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Abstract The S100 protein family genes play a crucial
role in multiple stages of tumorigenesis and progression.
Most of S100 genes are located at chromosome locus
1q21, which is a region frequently rearranged in can-
cers. Here, we examined the expression of the S100
family genes in paired pancreatic ductal adenocarcino-
ma (PDAC) samples and further validated the expres-
sion of S100A16 by immunohistochemistry staining.
We found that SI00A16 is significantly upregulated in
clinical PDAC samples. However, its roles in PDAC are
still unclear. We next demonstrated that SI00A 16 pro-
motes PDAC cell proliferation, migration, invasion, and
metastasis both in vitro and in vivo. Knockdown of
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S100A16 induces PDAC cell cycle arrest in the G2/M
phase and apoptosis. Furthermore, we also demonstrat-
ed that SI00A16 promotes PDAC cell proliferation,
migration, and invasion via AKT and ERK1/2 signaling
in a fibroblast growth factor 19 (FGF19)-dependent
manner. Taken together, our results reveal that
S100A16 is overexpressed in PDAC and promotes
PDAC progression through FGF19-mediated AKT and
ERK1/2 signaling, suggesting that SI00A16 may be a
promising therapeutic target for PDAC.
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Introduction

As a devastating disease, pancreatic ductal adenocarci-
noma (PDAC) is one of the most lethal causes of cancer-
related disease. Due to its aggressive feature, most of
PDAC patients are diagnosed at advanced disease
stages, with a 5-year survival rate of less than 8%
(Manyji et al. 2017; Fang et al. 2017). Previous studies
reported that many risk factors contribute to PDAC,
such as smoking, alcohol drinking, adiposity, diabetes,
pancreatitis, and some genetic factors (Iodice et al.
2008; Tramacere et al. 2010; Pang et al. 2019;
Maisonneuve and Lowenfels 2015; Kirkegard et al.
2018). Though these traditional factors and some bio-
markers helped us in understanding risk prediction and
early diagnosis of PDAC, there are few treatment op-
tions for PDAC patients (Hessmann et al. 2017). Surgi-
cal resection and chemotherapeutics remain the main-
stay of treatment for PDAC. Nevertheless, only approx-
imately 10-20% of PDAC patients were diagnosed in
the early stages and suitable for surgical resection.
Moreover, these patients undergoing surgical resection
have a very high rate of recurrence and only survive
between 24 and 30 months (Riquelme et al. 2019; Gillen
et al. 2010; Nevala-Plagemann et al. 2019). For patients
diagnosed at advanced disease stages, because of me-
tastasis presentation, chemotherapeutics are the main-
stay option. However, chemotherapeutics resistance,
low response rate, and toxic effect lead to only modestly
extending survival (Halbrook and Lyssiotis 2017; Ding
et al. 2019). Molecular-targeted therapy is used in mul-
tiple kinds of tumors while having a little positive im-
pact on PDAC patients so far (Kumarasamy et al. 2019).
On this occasion, more strenuous efforts are needed to
understand the molecular pathology of PDAC and de-
velop novel therapeutic strategies.

The S100 protein family is composed of small acidic
proteins and plays a crucial role in vertebrate evolution.
In response to calcium ions, S100 proteins regulate
many processes of cellular biology by interacting with
distinct proteins (Sturchler et al. 2006; Marenholz and
Heizmann 2004). We examined the expression of the
S100 genes in paired PDAC samples, and S1I00A16 was
one of the most overexpressed genes in tumors com-
pared to matched normal tissues. As a new member of
the S100 proteins, SI00A16 is highly conserved in
mammals (Babini et al. 2011). Recently, SI00A16
was reported as a prognostic marker in various kinds
of cancer, such as lung adenocarcinoma, colorectal
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cancer, and prostate cancer. Overexpression of
S100A16 in tumors associated with the growth and
EMT of cancer cells (Chen and Liang 2018; Sun et al.
2018; Zhu et al. 2016). However, the potential functions
and mechanisms of S100A16 in PDAC are still unclear.
In this study, we demonstrate that SI00A16 is highly
expressed in PDAC and correlates with poor prognosis.
Knockdown or knockout of SI00A16 significantly at-
tenuated the progression of PDAC via downregulating
AKT and ERK1/2 pathways in an FGF19-dependent
manner. SIO0A16 may provide a potential therapeutic
target for PDAC.

Materials and methods
Gene expression profiling analysis

The expression of S100 family genes was obtained from
TCGA, and the differential expression of SI00A16 was
verified by two different datasets GSE16515 and
GSE15471 from the GEO database. The survival curve
was obtained from the online database, GEPIA.

Plasmid and lentivirus

The lentiviral vector pPLKO.1 TRC cloning vector
(Addgene plasmid 10878) was used for constructing
shRNA for S100A16. The restriction enzymes EcoR1
and Agel were used for cloning the sequence of
S100A16 into the pLKO.1 empty vector. Two
S100A16 shRNAs sequences used here were 5'-
CAGCCTGGTCAAGAACAAGAT-3" and 5'-
CAGAACCTGGATGCCAATCAT-3". For further si-
lencing S100A16 in SW1990 and PANCI, S100A16-
targeted small interfering RNAs (siRNAs) were ordered

Fig. 1 S100A16 is highly expressed in PDAC tissues and P>
pancreatic cancer cell lines. a The expression of S100 family
genes in 60 pairs of PDAC tissue samples. b Representative
hematoxylin and eosin and IHC staining for SI00A16 in PDAC
and adjacent noncancerous tissue (scale bar, 50 um). The
expression of SI00A16 is higher in tumors than in adjacent
tissues. ¢ The expression of S1I00A16 is higher in pancreatic
cancer cells than normal pancreatic cells. GAPDH was used as a
control. d S100A16 is overexpressed in PDAC compared to
noncancerous tissues in both GEO and TCGA databases
(P<0.05). e The overexpression of SI00A16 in PDAC is
significantly associated with poor overall and disease-free survival
in the TCGA dataset based on the GEPIA2 analysis
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4 Fig. 2 S100A16 promotes growth and proliferation of PDAC
cells. a Western blot analysis for SI00A16 expression in the
knocked down cell lines using two siRNAs. b, ¢ The cell growth
and proliferation capacity of SI00A16 were tested by the trypan
blue staining and CCK-8 assay. The knockdown of S100A16
reduced cell growth and proliferation of pancreatic cancer cells.
d CRISPR/Cas9-mediated knockout of SI00A16 in SW1990 cell
line was detected by western blot. e, f Using the trypan blue
staining and CCK-8 assay, SI00A16 knockout in SW1990 cells
significantly decreased the proliferation rate compared to
S100A16+/+ cells. g Western blot assay shows the overexpression
level of SI00A16 in SW1990 and PANCI cell lines. h, i SI00A16
overexpression groups have a higher growth rate in SW1990 and
PANCI cell lines. j The colony formation ability was significantly
reduced in S100A16 knocked out SW1990 cells. k, 1 The colony
formation experiment was conducted in PANC1 and SW1990
cells which are overexpressed SI00A16. (All data are mean +
s.em. **P <0.01; ***P <0.001)

from GenePharma Company (Shanghai, China), and
the ExFect®2000 Transfection Reagent was bought
from Vazyme Company. The siRNAs for SI00A16
(siS100A16-1, sense 5'-CCAAUCAUG
AUGGGCGCAUCAGCUU-3', antisense 5-
AAGCUGAUGCGCCCAUCAUGAUUGG-3;
siS100A16-2, sense 5'-CAGTCATTGTCCTG
GTGGAAA-3', antisense 5'-TTTCCACCAGGACA
ATGACTG-3'; scrambled siRNA (siNC), sense 5'-
UUCUCCGAACGUGUCACGUTT-3', antisense 5'-
ACGUGACACGUUCGGAGAATT-3') were synthe-
sized. To construct cell lines stably overexpressing
S100A16, the pLenti-CMV-GFP-Puro empty vector
was purchased from Addgene. The coding area of
S100A16 was amplified from SW1990 and then con-
nected to the carrier. The cells were screened with
puromycin (2 pg/mL) for 7 days, and the stable strain
was obtained. The pLenti-CRISPR V2 vector
(Addgene) was used to construct stable cell lines. The
S100A16 has been knocked out. The sequences are as
follows: sense 5'-CACCGGGAGAAGGCAGTCAT
TGTCC-3’, antisense 5'-CCCTCTTCCGTCAG
TAACAGGCAAA-3'.

Quantitative real-time PCR

Total RNA was isolated from cells with TRIzol
reagent (Tiangen), purified by trichloromethane.
Then 500-1000 ng RNA was stably transcribed into
cDNA using a RNA reverse transcription kit pur-
chased from Abm. The expression of SIO0A16 was
detected by a BIORAD Real-Time PCR system. The

specific primers used here were as follows:
S100A16 5'-TGGAGAGGAGGCAGACTGAG-3’
and 5'-CCACCAGGACAATGACTGC-3'; GAPDH
5'-ACCCAGAAGACTGTGGATGG-3" and 5'-
TTCAGCTCAGGGATGACCTT-3".

Xenograft models

Four- to six-week-old BALB/c-nude male mice were
purchased from Shanghai Vital River Laboratory Ani-
mal Technology Co., Ltd. Then, the mice were injected
subcutaneously with 5 x 10°® Aspcl cells. To track the
process of tumor formation, the size of the xenograft
was measured once a week, and the tumor volume was
calculated using the formula volume length x width /2.
After 4 weeks, the tumor was surgically stripped off and
weighed. Parts of the tumors were fixed by 4% parafor-
maldehyde overnight and immunohistochemistry assay
was conducted. The remaining tissue was lysed for
protein extraction for the western blot experiment.

Tail vein injection and metastasis models

For tail vein injection assay, the immunodeficient
mice were also ordered from Vitalriver (Shanghai,
China) and raised in a specific pathogen-free (SPF)
Laboratory Animal Center at Nanjing Medical Uni-
versity. Two hundred microliters Aspcl cell sus-
pensions containing 2 x 10° cells were injected
through the tail vein. After the mice were eutha-
nized, the tumors were photographed and saved for
subsequent experiments.

Statistical analysis

All the results represent three independent experiments,
and all data are mean + s.e.m. Statistical differences
were calculated using the Student’s 7 test, and P < 0.05
was considered significant.

Results

S100A16 expression is significantly elevated in PDAC
and correlates with poor prognosis

To investigate the potential role of the S100 family

genes in PDAC development, we examined the ex-
pression of the S100 genes in paired PDAC samples,
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cycle of human PDAC cells. a The western blotting data con-
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and S100A16 was one of the most overexpressed
genes in tumors compared to matched normal tissues
(Fig. 1a). Based on both The Cancer Genome Atlas
(TCGA) and The Human Protein Atlas (HPA)
datasets, the expression of S100A16 was shown
significantly higher in most of PDAC tumor tissues
but not/low expression in non-tumor pancreas

(c) cell lines. d Cell cycle assay was carried out in SW1990 cell,
and the cell cycle was blocked in the G2 phase in the SI00A16
knockdown cells(KO-S100A16), Data are mean + s.e.m. *P <
0.05; **P < 0.01;***P < 0.001

tissues (Fig. S1). We next examined S100A16 ex-
pression in PDAC tissues. Immunohistochemical
(IHC) staining of S100A16 in PDAC tissues and
adjacent non-tumor pancreatic tissues revealed that
S100A16 expression was elevated in PDAC tissues
(Fig. 1b). Moreover, SI00A16 protein expression
level in PDAC cell lines was apparently higher than
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4 Fig. 5 The functions of SI00A16 in PDAC progression are
partially through AKT and ERK signaling pathways. a The
effects of SI00A16 overexpression of the expression of different
signaling pathways. Overexpression of SI00A16 increases the
phosphorylation level of AKT and ERK. b, ¢ PANCI cells
transfected with Plenti-con and plenti-S100A 16 were treated with
DMSO and MK2206 inhibitor for AKT (b) or U0126 inhibitor for
ERK (c), then the cell migration experiment was conducted. d
SW1990 cells transfected with Plenti-con and plenti-S100A16
were treated with DMSO and U0126 inhibitor for ERK, then the
cell migration experiment was conducted. e Knockout of
S100A16 in the SW1990 cell line declines the phosphorylation
level of AKT and ERK, but the re-expression of SI00A16 restores
the phosphorylation level of AKT and ERK. f, g SW1990 cells
transfected with Plenti-con and plenti-S100A 16 were treated with
DMSO and MK2206 (f) and U0126 (g) in the SW1990 cell line
then CCK-8 assay was carried out to test the proliferation ability.
(Data are mean + s.e.m. **P<0.01; ***P < 0.001;ns, not signifi-
cant.)

in the normal pancreatic cells (HPNE cells) (Fig.
Ic). Consistently, SI00A16 expression was also
shown to be significantly upregulated in tumor sam-
ples compared to normal tissues in other PDAC
datasets (GSE16515 and GSE15471, P<0.0001) as
well as the TCGA datasets. Patients with high
S100A16 expression were associated with poor
overall and disease-free survival compared to pa-
tients with low S100A16 expression (Fig. le). Tak-
en together, these data verify that SI00A16 expres-
sion was upregulated in PDAC and associated with
the prognosis of PDAC patients.

S100A16 promotes growth and proliferation of PDAC
cells

The upregulation of SI00A16 in PDAC prompted us
to investigate its potential functions in PDAC pro-
gression. Thus, the effects of SI00A16 on the
growth of PDAC cells were evaluated. As shown
in Fig. 2a—c and Fig. S2a, b, knockdown of
S100A16 expression by siRNA or shRNA signifi-
cantly attenuated the proliferation of SW1990 or
Aspcl cells by performing trypan blue staining and
CCK-8 assays. Similarly, in Fig. S2e, f, knockdown
of S100A16 expression by siRNA effectively re-
duced the cell proliferation rate of KPC cells by
CCK-8 assays. For better exploring of the biological
functions of S100A16, we generated an S100A16-
knockout cell line using the CRISPR/Cas9 system
(Fig. 2d). Trypan blue staining and CCK-8 assays

also revealed that knockout of SI00A16 suppressed
the growth of SW1990 cells (Fig. 2e, f). Consistent
with these, stable overexpression of S100A16 in
SW1990 and PANCI cells by lentivirus dramatical-
ly promoted the growth of PDAC cells (Fig. 2g—i).
Furthermore, a colony-forming assay was per-
formed. As shown in Fig. 2j-1, knockout of
S100A16 inhibited the ability of cell clone forma-
tion, while overexpression of S100A16 promoted
this process. Taken together, our results demonstrate
that S100A16 promotes the growth of PDAC cells
in vitro.

S100A16 promotes migration and invasion of PDAC
cells

Metastasis is one of the major obstacles to improve
the outcome of PDAC patients. Thus, we want to
evaluate whether S100A 16 influences the process of
PDAC metastasis. As shown in Fig. 3a, knockdown
of S100A16 by siRNA significantly inhibited the
migration and invasion of PANCI1 cells. Knockout
of S100A16 also obviously inhibited the migration
of SW1990 cells, while re-expression of SI00A16 in
S100A16-knockout SW1990 cells restored the mi-
gration ability (Fig. 3b). EMT is a crucial step for
cancer cell metastasis. To understand the potential
mechanism of S100A16 on PDAC cell metastasis,
expression levels of EMT markers, E-cadherin and
vimentin were measured. As shown in Fig. 3c, the
knockout of S100A16 led to the increased protein
level of E-cadherin, while re-expression of SI00A16
decreased E-cadherin expression. On the contrary,
knockout of SI00A16 led to the reduced protein
level of vimentin, while re-expression of S100A16
restored vimentin expression. Besides, wound
healing assay also revealed that knockout of
S100A16 significantly inhibited PDAC cell migra-
tion (Fig. S2d). The knockdown of S100A16 by
shRNA has a similar phenomenon in different
PDAC cells (Fig. 3d and Fig. S2c). These results
suggested that SI00A16 promoted the migration and
invasion of PDAC cells. To confirm that, we further
overexpressed S100A16 in SW1990 and PANCI
cells and found that the upregulation of SI00A16
dramatically promoted the migration and invasion of
PDAC cells (Fig. 3e, f). Consistent with these,
S100A16 suppressed the expression of E-cadherin
while increased vimentin expression (Fig. 3g).
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4 Fig. 6 The result of RNA sequencing and validation shows that
FGF19 obviously reduced in SI00A16 knocked out cells. a The
represent heatmap of dysregulated genes in RNA sequencing. b, ¢
qPCR assays are carried out to detect the mRNA level of FGF19 in
SW1990 and Aspcl cells. d The knockdown of FGF19
significantly inhibits the phosphorylation level of AKT and ERK
in SW1990 cells. e FGF19 is effectively decreased in SI00A16
knocked out the SW1990 cell line. f FGF19 is significantly
increased in S100A16 overexpressed PANCI cell lines. g CCKS8
assay was used to test the proliferation ability of FGF19 knocked
down Aspcl cells. h After overexpression of SI00A16 in Aspcl
cells, a migration experiment was conducted to test the
transferability of FGF19 knocked down Aspcl cells. i The
expression of FGF19 and FGFR4 in pancreatic cancer cells and
normal pancreatic cells were detected by western blot. Data are
shown as mean +£SEM. *##p<0.001

Collectively, our data suggested that SI00A16 facil-
itates migration and invasion of PDAC cells and
possess their oncogenic phenotypes.

Knockdown of S100A16 induces PDAC cell apoptosis
and cell cycle arrest

To investigate the impact of SI00A16 on cell survival,
apoptosis was assessed by Annexin V/propidium iodide
(PI) staining. As shown in Fig. 4a, b, knockdown of
S100A16 in Aspcl by shRNA increased the percentage
of Annexin V+ cells, which suggested promoting cancer
cell apoptosis. A similar phenomenon was found in
PANCI cells (Fig. 4¢). In SW1990 cells, cell cycle
analysis showed that knockout of SI00A16 increased
the percentage of cells in the G2/M phase, whereas
reduced the rate of cells in the G1 phase (Fig. 4d). Taken
together, these results demonstrate that SI00A16 sup-
pressed PDAC cells apoptosis and knockdown of
S100A16 induced PDAC cell cycle arrest in the G2/M
phase.

The functions of SI00A16 in PDAC progression are
partially through FGF19-mediated AKT and ERK
signaling pathways

PI3K/Akt, MEK/ERK and Wnt/@-catenin signaling
pathways are critical for PDAC progression. To
elucidate the mechanism of S100A16 mediated
PDAC progression, phosphorylated AKT (p-ATK),
phosphorylated ERK1/2 (p-ERK1/2), and [3-catenin
protein levels were evaluated by Western Blot. As

shown in Fig. 5a, overexpression of S100A16 in
SW1990 and PANCI1 cells dramatically promoted
the phosphorylation of ATK and ERK1/2, while
having little influence on the phosphorylation of
JNK and expression levels of (3-catenin. That is
implying a dominant role for AKT and ERK1/2
signaling pathways in S100A16-mediated PDAC
progression. To verify whether SI00A16 promotes
PDAC progression through modulation of the AKT
and ERK signaling pathways, AKT and ERK1/2
were blocked by MK2206 and U0126, respectively.
As shown in Fig. 5b—d, SI00A16-mediated migra-
tion was significantly blocked by ATK inhibitor
MK2206 in PANCI cells. ERK1/2 inhibitor U0126
also eliminates S100A16-mediated migration in
PANCI1 and SW1990 cells. Moreover, knockout of
S100A16 in SW1990 cells significantly inhibited the
phosphorylation of ATK and ERK1/2, while re-
expression of S100A16 in S100A16-knockout
SW1990 cells restored these processes (Fig. 5e).
Consistent with these, SI00A16-mediated prolifera-
tion could be reduced by MK2206 and U0126 (Fig.
5f, g). Taken together, our results demonstrate that
S100A16 promotes PDAC progression partially
through AKT and ERK signaling pathways.

To further explore how S100A16 regulates AKT and
ERK signaling pathways, RNA-seq analysis was per-
formed after S100A16 knockout in SW1990 cells to ana-
lyze the genes whose expression was regulated by
S100A16. As shown in Fig. 6a, we found that the expres-
sion of FGF19 was dramatically decreased after SI00A16
knockout. Since FGF19 was previously reported to interact
with FGFR4 and then activates AKT and ERK signaling
pathways (Liu et al. 2020), we further validated that
S100A16 positively regulates the expression of FGF19
by QPCR and western blot assays (Fig. 6b, c, e, f). And
when we knocked down FGF19 by siRNA in Aspcl cells,
the proliferation ability of cells was suppressed (Fig. 6g).
We have proven that overexpressed of SI00A16 obvious-
ly promoted the migration ability of SW1990 cells, while
knocked down of FGF19 in S100A16-overexpressed
SW1990 cells limited the migration ability (Fig. 6h).
Moreover, when we knockdown FGF19 in PDAC cells,
we also observed that the phosphorylation level of AKT
and ERK was significantly inhibited (Fig. 6d). FGFR4 is
one of the receptors of FGF19, and we found that the
expression of both FGF19 and FGFR4 were
overexpressed in PDAC cells and tumor tissues
(Fig.S3a— and Fig. 6i). Moreover, overexpression of

@ Springer



566

Cell Biol Toxicol (2021) 37:555-571

@ Springer

ASPC1
FGF19(min)0 5 10 15

P-ERKI/2 s o st

t-ERK1/2 T ———

p‘AKT T —— —
t-AKT — — —
GAPDH — — e —
FGF19 50ng
ASPC1

0D,450nm

migration

migration

SW1990

b
SW1990

FGF19(ng) 0 25 50100
P-ERK1/2 | o e

FERKT2 |y i
p-AKT

t-AKT -

GAPDH «o»evessass

- SW1990

1.09mm Ko -
EE KO+FGF19 100ng
mm KO+FGF19 200ng

0D,450nm

o

ASPC1
250 xxx

200

<© SW1990
1504

Migration cells

i
2ovm B4 .»-'3&\5.

KO+FGF19 100ng KO+FGF19 200ng




Cell Biol Toxicol (2021) 37:555-571

567

4 Fig.7 The influence of FGF19 cell growth factor on proliferation
and migration of PDAC cells. a Western blot assay was used to
detect the protein level of P-ERK and P-AKT in Aspcl cells added
a different dose of FGF19 cell growth factor. b Western blot assay
was used to detect the protein level of P-ERK and P-AKT in
SW1990 cells added a different dose of FGF19 cell growth factor.
¢ CCKS assay was used to test the proliferation ability of Aspcl
cells added different concentrations of FGF19 cell growth factor. d
CCKS8 assay was used to test the proliferation ability of SI00A16-
knockout Aspcl cells. e The migration ability of Aspcl cells was
increased after adding the FGF19 cell growth factor. f Adding the
FGF19 growth factor in S100A16-knockout SW1990 cells re-
stored the migration ability. Data are shown as mean +SEM.
#p<0.05; **p<0.01; ***p<0.001

FGF19 was significantly correlated with the expression of
S100A16 and also associated with poor overall survival of
PDAC patients (Fig. S3d, e). To further explore the func-
tion of FGF19 in pancreatic cancer, Aspcl and SW1990
cells were starved and added FGF19 cell growth factor,
and then the protein level of P-ERK and P-AKT was
detected at different time points. As shown in Fig. 7a, b,
Western Blot assays showed that as time and concentration
increased, the protein level of P-ERK and P-AKT in-
creased gradually. Furthermore, when we increased the
concentration of FGF19 cell growth factor, trypan blue
staining was used to detect the proliferation ability of
Aspcl cells on the fourth day, and it was found that there
was a dose-dependent relationship between the number of
cell proliferation and FGF19 cell growth factors (Fig. 7c).
Different doses of FGF19 cell growth factor was added to
S100A16-knockout Aspcl cells; the proliferation ability of
cells increased gradually (Fig. 7d). Similarly, a Transwell
assay was used to test the migration ability of Aspcl cells
added with different doses of the FGF19 growth factor. As
shown in Fig. 7e, with an increased dose of the FGF19
growth factor, the migration ability of Aspcl cells has also
been enhanced. Knockout of SI00A 16 obviously inhibited
the migration of SW1990 cells, while added FGF19
growth factor in S100A16-knockout SW1990 cells re-
stored the migration ability (Fig. 7f). Taken together, these
results demonstrate that SI00A16 can modulate AKT and
ERK signaling pathways partially by regulating the ex-
pression of FGF19 in PDAC cells.

S100A16 promotes the growth and metastasis of PDAC
in vivo

To explore the influence of SI00A16 on the growth
of PDAC in vivo, a subcutancous xenograft tumor
model was performed to study the tumorigenicity of

S100A16-knockdown Aspcl cells. As shown in Fig.
8a, b, knockdown of S100A16 in Aspcl cells sig-
nificantly inhibits tumor growth in vivo. To confirm
that, we also generated an S100al6-knockdown sta-
ble KPC cell line and injected into wild-type
C57BL/6 mice subcutaneously. As shown in Fig.
8c, compared with control tumors, knockdown of
S100al6 in KPC cells inhibited tumor growth.
TUNEL staining assay also revealed that knock-
down of S100al6 in KPC promotes apoptosis
in vivo (Fig. 8d). IHC staining of KPC xenograft
tumors also observed that knockdown of S100A16
resulted in the reduction of p-ATK and p-ERK1/2
(Fig. 7¢). To further investigated whether SI00A16
was necessary for mediating the effect of metastasis
in PDAC, a mouse tail vein injection assay was
performed. As shown in Fig. 8f, g, knockdown of
S100A16 in Aspcl cells dramatically reduced lung
metastasis. Taken together, these results demonstrate
that ST00A 16 promotes the growth and metastasis of
PDAC in vivo, which reveals that SI00A16 might
be a potential target for PDAC (Fig. 8).

Discussion

Though enormous efforts have been made by re-
searchers, the treatment outcome of PDAC is discour-
aging because of its high metastatic nature and poor
prognosis (Law et al. 2019). There is an urgent require-
ment for novel therapeutic targets. As a unique calcium-
binding protein, SI00A 16 was reported to be abnormal-
ly overexpressed in many kinds of cancer (Tomiyama
et al. 2018). However, its potential roles in PDAC are
still unclear. Thus, in this study, we aimed to investigate
the function of S1I00A16 in PDAC. We found that
S100A16 was highly expressed in PDAC compared to
normal tissue, and its high expression was correlated to
poor survival. High expression of SI00A16 promoted
PDAC cell growth, migration, and invasion while
knockdown of S100A16-induced PDAC cell apoptosis
and cell cycle arrest. These demonstrated the oncogenic
roles of SI00A16 in PDAC.

To explore the potential mechanism of SI00A16-
mediated PDAC progression, we first tested the
activation status of some classical oncogenic signal-
ing pathways by western blot. PI3K/AKT and MEK/
ERK pathways are crucial for the development of
human cancers. Previous studies also reported that

@ Springer



568 Cell Biol Toxicol (2021) 37:555-571

a Aspc1 Aspc1 b
=) 0.5- Aspci
L — sy 600 e S100A16+/+
i ‘ shNC - 2041 < -=- S100A16-/-
- . = ® £ s
) KA Coo 5 c
©shS100A16 : gozq ° 0 f »
<—§ e . ‘Pf“"" 501- = %zoo-
o
@ (I, o.o-———7w— 5
@ 0F SCH2REA. U4 b e 7 Y \,:S’ 0 . . ' . .
£ 1 2 3 4 5
é\‘?’\ Weeks
c KPC
3 — —
= Zo6{ o
= . =
. o Shne 2 = @& e e g,
: ;.|
S shS100A16 E 0.2
S £ 3 . aay
i 2 IIYlllllullllllll[ylllllllulllllIIIILIIIIIIII[LIII|IIII|1III|l|l||LIII||II|[LIII|IIllwll|II‘ 0.04 .
o ©
»n § QQV’\
%\
&
d e
KPC
DAPI .
o
g :
o ;
= W
r= Q.
(2] s
-
© 4
S <
o 2 <
» b
< % TR
) © ' 4,
< o
[=] f
= i
(2 b "507!"
f 20.Asp¢:1

shNC shS100A16

shNC
shS100A16

Number of nodules

T

) 1 2 3 4 5 6

@ Springer



Cell Biol Toxicol (2021) 37:555-571

569

4 Fig. 8 S100A16 silencing suppresses tumor growth and
metastasis of PDAC cells in vivo. a, b Representative images of
Aspcl subcutaneous tumor-bearing nude mice. Pictures of tumors
stripped from nude mice and show that SI00A16 knockdown
decreases the tumor size. Knockdown of S100A16 decreases the
tumor weight in nude mice injected with Aspcl cells. Tumor
volumes were measured once a week for a month. ¢ Representa-
tive images of KPC subcutaneous tumor-bearing B6 mice.
S100A16 Knockdown decreases the tumor weight in B6 mice,
injected KPC cells. d The slices of the tumor are stained with
TUNEL and DAPI then photographed. e Representative IHC
staining for p-ERK1/2, p-AKT, and S100A16 in KPC tumor
paraffin sections. f Lung metastasis was detected according to
the number of metastatic nodules apparent on the lung surface of
nude mice. g The representative images of H&E staining con-
firmed the lung metastasis inhibition in the shS100A16 group
mice. (Data are mean =+ s.e.m.*P<0.05; **P < 0.01; ***P < 0.001)

PI3K/AKT and MEK/ERK pathways are constitu-
tively active in PDAC. The PI3K/AKT pathway
inhibits apoptosis and promotes cell proliferation
when activated by various growth factors
(Yamamoto et al. 2004; Luo et al. 2003). In parallel
to the PI3K/AKT pathway, the MEK/ERK pathway
activation triggered by RAS or RAF in PDAC con-
tributes to the regulation of cell proliferation, differ-
entiation, apoptosis, and epithelial-mesenchymal
transition (EMT) (Garcia et al. 2014; Hu et al.
2018). We found that overexpression of SI00A16
dramatically promoted the phosphorylation of AKT
and ERK1/2. PI3K/AKT and MEK/ERK pathways
were dysregulated in many human cancers
(Riquelme et al. 2016; Cao et al. 2019; Jokinen
and Koivunen 2015). The previous study also re-
ported that SI00A16 promoted human prostate can-
cer progression via AKT and ERK signaling path-
ways (Zhu et al. 2016). Thus, an RNA-seq was
performed after SI00A16 knockout in PDAC cells.
Our results revealed that knockout of SI00A16 dra-
matically reduced FGF19 expression, which could
interact with FGFR4 and subsequently activate AKT
and ERK signaling pathways (Gao et al. 2019). Aroosha
Raja has found that the process of liver cancer can be
regulated by FGF19 through AKT and ERK pathways
(Raja et al. 2019). And Lixia Gao had proved that the
protein levels of p-ERK1/2 and p-AKT were decreased
when they knocked out FGF19, and the protein level
can be restored after re-expression of FGF19 (Gao et al.
2019). Thus, our data demonstrated that ST00A 16 could

regulate AKT and ERK signaling pathways by modu-
lating the expression of FGF19.

AKT and ERK signaling pathways are critical onco-
genic cascades for cancer cell growth, survival, motility,
and invasion (Dhillon et al. 2007; Testa and Bellacosa
2001). As the first step for metastasis, EMT is also
regulated by AKT and ERK signaling pathways (Yoo
et al. 2011; Wang et al. 2018). In this study, we found
that knockout of S100A16 significantly decreased the
expression of vimentin while increasing the expression
of E-cadherin. On the contrary, overexpression of
S100A16 increased the expression of vimentin and re-
duced the expression of E-cadherin, which confirmed
that ST00A 16 promotes the process of EMT. Besides, to
ensure whether S100A16 induces PDAC progression
via AKT and ERK signaling pathways, we used AKT
and ERK inhibitors to block these two pathways. Our
results revealed that SI00A16-mediated migration and
proliferation were blocked by these inhibitors, which
suggested that SIO0A16 promotes PDAC progression
in an AKT and ERK signaling pathway—dependent
manner.

Conclusion

Our study revealed that SIO0A16 is abnormally
overexpressed in PDAC, which in turn induces the
expression of FGF19 and subsequently activates AKT
and ERK signaling pathways. This ultimately promotes
PDAC cell proliferation, migration and invasion.
S100A16 may provide a potential candidate therapeutic
target for PDAC.
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