancer and two of the
principal cell signaling pathways associated with carcinogen-
esis, MAPK/ERK and PI3K/AKT. MAPKs are serine/
threonine kinases that mediate intracellular signaling associat-
ed with a variety of cellular activities, including proliferation,
differentiation, survival, death, and transformation. ERK is
one of the three key members of the MAPK family and plays
a central role in normal prostatic epithelial proliferation. In
addition, ERK is associated with the proliferation of cancer
cells and tumor invasion via degradation of extracellular ma-
trix proteins [18, 19, 21]. Activation of AKT through phos-
phorylation has been implicated in the initiation and develop-
ment of prostate cancer and has been correlated with poor
prognosis [20, 22]. As AKT phosphorylation can be antago-
nized by phosphatase and tensin homolog (PTEN), which is
not expressed in PC-3 cells [23], high levels of p-Akt can be
observed in PC-3 cells. This was confirmed by Western blot
analysis. However, S100A16 knockdown in PC-3 cells was
found to reduce p-AKT levels, suggesting that depletion of
SI00A16 might block activation of AKT and ERK.
Conversely, Western blotting revealed an increase in the levels
of p-AKT and p-ERK in DU-145 cells overexpressing
S100A16. Taken together, these observations suggested that
ERK and AKTwere downstream effectors of S100A16.

A previous study reported that S100A16 might promote me-
tastasis through suppression of p53 expression [15]. Therefore,
we investigated whether S100A16 facilitated metastasis in

�Fig. 5 Cell signaling proteins targeted by S100A16 in prostate cancer
cells. a, bWestern blot analysis of total ERK, phospho-ERK, total AKT,
phospho-AKT, p21, and p27 protein expression: a DU-145 cells
overexpressing S100A16; b PC-3 cells with knockdown of S100A16
compared to scrambled shRNA controls. c Cell invasion assay of DU-
145 prostate cancer cells overexpressing S100A16 following inhibition of
ERK and P13K with PD98059 and LY294002, respectively.
Magnification ×200. d Quantification of the colony formation assay,
based on two colony grids/well. e Quantification of the cell invasion
assay based on six random fields from each chamber for each
condition. *P < 0.05, compared to control. The data represent three
independent experiments
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human prostate cancer via p53 target molecules, p21 and p27.
Our results showed that expression of these two putative tumor
suppressors was reduced by overexpression of S100A16,
whereas silencing of S100A16 had the converse effect.

In conclusion, we demonstrated that overexpression of
S100A16 promoted invasion, migration, and proliferation in
human prostate cancer cells in vitro, whereas silencing
S100A16 inhibited these effects. Furthermore, our results sug-
gested that S100A16 may act via cell signaling molecules
ERK and AKT and tumor suppressors p21 and p27. These
results suggest that S100A16 may be a novel therapeutic tar-
get in human prostate cancer.
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