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Calcium-binding protein S100A14 induces
differentiation and suppresses metastasis in
gastric cancer

Min Zhu1,5, Hongyi Wang2,5, Jiantao Cui1, Wenmei Li1, Guo An3, Yuanming Pan1, Qingying Zhang*,4, Rui Xing*,1 and Youyong Lu*,1

S100A14 is a calcium-binding protein involved in cell proliferation and differentiation as well as the metastasis of human tumors. In
this study, we characterized the regulation of S100A14 expression between biological signatures and clinical pathological features
in gastric cancer (GC). Our data demonstrated that S100A14 induced the differentiation of GC by upregulating the expression of
E-cadherin and PGII. Moreover, S100A14 expression negatively correlated with cell migration and invasion in in vitro and in vivo
experimental models. Interestingly, S100A14 blocked the store-operated Ca2+ influx by suppressing Orai1 and STIM1 expression,
leading to FAK expression activation, focal adhesion assembly and MMP downregulation. Taken together, our results indicate that
S100A14 may have a role in the induction of differentiation and inhibition of cell metastasis in GC.
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Gastric cancer (GC) is the third most important cause of global
cancer mortality.1 Although improved treatment, such as
surgery and chemotherapy, has been effective in reducing
mortality, the 5-year survival rate of GC patients remain
relatively low.2 Increasing studies have reported that metas-
tasis is responsible for GC-related deaths by the dysregulation
of multiple genes, including p53, c-met and k-ras.3 However,
the mechanisms of cell differentiation, proliferation and
metastasis remain largely unknown. Hence, searching for
pathological diagnosis and metastasis-related biomarkers is
necessary for the clinical prediction and assessment of GC.
The S100 protein family has been reported to contribute to

multiple biological processes, such as growth, cell motility,
signal transduction, transcription, cell survival and apoptosis,
which are related to normal development and tumorigenesis.4

Accumulating evidence has indicated that the dysregulation of
S100 family members correlates with tumor progression in
various types of cancers, including breast cancer, liver cancer
and colorectal cancer.5–8 Specifically, S100A2,9 S100A410 and
S100A611 are associated with tumor differentiation and
promoted tumor growth. In addition, S100A4,10–13 S100A8/
A9,14 S100P15 and S100A1316 have been shown to be involved
in tumor invasion and metastasis. In our previous study, we
explored and identified a panel of differentially expressed genes
between intestinal type and diffuse type GC, including genes
encoding S100 protein family members, by gene microarray

and experimental studies of GC.17 We further identified the
varied expression of seven S100 members in GC tissues and
cell lines, including S100A2, S100A6, S100A10, S100A11,
S100A14, S100P and S100B, based on our previous micro-
array screening.18 Interestingly, the effect of S100A14 expres-
sion on tumor behavior and progression was controversial in
different tumors, and its role in GC has not yet been clarified.
Our previous work showed that decreased expression of

S100A14 was associated with poor prognosis in GC.18 Hence,
wewill illustrate the previously unknown tumor-related effect of
S100A14 on tumor differentiation, cell proliferation and
metastasis in GC.

Results

Decreased expression of S100A14 is positively asso-
ciated with poor differentiation and poor prognosis in
GC. To clarify the clinical significance of S100A14, we first
used immunohistochemistry to screen the expression of
S100A14 in 485 cases of primary GC tissues and 289 cases
with matched adjacent normal tissues by immunohistochem-
istry. Our results confirm that there was no significant
difference in S100A14 expression between normal tissues
(Figure 1a) and tumor tissues (P=0.313, Supplementary
Table S2). Intriguingly, 61.3% (184/300) of intestinal type GC
(well-differentiated tumors) was identified with high S100A14
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expression (Figure 1b), but only 39.2% (38/97) of diffuse type
GC (poorly differentiated tumors) expressed the S100A14
protein (Figure 1c).
Correlation study results showed that S100A14 expression

was positively correlated with Lauren classification (Po0.001)
and differentiation (P= 0.044), but negatively correlated with
tumor depth (P=0.014), lymph node status (P= 0.011) and
distant metastasis (P= 0.010; Table 1). Kaplan–Meier survival
analysis showed that GC patients with low S100A14 expres-
sion had a worse outcome than those with high S100A14
expression (P=0.006, Figure 1d). The median survival period
for patients with low S100A14 expression (40.1 months;
n= 88) was significantly shorter than that for patients with high
S100A14 expression (56.5 months; n= 124) (Figure 1e).
These results imply that S100A14 might have a role in
regulating tumor differentiation and inhibiting cell migration
and invasion.

S100A14 regulates GC cell differentiation by upregulat-
ing the expression of PGII and E-cadherin. To understand
the mechanism whereby S100A14 promotes the differentia-
tion of GC, we determined the expression of E-cadherin and
PGII, which are gastric mucosa differentiation and mature
markers, under altered S100A14 expression levels. We
observed that the localization of S100A14 and E-cadherin
protein expression was overlapped on the cell membrane in
most well-differentiated GC tissues (Figure 2a) and that
S100A14 and PGII co-localized in the same tissues.

Figure 1 Decreased S100A14 expression was associated with poor survival in GC. (a–c) Representative images of S100A14 expression in normal gastric mucosa tissue (a),
intestinal type GC tissue (b) and diffuse type GC tissue (c). Scale bar, 25 μm. (d) Kaplan–Meier analysis of overall survival in patients with variable S100A14 expression.
(e) Scatter diagram showed that patients with lower S100A14 expression displayed shorter overall survival after surgery. **Po0.01

Table 1 The relations between the expression of S100A14 and tumor-related
variables

Variable Total case S100A14 expression P

Low High

Gender
Male 342 162 180 0.430
Female 98 42 56

Age
460 183 75 108 0.047
⩽60 253 128 125

Classification
Intestinal 300 121 179 o0.001
Mix 43 22 21
Diffuse 97 61 36

Differentiation
Poorly 224 114 110 0.044
Well 204 84 120

T stage
T1–T2 78 26 52 0.014
T3–T4 353 172 181

N stage
N0 110 39 71 0.011
N1–3 321 159 162

M stage
M0 393 173 220 0.010
M1 38 25 13

Bold values emphasize correlation between S100A14 and the variables.
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Statistical analysis indicated that there was also a statistically
correlated trend between the positive expression of S100A14
and E-cadherin (r= 0.981, Po0.001; Figure 2a). A similar
correlation was found between S100A14 and PGII(r=0.885,
Po0.001; Figure 2a). These observations indicate that the

S100A14 protein can serve as a potential marker for tumor
differentiation in GC.
In addition, we established S100A14 downregulated stable

transfectants in AGS cells and S100A14 overexpressed stable
transfectants in BGC823 cells (Supplementary Figure 1).

Figure 2 Functional effects of S100A14 expression on differentiation in GC cells. (a) Representative multiple fluorophore-antibody (blue: nucleus; red: S100A14; green:
E-cadherin; magenta: PGII) staining on the same tissue samples. Scale bar, 50 μm. (b and c) Western blot analysis data show that interference of S100A14 expression
downregulated the expression of E-cadherin and PGII in AGS cells (b), and S100A14 overexpression upregulated the expression of E-cadherin and PGII in BGC823 cells (c)
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Figure 3 Functional effects of S100A14 on cell migration and invasion. (a and b) Cell migration and invasion were performed with the transwell assay. S100A14 knockdown
increased cell migration and invasion in AGS cells (a), and S100A14 overexpression decreased cell migration and invasion in BGC823 cells (b). Quantitative analysis of the cells
that migrated across the matrix membrane (lower). (c) Representative image of lung metastasis. Cell lines stably expressing S100A14 and vector control were injected into mice
via the tail vein, and lungs were isolated from mice and photographed 6 weeks later. The data are shown as the mean±S.D. from five pulmonary lobes in five mice. (d) H&E
staining for tumors in mice lungs. Scale bars, 100 μm. (e) IHC staining shows the S100A14 expression status in lung tissues. Scale bars, 25 μm. (f) Representative multiple
fluorophore-antibody (blue: nucleus; red: S100A14; green: E-cadherin; yellow: PGII) staining in the same metastatic nodes. Scale bars, 50 μm. The data are shown as the
mean± S.D. from three separate experiments. **Po0.01
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Figure 4 S100A14 blocked the store-operated Ca2+ influx and inhibited GC cell migration by affecting the expression of Orai1 and STIM1. (a and b) S100A14 knockdown
increased the store-operated Ca2+ influx in AGS cells (a), and S100A14 overexpression decreased the store-operated Ca2+ influx in BGC823 cells (b). TG, thapsigargin, 4 mM.
The fluorescence values of cells at rest time as references, and the relative fluorescence values are presented as the mean± S.D. of 50 random cells. (c and d) Real-time PCR
and western blot analyses of the mRNA and protein levels of Orai1 and STIM1, respectively. S100A14 knockdown increased the expression of Orai1 and STIM1 in AGS cells (c).
Conversely, S100A14 overexpression decreased Orai1 and STIM1 expression in BGC823 cells (d). (e and f) SKF96365 (20 mM) and EGTA (2 mM) blocked the
function of S100A14 in inhibiting migration in AGS cells (e) and BGC823 cells (f). The data are shown as the mean±S.D. of three experiments. *Po0.05; **Po0.01;
***Po0.001
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Intriguingly, we observed that E-cadherin and PGII were
downregulated when the expression of S100A14was inhibited
in AGS cells (Figure 2b) and that the overexpression of

S100A14 increased the expression of E-cadherin and PGII
in BGC823 cells (Figure 2c). These results suggest that
S100A14 is an important mediator of differentiation in GC.
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S100A14 inhibites GC cell migration and invasion in vitro
and in vivo. We next investigated whether S100A14 has an
important role in GC cell migration and invasion. As shown in
Figure 3a, the number of AGS-Ri2 and AGS-Ri3 cells that
invaded the matrix membrane or matrigel membrane was
dramatically increased compared with that of AGS-vector
cells. In contrast, the number of BGC823-S100A14 cells that
invaded the matrix membrane or matrigel membrane was
dramatically decreased compared with that of BGC823-
vector cells (Figure 3b).
Moreover, we used a mouse multiple pulmonary carci-

noma metastasis model to further investigate the role of
S100A14 in inhibiting GC metastasis. Notably, compared
with BGC823-vector cells, the total cell foci of BGC823-
S100A14 that metastasized to the lungs was reduced by
64.0% (Po0.01; Figure 3c) as shown by H&E staining
(Figure 3d). The expression of S100A14 in BGC823-
S100A14 xenografts and BGC823-vector xenografts was
confirmed by immunohistochemistry (Figure 3e), and the
expression of E-cadherin and PGII also confirmed by histo-
cytometry in metastatic nodes (Figure 3f). These results
indicated that overexpression of S100A14 induced differentia-
tion and suppressed the metastasis of BGC823 in NOD/
SCID mice.

S100A14 inhibites GC cell migration and invasion by
modulating the store-operated Ca2+ influx. S100 proteins
exert their function depend on calcium and has been
implicated in the regulation of Ca2+ homeostasis. To under-
stand the underlying mechanisms involved in the suppression
effects of S100A14 on metastasis in GC, we first investigated
the effect of S100A14 on the intracellular calcium levels. As
shown in Figure 4a, the influx of store-operated Ca2+ was
increased in AGS-Ri2 and AGS-Ri3 cells compared with
AGS-vector cells. Consistent with this finding, S100A14
overexpression in BGC823 cells blocked the store-operated
Ca2+ influx (Figure 4b).
ORAI and STIM proteins have been reported to be

responsible for store-operated Ca2+ influx. Interestingly, the
real-time PCR and WB results showed that the expression of
Orai1 and STIM1 was significantly upregulated in AGS-Ri2
and AGS-Ri3 cells compared with that in AGS-vector cells
(Figures 4c and d). Consistent with this finding, the expression
of Orai1 and STIM1 was significantly downregulated in
BGC823-S100A14 cells compared with that in BGC823-
vector cells (Figures 4c and d). These data indicated that
S100A14 might block the store-operated Ca2+ entry by
downregulating Orai1 and STIM1.
In addition, SKF96365 (an inhibitor of store-operated Ca2+

entry, Abcam) could significantly inhibit AGS-Ri2 and AGS-Ri3

cell migration and invasion induced by S100A14 deficiency
(Figure 4e and Supplementary Figure 2). Similar results were
observed in AGS-Ri2 and AGS-Ri3 cells treated with EGTA:
cell migration and invasion were decreased, while extracel-
lular Ca2+ was chelated (Figure 4e and Supplementary
Figure 2). Similarly, in BGC823-vector cells, SKF96365 and
EGTA treatments decreased cell migration and invasion
(Figure 4f and Supplementary Figure 2). Hence, these data
demonstrated that S100A14 inhibited gastric cancer cell
migration and invasion by modulating the store-operated
Ca2+ influx.

S100A14 regulates focal adhesion turnover through
modulating the store-operated Ca2+ influx. It is known
that increasing cellular Ca2+ levels could promote the activity
of the tyrosine kinase FAK (focal adhesion kinase) and the
calcium-dependent protease calpain in focal adhesions.19

Transwell assays showed that calpeptin (the inhibitor of
calpain, Abcam) and EGTA decreased the migration and
invasion induced by interfering with S100A14 expression
in AGS cells (Figure 5a and Supplementary Figure 2)
and S100A14-deficient BGC823 cells (Figure 5b and
Supplementary Figure 2). WB results showed that the
expression of FAK was significantly decreased in AGS-Ri2
and AGS-Ri3 cells compared with that in AGS-vector cells
(Figure 5c), whereas FAK expression was increased in
BGC823-S100A14 cells compared with that in BGC823-
vector cells (Figure 5d). FAK expression was rescued after
the AGS-Ri2 and AGS-Ri3 cells were treated with calpeptin
(Figure 5c). We also chelated extracellular Ca2+ with EGTA,
and then FAK expression was also rescued (Figure 5c).
Similar results observed in BGC823-vector cells were
consistent with that observed in AGS-Ri2 and AGS-Ri3 cells
(Figure 5d). These results implied that S100A14 expression
could induce FAK protein destabilization, leading to the
inhibition of GC cell metastasis.
Furthermore, we observed the alteration of focal adhesions

by immunostaining for vinculin, which has an important role in
cell migration and invasion. As shown in Figure 5e, vinculin
staining showed that the numbers of small punctate patterns
of focal adhesions in AGS-Ri2 and AGS-Ri3 cells were less
than those in AGS-vector cells. In addition, compared with
BGC823-vector cells, BGC823-S100A14 showed more punc-
tate patterns of small focal adhesions (Figure 5f). S100A14
deficiency reduced the small focal adhesions, and these focal
adhesions were partly rescued by calpeptin and EGTA
(Figures 5e and f). These results indicated that S100A14
inhibited cell migration and invasion by impairing focal
adhesion, which is modulated by the store-operated Ca2+

influx.

Figure 5 S100A14 inhibited cell migration through modulating focal adhesion. (a and b) Calpeptin (20 μM) and EGTA (2 mM) decreased S100A14 knockdown-induced
migration of AGS cells (a) and the migration of S100A14-deficient BGC823 cells (b). Quantitative analysis of the cells that migrated across the matrix membrane (lower). The data
are shown as the mean±S.D. of three experiments, **Po0.01, ***Po0.001. (c) Western blot analysis showed that S100A14 knockdown induced the downregulation of FAK,
and calpeptin and EGTA abrogated the decrease in FAK expression induced by S100A14 deficiency. (d) S100A14 overexpression upregulated FAK expression, and calpeptin and
EGTA also upregulated FAK expression in BGC823. (e and f) Immunofluorescence analysis of vinculin expression in AGS and BGC823 cells. S100A14 knockdown decreased
focal adhesion disassembly in AGS cells, and calpeptin and EGTA rescued S100A14 knockdown-induced focal adhesion disassembly (e); whereas S100A14 overexpression
increased focal adhesion disassembly in BGC823 cells, and calpeptin and EGTA decreased the focal adhesion disassembly in S100A14-deficient BGC823 cells (f). Red indicates
vinculin staining. Blue indicates nuclear staining. Scale bar, 5 μm
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S100A14 downregulates MMP expression by modulating
the store-operated Ca2+ influx. MMPs are also important in
regulating cell migration and invasion through digesting the
extracellular matrix, which interacts with focal adhesions.20

Real-time PCR and WB results showed that the expression of
MMP2, MMP9 and MMP11 was significantly upregulated in
AGS-Ri2 and AGS-Ri3 cells compared with that in AGS-
vector cells (Figures 6a and c). In addition, their effect could
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be rescued by pretreatment with SKF96365 and EGTA
(Figure 6e). Similarly, overexpression of S100A14 in
BGC823 increased the mRNA and protein levels of MMP2,
MMP9 and MMP11 (Figures 6b and d), and SKF96365 or
EGTA pretreatment decreased the expression of MMPs in
S100A14-deficient BGC823 cells (Figure 6f). These data
suggested that S100A14 reduced the expression of MMPs,
which was dependent on blocking the Ca2+ influx.
By histo-cytometry, we further analyzed the correlation

between S100A14 and MMPs in 50 GC tissues. Statistical
analysis indicated that S100A14 protein expression was
significantly inversely correlated with MMP2 (r=−0.665;
Po0.001), MMP9 (r=−0.501; Po0.001) and MMP11 (r=
−0.724; Po0.001) expression (Figure 6g).

Discussion

Tumor cell differentiation strongly correlates with a malignant
phenotype.21,22 S100 proteins are involved in these complex
processes; in particular, the variation in and role of S100A14 in
GC are unclear. In this study, we found that decreased
S100A14 expression was associated with poor differentiation,
tumor depth, lymph node status and metastasis. Specifically,
our findings demonstrate that S100A14 induced GC differ-
entiation and suppressed metastasis, leading to better
prognosis for GC patients. These results suggest that
S100A14 could serve as a novel differentiation marker for
predicting the clinical outcome for GC.
As S100A14 was identified from lung cancer in 2002,23 it

has been shown to have an important role in cell growth,24–26

differentiation27,28 and metastasis24,25,29–31 in many types
of tumors. Our previous study18 and this study revealed
that increased S100A14 expression was detected in well-
differentiated tumors and associated with better outcomes for
GC patients. However, the molecular mechanism of S100A14
involvement in GC cell differentiation and cancer metastasis
remains poorly understood. S100A14 was demonstrated to be
transcriptionally regulated by JunB and involved in ESCC cell
differentiation through upregulating involucrin (IVL) and filaggrin
(FLG) expression.28 In our study, S100A14 significantly
correlated with the differentiation of gastric mucosa and the
statuses of the mature markers PGII32,33 and E-cadherin34 in
GC tissue, andPGII andE-cadherin expressionwas alteredwith
S100A14 expression in GC cells. Another previous study
showed that S100A14 expression resulted in G1-phase cell
cycle arrest and inhibited cell growth but failed to induce cell
apoptosis during the process of promoting the terminal
differentiation of ESCC cells.28 However, our cell growth assay
and animal model data showed that S100A14 had no effect on
GC cell growth in vitro and in vivo (Supplementary Figure 3),
which is consistent with the clinical feature, namely, the lack of a
significant difference in S100A14 expression between normal

tissues and tumor tissues. This result suggests that S100A14
modulates differentiation but may not have an important role in
tumor proliferation inGC.Notably, the role of S100A14 inGCcell
proliferation was consistent with the findings of another study
suggesting that S100A14 had no significant effect on cell growth
in esophageal cancer.29

The effect of S100A14 on tumor metastasis remains
controversial. Elevated S100A14 promotes the metastasis of
tumor cells and induces worse survival in breast cancer,35,36

ovarian tumors24 and hepatocellular carcinoma.25 However,
S100A14 inhibits the invasive potential of oral squamous cell
carcinoma31 and urothelial carcinoma,30 and S100A14
expression is inversely associated with multiple lymph node
metastases of small intestinal adenocarcinomas37 and distant
metastasis of colon cancer.27 S100A14 may have different
roles in various kinds of tumors and depend on different
potential signaling pathways. S100A14 was reported to be
either an inducer or an inhibitor of cell invasion dependent on
p53 status.29 Our study is the first to discover that S100A14
has an important role in suppressing GC cell migration and
invasion through blocking the Ca2+ influx.
It is known that the interaction of S100 with other proteins is

dependent on binding with Ca2+, and interactions such as
S100P-ezrin38 and S100A4-Smad339 have been identified to
be dependent on Ca2+ and to promote cell metastasis. These
S100 proteins always exert their functions through cytoplas-
mic calcium-dependent mechanisms. In contrast to other
S100 genes, the calcium-binding site of S100A14 is mutated,
leading to the failed binding between S100A14 and calcium,40

which suggests that some potential calcium-associated
pathways that do not require direct binding with calcium
should be further investigated. Interestingly, in our study,
S100A14 blocked the store-operated Ca2+ influx, and cells
with S100A14 expression decreased spontaneously calcium
fluorescence at rest, in contrast to other cells that do not
express S100A14. Although S100A14 has a low affinity for
calcium, S100A14 may indirectly affect Ca2+ signaling. Unlike
a previous study that showed that S100A10 could bind
to TRPV5 or TRPV6 to affect Ca2+ channel activity,41 we
found that S100A14 could block the Ca2+ influx by down-
regulating Orai1 and STIM1 expression, leading to relatively
low intracellular calcium levels. Ca2+ is known to have an
important role in cellular migration, invasion and motility via
the regulation of various kinases,42 including calpain, which
results in the proteolysis of E-cadherin.43 Our findings
demonstrate that S100A14 may inactivate calpain through
blocking the Ca2+ influx, resulting in the upregulation of
E-cadherin, which serves as a differentiation marker and
prevents GC metastasis.33,44 In accordance with the function
of LKB1,21 GATA-322 and RARRES3,45 S100A14 inhibits
tumor metastasis by regulating differentiation and
adhesion in GC.

Figure 6 S100A14 inhibited cell invasion through downregulating MMPs expression. (a–d) Real-time PCR and western blot analyses of MMP2, MMP9 and MMP11
expression. S100A14 knockdown increased the mRNA and protein levels of MMP2, MMP9 and MMP11 in AGS cells (a and c). S100A14 overexpression decreased their
expression in BGC823 cells (b and d). (e and f) Western blot analyses of MMP2, MMP9 and MMP11 expression. SKF96365 (20 mM) and EGTA (2 mM) reversed the
upregulation of MMP2, MMP9 and MMP11 in S100A14 knockdown AGS cells (e). And SKF96365 and EGTA decreased the expression of MMPs in S100A14-deficient BGC823
cells (f). (g) Representative multiple fluorophore-antibody staining for S100A14 (red), MMP2 (green), MMP9 (yellow) and MMP11 (magenta) on the same tissue samples. DAPI-
stained nuclei (blue). Scale bar, 50 μm. The data are shown as the mean± S.D. of three experiments. *Po0.05; **Po0.01; ***Po0.001
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Matrix metalloproteinases (MMPs) have a vital role in the
tumor invasion process by degrading multiple elements of the
extracellular matrix (ECM).20,46 The 100A14 protein sup-
pressed OSCC cell invasion by downregulating the expres-
sion of MMP1 and MMP9,31 and S100A14 either promoted or
inhibited cell invasion by regulating MMP2 in a p53-dependent
manner.29 Consistent with previous reports,47–49 our findings
imply that S100A14 not only inactivates calpain and stabilized
focal adhesion kinase (FAK) but also downregulates the
expression of MMPs via decreasing cellular Ca2+ levels.
Therefore, the molecular mechanism by which the Ca2+ signal
induced by the loss of S100A14 affects the expression of
MMPs should be further studied in the future.
Collectively, our results indicate that decreased S100A14

expression is associated with poor differentiation, distant
metastasis and poor prognosis in GC. Our study found that
S100A14 regulates tumor cell differentiation by altering PGII
and E-cadherin expression, and S100A14 expression is
significantly correlated with PGII and E-cadherin expression
in GC tissue. Furthermore, S100A14 has an important role in
inhibiting the migration and invasion of gastric cancer cells by
blocking the store-operated Ca2+ influx, leading to FAK
activation and decreased MMP expression in GC cells
(Figure 7). Our findings demonstrate that S100A14 is a
potential biomarker for predicting tumor metastasis and
prognosis in gastric cancer.

Materials and Methods
Tissue specimens. The tissue specimens in this study were scrutinized and
approved by the Ethics Committee of Peking University Cancer Hospital. The
formalin-fixed and paraffin-embedded tissues for immunohistochemistry (IHC) were
used to construct a tissue microarray. In total, tissue samples from 440 cases of
primary gastric tumor and 289 cases with matched normal tissues were obtained
from Peking University Cancer Hospital, and 212 cases of GC had follow-up data.

All tissue specimens were from the patients without radiation therapy and
chemotherapy.

Immunohistochemistry. Immunohistochemistry was performed using a
standard technique with the avidin-biotinylated peroxidase complex as described
previously.18 The slides were incubated with polyclonal anti-S100A14 antibody
(1:100, Proteintech Group, Chicago, IL, USA) at 4 °C overnight. Diaminobenzidine
(DAKO, Carpinterin, CA, USA) staining was used for detecting immunoreactivity.
The intensity of immunoreactivity was graded 0, 1+, 2+ and 3+ for no staining,
weak, medium and strong staining, respectively. Scores of 0 and 1+ were regarded
as low expression; scores of 2+ and 3+ were considered high expression.

Histo-cytometry. Slides loaded with gastric cancer tissue microarrays were
deparaffinized in xylene and rehydrated in a graded alcohol series. Antigen retrieval
was performed in citrate buffer (pH 6.0) at 95 °C for 20 min and cooled down at
room temperature. After the quenching of endogenous peroxidase in 3% H2O2, the
slides were incubated with blocking reagent (ZSGB-BIO, Beijing, China) for 30 min
at room temperature. Antigens were then successively detected using the Opal
protocol: each primary antibody was incubated at 4 °C overnight, followed by
detection using HRP-conjugated secondary antibody (GBI Labs, Bothell, WA, USA)
and TSA-fluor (1:100, PerkinElmer, Santa Clara, CA, USA), after which the primary
and secondary antibodies were thoroughly eliminated by heating the slides in citrate
buffer (pH 6.0) for 10 min at 95 °C. In a serial fashion, each antigen was labeled
with distinct fluorophores. Nuclei were subsequently visualized with DAPI (1:2000,
DAKO), and the slides were coverslipped using ProLong Gold Antifade Mountant
(Thermo Fisher, Waltham, MA, USA). This Opal protocol of MMP2 (1:200, Abcam,
Cambridge, UK; Opal 520), MMP9 (1:200, Abcam; Opal 570), MMP11 (1:200, BGI-
GBI Biotech, Beijing, China; Opal 670), Pepsin C (1:100, LifeSpan BioSciences,
Seattle, WA, USA; Opal 650), E-cadherin (1:100, BD Transduction Laboratory, New
York, NJ, USA; Opal 690) and S100A14 (1:100, Proteintech; Opal 620) was applied
to the GC tissue microarrays. The multiple fluorophore-antibody staining on the
same tissue was photographed and analyzed by PerkinElmer.

Cell lines and cell culture. The gastric cancer cell lines BGC823, MGC803,
SGC7901, AGS and N87 and gastric epithelial cells transfected with SV40 (GES-1)
were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Macgene, Beijing,
China) supplemented with 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA,
USA), 100 units/ml streptomycin, and 100 units/ml penicillin. All the cell lines were
maintained at 37 °C in 5% CO2.

Figure 7 Schematic of S100A14-mediated effects on the differentiation and metastasis of GC cells. S100A14 induced GC cell differentiation through upregulating PGII and
E-cadherin expression. In addition, S100A14 inhibited GC cell migration and invasion by blocking the store-operated Ca2+ influx and decreasing MMP expression in GC cells
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Transfection generation of stable cell lines. The specific RNAi
sequences of S100A14 were designed by Invitrogen (RNAi-2:5′-GGAGUUUCUG
GGAGCUGAUTT-3′; RNAi-3:5′-GAGCUGGGCUAUGGGAAAUTT-3′) and inserted
into the GV248 plasmid (hU6-MCS-Ubi-EGFP; Genechem, Shanghai, China), then
the plasmids and vector were transfected into AGS cells. And the cells were seeded
in selection medium containing 2 μg/ml puromycin (Genechem) for 2 weeks to form
stable clones post-transfection (AGS-vector, AGS-Ri2 and AGS-Ri3, respectively).
The pcDNA3.1-S100A14 and pcDNA3.1-vector plasmids29 (gifts of Professor
Zhihua Liu, Chinese Academy of Medical Sciences and Peking Union Medical
College, Beijing) were transfected into BGC823 cells containing 400 μg/ml G418
(Gibco) to form stable clones (BGC823-S100A14 and BGC823-vector, respectively).
The efficacy of transfection was identified by real-time PCR, western blotting (WB)
and immunofluorescence.

RNA extraction and RT-PCR. Total RNA was extracted from the cell lines
using TRIzol (Invitrogen, Carlsbad, CA, USA) and subjected to RT-PCR and real-
time PCR. The primers used are listed in Supplementary Table S1. The quantity and
purity of the extracted RNA were checked using a NanoDrop spectrophotometer
(Thermo Fisher, Wilmington, DE, USA). Reverse transcriptase polymerase chain
reaction and PCR were performed using the Biometra PCR System (Biometra,
Göttingen, Germany). Real-time PCR was performed using an Applied Biosystems
apparatus (ABI, Foster, CA, USA).

Western blot analysis. Proteins were extracted from the cells for western blot
analysis. In total, 50 μg protein was subjected to 12% SDS-PAGE, transferred to a
PVDF membrane (Millipore, Billerica, MA, USA) and incubated with the following
antibodies: S100A14 antibody (1:500, Proteintech), Pepsin C antibody (1:500,
LifeSpan BioSciences), E-cadherin antibody (1:500, BD Transduction), Orai1
antibody (1:500, Abcam), STIM1 antibody (1:500, Abcam), FAK antibody (1:500,
CST, Beverly, MA, USA), MMP2 antibody (1:1000, Abcam), MMP9 antibody
(1:1000, Abcam) and MMP11 antibody (1:500, BGI-GBI Biotech). The membrane
was then incubated with HRP-conjugated goat anti-mouse IgG (1:2000, ZSGB-BIO)
or HRP-conjugated goat anti-rabbit IgG (1:2000, ZSGB-BIO). β-Actin antibody
(1:10 000, Sigma, St. Louis, MO, USA) was used as a control. The protein level was
detected by ECL (GE Healthcare, Buckinghamshire, UK). Chemiluminescence was
visualized using a SmartChemi image analysis system (Sagecreation, Beijing,
China).

Immunofluorescence. The cells were grown on glass slides, washed with
PBS, and fixed in 4% paraformaldehyde for 10 min. After 1 h blocking with 5% BSA
(Amresco, Solon, OH, USA), the slides were incubated with anti-S100A14 (1:100,
Proteintech) and anti-Vinculin (1:100, Proteintech) followed by goat anti-mouse-
TRITC-conjugated IgG (1:100, ZSGB-BIO) or goat anti-rabbit-Cy5-conjugated IgG
(1:100, Abcam). After the slides were washed, they were studied using a confocal
fluorescence imaging microscope (LSM780, ZEISS, Göttingen, Germany).

Cell migration and invasion assays. The migration assay was performed
using Transwell plates with inserts containing 8 μm pores in a polycarbonate
membrane (Corning, NY, USA). The invasion assay was performed using a Matrigel
Invasion Chamber (Corning). The cells (5 × 104) were suspended in serum-free
DMEM and seeded in triplicate in each insert. DMEM supplemented with 10% FBS
was used as a chemoattractant. After 12 ~ 24 h incubation, the cells were fixed
immediately with 4% formaldehyde and stained with 0.1% crystal violet. The cells
that penetrated the membrane were imaged and counted.

Mouse model. Animal experiments were carried out in strict accordance with
the recommendations of the Guide for the Care and Use of Laboratory Animals of
the Ethics Committee of Peking University Cancer Hospital and Institute. For the
experimental pulmonary metastasis model, 5 × 105 cells were suspended in 1 ×
Hank’s buffer (Macgene) and injected into the tail veins of female NOD/SCID mice
(Vitalriver Laboratory Animals). Five mice were included in each group. The lung
tumor specimens were filled with Bouin's fixative, immersed in formalin, embedded
in paraffin and subjected to H&E staining and IHC staining for S100A14 6 weeks
later. The lung metastasis nodes from all mice were photographed and analyzed.

Calcium assay. The calcium assay was performed as described previously.50

The cells were plated onto gelatin-coated 30 mm plates 1 day before the
experiments. The cells were washed with Tyrode's solution and incubated with 4 μM
Fluo-4 AM (Invitrogen) or Fura-4 AM (Invitrogen) for 30 min at room temperature.

The cells were then washed with Tyrode's solution. To measure store-operated Ca2+

influx, 4 mM EGTA and 4 mM thapsigargin (TG) (Abcam) were added to deplete
internal calcium stores. Ca2+ influx was induced by the subsequent addition of 2 mM
Ca2+ (free) after store depletion. The change in calcium fluorescence was monitored
using a confocal fluorescence imaging microscope (LSM710, ZEISS), which was
performed in Professor Heping Cheng’s laboratory at the Institute of Molecular
Medicine, Peking University.

Statistical analysis. All statistical analyses were conducted using SPSS 20.0
software (Armonk, NY, USA). The data are expressed as the means± S.D.
Correlations between protein expression and clinical features from patients were
performed using the chi-square test (χ2-test). Kaplan–Meier survival analysis and
the log-rank test were used to evaluate the prognosis of the patients. For in vitro and
in vivo assays, statistically significant differences were determined by Student’s t-
test. P⩽ 0.05 was considered statistically significant in all the cases.

Conflict of Interest
The authors declare no conflict of interest.

Acknowledgements. This study was supported by the National Bio-Tech 863
Program (No. 2012AA02A504), the Beijing Natural Science Foundation (No.
7142036), the Beijing Nova Program (Z151100000315069) and the Beijing Municipal
Administration of Hospitals Clinical Medicine Development of Special Funding
Support (ZYLX201701). We thank the tissue bank of Peking University Cancer
Hospital for providing the gastric cancer specimens. We thank Professor Zhihua Liu
for providing the S100A14 overexpression plasmids. We thank Professor Heping
Cheng for allowing us to use the facilities at the Institute of Molecular Medicine,
Peking University.

PUBLISHER’S NOTE
Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

1. Ferlay J, Soerjomataram I, Ervik M, Dikshit R, Eser S, Mathers C et al. GLOBOCAN 2012
v1.0, cancer incidence and mortality worldwide: IARC cancer base no. 11 [Internet].
International Agency for Research on Cancer, Lyon. Int J Cancer 2014; 136: E359–E386.

2. Hartgrink HH, Jansen EP, van Grieken NC, van de Velde CJ. Gastric cancer. Lancet 2009;
374: 477–490.

3. Tahara E. Molecular biology of gastric cancer. World J Surg 1995; 19: 484–488.
4. Donato R. S100: a multigenic family of calcium-modulated proteins of the EF-hand type with

intracellular and extracellular functional roles. Int J Biochem Cell Bio 2001; 33: 637.
5. Ji J, Zhao L, Wang X, Zhou C, Ding F, Su L et al. Differential expression of S100 gene family

in human esophageal squamous cell carcinoma. J Cancer Res Clin Oncol 2004; 130:
480–486.

6. Salama I, Malone PS, Mihaimeed F, Jones JL. A review of the S100 proteins in cancer.
Eur J Surg Oncol 2008; 34: 357–364.

7. Sapkota D, Bruland O, Bøe OE, Bakeer H, Elgindi OA, Vasstrand EN et al. Expression profile
of the S100 gene family members in oral squamous cell carcinomas. J Oral Pathol Med
2008; 37: 607–615.

8. Yao R, Lopezbeltran A, Maclennan GT, Montironi R, Eble JN, Cheng L. Expression of S100
protein family members in the pathogenesis of bladder tumors. Anticancer Res 2007; 27:
3051–3058.

9. Ohuchida K, Mizumoto K, Miyasaka Y, Yu J, Cui L, Yamaguchi H et al. Over-expression of
S100A2 in pancreatic cancer correlates with progression and poor prognosis. J Pathol 2007;
213: 275–282.

10. Zhang HY, Zheng XZ, Wang XH, Xuan XY, Wang F, Li SS. S100A4 mediated cell invasion
and metastasis of esophageal squamous cell carcinoma via the regulation of MMP-2 and
E-cadherin activity. Mol Biol Rep 2012; 39: 199–208.

11. Hua Z, Chen J, Sun B, Zhao G, Zhang Y, Fong Y et al. Specific expression of osteopontin
and S100A6 in hepatocellular carcinoma. Surgery 2011; 149: 783–791.

12. Bjørnland K, Winberg JO, Ødegaard OT, Hovig E, Loennechen T, Aasen AO et al. S100A4
involvement in metastasis deregulation of matrix metalloproteinases and tissue inhibitors of
matrix metalloproteinases in osteosarcoma cells transfected with an anti-S100A4 ribozyme.
Cancer Res 1999; 59: 4702.

13. Saleem M, Kweon MH, Johnson JJ, Adhami VM, Elcheva I, Khan N et al. S100A4
accelerates tumorigenesis and invasion of human prostate cancer through the transcriptional
regulation of matrix metalloproteinase 9. Proc Natl Acad Sci USA 2006; 103: 14825.

14. Qin F, Song Y, Li Z, Zhao L, Zhang Y, Geng L. S100A8/A9 induces apoptosis and inhibits
metastasis of CasKi human cervical cancer cells. Pathol Oncol Res 2010; 16: 353–360.

S100A14 inhibits metastasis in GC
M Zhu et al

11

Cell Death and Disease



15. Whiteman HJ, Weeks ME, Dowen SE, Barry S, Timms JF, Lemoine NR et al. The role of
S100P in the invasion of pancreatic cancer cells is mediated through cytoskeletal changes
and regulation of cathepsin D. Cancer Res 2007; 67: 8633.

16. Pierce A, Barron N, Linehan R, Ryan E, O'Driscoll L, Daly C et al. Identification of a novel,
functional role for S100A13 in invasive lung cancer cell lines. Eur J Cancer 2008; 44: 151.

17. Zang S, Guo R, Zhang L, Lu Y. Integration of statistical inference methods and a novel
control measure to improve sensitivity and specificity of data analysis in expression profiling
studies. J Biomed Inform 2007; 40: 552–560.

18. Zhang Q, Zhu M, Cheng W, Xing R, Li W, Zhao M et al. Downregulation of 425G4a variant
of calcium-binding protein S100A14 associated with poor differentiation and prognosis in
gastric cancer. J Cancer Res Clin Oncol 2015; 141: 691–703.

19. Lli D, Cacute DK, Furuta Y, Kanazawa S, Takeda N, Sobue K et al. Reduced cell motility and
enhanced focal adhesion contact formation incells from FAK-deficient mice. Nature 1995;
377: 539.

20. Egeblad M, Werb Z. New functions for the matrix metalloproteinases in cancer progression.
Nat Rev Cancer 2002; 2: 161–174.

21. Ji H, Ramsey MR, Hayes DN, Fan C, McNamara K, Kozlowski P et al. LKB1 modulates lung
cancer differentiation and metastasis. Nature 2007; 448: 807–810.

22. Kouros-Mehr H, Bechis SK, Slorach EM, Littlepage LE, Egeblad M, Ewald AJ et al. GATA-3
links tumor differentiation and dissemination in a luminal breast cancer model. Cancer Cell
2008; 13: 141–152.

23. Pietas A, Schlüns K, Marenholz I, Schäfer BW, Heizmann CW, Petersen I. Molecular cloning
and characterization of the human S100A14 gene encoding a novel member of the
S100 family. Genomics 2002; 79: 513–522.

24. Cho H, Shin HY, Kim S, Kim JS, Chung JY, Chung EJ et al. The role of S100A14 in epithelial
ovarian tumors. Oncotarget 2014; 5: 3482–3496.

25. Zhao FT, Jia ZS, Yang Q, Song L, Jiang XJ. S100A14 promotes the growth and metastasis of
hepatocellular carcinoma. Asian Pac J Cancer Prev 2013; 14: 3831–3836.

26. Sapkota D, Costea DE, Blø M, Bruland O, Lorens JB, Vasstrand EN et al. S100A14 inhibits
proliferation of oral carcinoma derived cells through G1-arrest. Oral Oncol 2012; 48: 219.

27. Wang HY, Zhang JY, Cui JT, Tan XH, Li WM, Gu J et al. Expression status of S100A14 and
S100A4 correlates with metastatic potential and clinical outcome in colorectal cancer after
surgery. Oncol Rep 2010; 23: 45–52.

28. Xu C, Chen H, Wang X, Gao J, Che Y, Li Y et al. S100A14, a member of the EF-hand
calcium-binding proteins, is overexpressed in breast cancer and acts as a modulator of
HER2 signaling. J Biol Chem 2014; 289: 827–837.

29. Chen H, Yuan Y, Zhang C, Luo A, Ding F, Ma J et al. Involvement of S100A14 protein in cell
invasion by affecting expression and function of matrix metalloproteinase (MMP)-2 via p53-
dependent transcriptional regulation. J Biol Chem 2012; 287: 17109–17119.

30. Lee MS, Hsu WT, Deng YF, Lin CW, Weng EY, Chang HP et al. SOX2 suppresses the
mobility of urothelial carcinoma by promoting the expression of S100A14. Biochem Biophys
Rep 2016; 7: 230–239.

31. Sapkota D, Bruland O, Costea DE, Haugen H, Vasstrand EN, Ibrahim SO. S100A14
regulates the invasive potential of oral squamous cell carcinoma derived cell-lines in vitro by
modulating expression of matrix metalloproteinases, MMP1 and MMP9. Eur J Cancer 2011;
47: 600–610.

32. Fernández R, Vizoso F, Rodríguez JC, Merino AM, González LO, Quintela I et al.
Expression and prognostic significance of pepsinogen C in gastric carcinoma. Ann Surg
Oncol 2000; 7: 508–514.

33. Kageyama T, Ichinose M, Tsukada-Kato S, Omata M, Narita Y, Moriyama A et al. Molecular
cloning of neonate/infant-specific pepsinogens from rat stomach mucosa and their
expressional change during development. Biochem Biophys Res Commun 2000; 267:
806–812.

34. Karayiannakis AJ, Syrigos KN, Chatzigianni E, Papanikolaou S, Karatzas G. E-cadherin
expression as a differentiationmarker in gastric cancer.Hepatogastroenterology 1998; 45: 2437.

35. Mckiernan E, Mcdermott EW, Evoy D, Crown J, Duffy MJ. The role of S100 genes in breast
cancer progression. Tumour Biol 2011; 32: 441–450.

36. Tanaka M, Ichikawa-Tomikawa N, Shishito N, Nishiura K, Miura T, Hozumi A et al. Co-
expression of S100A14 and S100A16 correlates with a poor prognosis in human breast
cancer and promotes cancer cell invasion. BMC Cancer 2015; 15: 53.

37. Kim G, Chung JY, Jun SY, Eom DW, Bae YK, Jang KT et al. Loss of S100A14 expression is
associated with the progression of adenocarcinomas of the small intestine. Pathobiology
2013; 80: 95.

38. Austermann J, Nazmi AR, Müllertidow C, Gerke V. Characterization of the Ca2+ -regulated
ezrin-S100P interaction and its role in tumor cell migration. J Biol Chem 2008; 283:
29331–29340.

39. Matsuura I, Lai CY, Chiang KN. Functional interaction between Smad3 and S100A4 (metastatin-
1) for TGF-beta-mediated cancer cell invasiveness. Biochem J 2010; 426: 327–335.

40. Bertini I, Borsi V, Cerofolini L, Gupta SD, Fragai M, Luchinat C. Solution structure and
dynamics of human S100A14. J Biol Inorg Chem 2013; 18: 183.

41. Sf VDG, Hoenderop JG, Gkika D, Lamers D, Prenen J, Rescher U et al. Functional
expression of the epithelial Ca(2+) channels (TRPV5 and TRPV6) requires association of the
S100A10-annexin 2 complex. EMBO J 2003; 22: 1478–1487.

42. Berridge MJ, Bootman MD, Roderick HL. Calcium signalling: dynamics, homeostasis and
remodelling. Nat Rev Mol Cell Biol 2003; 4: 517–529.

43. Riosdoria J, Day KC, Kuefer R, Rashid MG, Chinnaiyan AM, Rubin MA et al. The role of
calpain in the proteolytic cleavage of E-cadherin in prostate and mammary epithelial cells. J
Biol Chem 2003; 278: 1372–1379.

44. Zhu YW, Yan JK, Li JJ, Ou YM, Yang Q. Knockdown of radixin suppresses gastric cancer
metastasis in vitro by up-regulation of E-cadherin via NF-kappaB/snail pathway. Cell Physiol
Biochem 2016; 39: 2509–2521.

45. Morales M, Arenas EJ, Urosevic J, Guiu M, Fernandez E, Planet E et al. RARRES3
suppresses breast cancer lung metastasis by regulating adhesion and differentiation. EMBO
Mol Med 2014; 6: 865–881.

46. Mccawley LJ, Matrisian LM. Matrix metalloproteinases: multifunctional contributors to tumor
progression. Mol Med Today 2000; 6: 149–156.

47. Liu WH, Chang LS. Caffeine induces matrix metalloproteinase-2 (MMP-2) and MMP-9
down-regulation in human leukemia U937 cells via Ca2+/ROS-mediated suppression of
ERK/c-fos pathway and activation of p38 MAPK/c-jun pathway. J Cell Physiol 2010; 224:
775–785.

48. Achison M, Elton CM, Hargreaves PG, Knight CG, Barnes MJ, Farndale RW. Integrin-
independent tyrosine phosphorylation of p125(fak) in human platelets stimulated by
collagen. J Biol Chem 2001; 276: 3167.

49. Sundaramoorthy P, Sim JJ, Jang YS, Mishra SK, Jeong KY, Mander P et al. Modulation of
intracellular calcium levels by calcium lactate affects colon cancer cell motility through
calcium-dependent calpain. PLoS ONE 2015; 10: e0116984.

50. Yang S, Zhang JJ, Huang XY. Orai1 and STIM1 are critical for breast tumor cell migration
and metastasis. Cancer Cell 2009; 15: 124.

Cell Death and Disease is an open-access journal
published by Nature Publishing Group. This work is

licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from
the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

r The Author(s) 2017

Supplementary Information accompanies this paper on Cell Death and Disease website (http://www.nature.com/cddis)

S100A14 inhibits metastasis in GC
M Zhu et al

12

Cell Death and Disease

http://creativecommons.org/licenses/by/4.0/

	Calcium-binding protein S100A14 induces differentiation and suppresses metastasis in gastric cancer
	Main
	Results
	Decreased expression of S100A14 is positively associated with poor differentiation and poor prognosis in GC
	S100A14 regulates GC cell differentiation by upregulating the expression of PGII and E-cadherin
	S100A14 inhibites GC cell migration and invasion in vitro and in vivo
	S100A14 inhibites GC cell migration and invasion by modulating the store-operated Ca2+ influx
	S100A14 regulates focal adhesion turnover through modulating the store-operated Ca2+ influx
	S100A14 downregulates MMP expression by modulating the store-operated Ca2+ influx

	Discussion
	Materials and methods
	Tissue specimens
	Immunohistochemistry
	Histo-cytometry
	Cell lines and cell culture
	Transfection generation of stable cell lines
	RNA extraction and RT-PCR
	Western blot analysis
	Immunofluorescence
	Cell migration and invasion assays
	Mouse model
	Calcium assay
	Statistical analysis

	Acknowledgements
	Notes
	References




