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Abstract Cystatin SN (cystatin 1, CST1) is a member of the
cystatin superfamily that inhibits the proteolytic activity of
cysteine proteases. CST1 is a tumor biomarker that provides
useful information for the diagnosis of esophageal, gastric,
and colorectal carcinomas. However, the significance of
CST1 in pancreatic cancer is unknown. The aim of this study
was to assess whether CST1 is a potential biomarker for early
diagnosis of malignant pancreatic neoplasms. Microarray
analysis of mRNA extracted from pancreatic cancer and pan-
creatic normal tissues was performed. Bioinformatics revealed
that CST1 was one of the highest expressed genes on the array
in pancreatic cancer, compared with normal tissue. In addi-
tion, the upregulation of CST1 in pancreatic cancer and sev-
eral pancreatic cancer cell lines was confirmed using real-time
PCR (RT-PCR), immunohistochemistry, and Western blot-
ting. Next, CST1 knockdown using siRNA reduced the ex-
pression of the proliferation-related proteins p-AKT and
PCNA significantly, as well as colony formation and xeno-
graft development in vitro. Consistent with this, CS7/ mRNA
overexpression was correlated closely with malignancy-
associated proteins such as PCNA, cyclin D1, cyclin A2,
and cyclin E in pancreatic cancer cell lines. In conclusion,
our data suggest that CST1 might contribute to the prolifera-
tion of pancreatic cancer cells and could be a potential bio-
marker for the early detection of pancreatic cancer.
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Introduction

Pancreatic cancer (PC) is an aggressive disease with an
extremely poor prognosis and a 5-year survival rate of <5 %
[1, 2]. It is the sixth leading cause of malignancy-related death
in China [3]. The characteristics of PC including its rapid
progression, proximity to major vessels, and non-specific
vague symptoms result in high malignancy and mortality rates
[1]. Although considerable effort has been made to investigate
the mechanisms involved in pancreatic carcinogenesis and
identify novel markers for its early detection [4, 5], additional
work is needed. Therefore, the identification of novel bio-
markers for PC is urgent.

Cysteine proteases, such as cathepsins and papain, are
proteolytic enzymes that are expressed widely in tissues and
have numerous functions, including inflammatory tissue de-
struction, modulation of the immune response, tissue remod-
eling, and inducing the migration of monocytes and cancer
cells [6-8]. Previous clinical studies revealed that the upreg-
ulation of cysteine proteases is involved in various malignant
tumors and that tumor growth and invasion can be reduced by
inhibiting cysteine proteases. The cystatin superfamily com-
prises proteins that inhibit the proteolytic activity of cysteine
proteases specifically [9]. Cystatin SN is a secretory peptide
encoded by CS7! gene and belongs to the type 2 cystatin
superfamily, together with cystatins C, D, S, SA, SN, M, and F
[10—12]. Previous studies reported that most of the type 2
cystatins are closely related to tumor invasion and metastasis
[13—16]. The upregulation of cystatin SN contributes to cell
proliferation and the inhibition of cathepsin in gastric cancer
[13]. Cystatin SN was also identified as a novel tumor bio-
marker for colorectal cancer [14, 15] and is an independent
predictor of S-year survival in patients with surgically resected
esophageal squamous cell carcinoma [16]. However, the rela-
tionship between CST1 and PC remains unclear. Based on
previous reports, we hypothesize that CST1 may play an
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important role in the initiation and development of PC and that
it could be a potential indicator for the early diagnosis of PC.
In the current study, we used microarrays to reveal that
CSTI was upregulated in PC compared with normal tissues.
We then evaluated CST1 mRNA and protein expression in PC
and normal tissues using real-time PCR (RT-PCR), immuno-
histochemistry, and Western blotting. We also investigated the
expression of CST1 in PC and liver, colorectal, and gastric
cancer cell lines. Importantly, knocking down its expression
in vitro resulted in reduced colony formation, delayed xeno-
graft development, and decreased expression of proliferation-
related proteins. Therefore, the results of the current study
suggest that CST1 contributes to PC cell proliferation and that
it could be a useful biomarker for the early detection of PC.

Materials and methods

Tissue, serum samples PC tissues from six patients were
obtained, and six pancreatic normal control tissue specimens
were isolated from patients with abdominal trauma in the
Third Affiliated Hospital of Sun Yat-sen University
(Guangzhou, China). And venous blood samples were obtain-
ed. Clinical diagnoses were made based on the developmental
history of disease and pathological evidence. Specimens were
frozen immediately and stored at —80 °C until analysis using
microarrays and real-time PCR. The acquisition of tissue
samples was approved by the Institutional Review Board at
The Third Affiliated Hospital of Sun Yat-sen University, and
written informed consent was received from all patients.

Cells Human PC cell lines, including PANC-1, Bxpc-3, and
SW1990, were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Bxpc-3 and
SW1990 cells were cultured in RPMI 1640 medium (Gibco-
BRL, Grand Island, NY, USA) supplemented with 10 % heat-
inactivated fetal bovine serum (FBS), whereas PANC-1 were
cultured in DMEM supplemented with 10 % FBS. Cells were
cultured in a humidified incubator at 37 °C with 5 % CO».

RNA extraction and RT-PCR Total RNA was isolated from
PC tissues, matched pancreatic tissues, and cell lines using the
RNAgents Total RNA Isolation System (Promega, Madison,
WI, USA) according to the manufacturer’s instructions. First-
strand complementary DNA (cDNA) was synthesized using
Superscript Reverse Transcriptase (Invitrogen, Carlsbad, CA,
USA) following the manufacturer’s instructions. The cDNA
was diluted 1:10 using diethyl pyrocarbonate-treated water.
Real-time PCR was performed using specific primers and the
QuantiTect SYBR Green PCR Kit (Roche, Basel,
Switzerland) on an Applied Biosystems 7500 real-time PCR
machine (Applied Biosystems, Foster City, CA, USA). The
primers used were as follows: CST1 (sense, 5'-GGTACAGC

@ Springer

GTGCCCTTCA-3', and antisense, 5-TTGGGCTGGGACTT
GGTA-3', 171-bp product), PCNA (sense, 5S'-CCTGCTGG
GATATTAGCTCCA-3', and antisense, 5'-CAGCGGTAGG
TGTCGAAGC-3', 109-bp product), cyclin A2 (sense, 5'-
CGCTGGCGGTACTGAAGTC-3', and antisense, 5'-GAGG
AACGGTGACATGCAT-3', 120-bp product), cyclin D1
(sense, 5'-GCTGCGAAGTGGAAACCATC-3’, and anti-
sense, 5'-CCTCCTTCTGCACACATTTGAA-3', 135-bp
product), cyclin E (sense, 5'-CCTGCGCGAGAAGGAA
CTG-3', and antisense, 5'-CGTTGTAGCGATCCATGAAG
TG-3', 173-bp product), and B-actin (sense, 5'-GTCTTCCC
CTCCATCGTG-3', and antisense, 5'-AGGGTGAGGATG
CCTCTCTT-3', 113-bp product). CST! expression was nor-
malized to that of (3-actin. PCR products were analyzed using
agarose gel electrophoresis.

Immunohistochemistry Formalin-fixed tissues were embed-
ded in paraffin and sectioned. Next, 4-mm sections were
incubated with monoclonal antibodies against CST1 (1:100,
Sigma, St Louis, MO, USA) overnight at 4 °C followed by
incubation with anti-rabbit secondary antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). 3,3'-
Diaminobenzidine was used as the chromogen. The sections
were then stained using hematoxylin and mounted. CST1
expression was analyzed qualitatively in a blinded fashion,
i.e., without knowledge of the clinical and pathological
information.

Western blotting Total protein extracts from tissues and cell
lines were purified and analyzed by Western blotting. They
were separated on 13 % gradient SDS-PAGE gels and trans-
ferred to nitrocellulose membranes. The membranes were then
blocked with 5 % skimmed milk in PBS for 2 h and incubated
with primary antibodies against CST1 (Sigma) and {3-actin
(Santa Cruz) followed by anti-rabbit secondary antibodies.

Colony formation assay To assess clonogenicity, PANC-1
cells were transfected with CS7/-small interfering RNA
(siRNA) (GenePharma, Shanghai, China) and NC control
for 48 h and then seeded in six-well plates at a density of
200 cells/well. They were washed with PBS, fixed in metha-
nol for 15 min, and stained with 0.5 % crystal violet for
15 min. The plates were then photographed, and the colonies
were counted.

MTT assay PANC-1 cells were seeded at a density of 5x10°
cells per well in 96-well plates. Each well contained 100 ml of
RPMI-1640 medium supplemented with 10 % FBS, and the
cells were cultured for 24 h at 37 °C. They were then incu-
bated for 48 h with 100 nM CSTI- and NC-siRNA. After
incubation with the complexes, the media were replaced, and
10 ul MTT solution (5 mg/ml) in PBS was added to each well.
After the cells were further incubated for an additional 4 h, the
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MTT-containing medium was removed, and 110 pl
dimethylsulfoxide (DMSO) was added to each well. The cells
were then agitated gently for 5 min, and the absorbance of
each well was recorded at 490 nm using an Infinite F200
Multimode plate reader (Tecan, Crailsheim, Germany). All
experiments were performed in triplicate, and data are pre-
sented as the means+standard deviations.

Xerograft assays in nude mice Six- to eight-week-old male
BALB/c athymic nude mice were purchased from Sun Yat-
Sen University (Guangzhou, China). All animal experiments
were approved by the Institutional Animal and Use
Committee at the Third Affiliated Hospital of Sun Yat-Sen
University. Two clones from PANC-1 cells transfected with
CSTI1-siRNA and control NC-siRNA were used to form xe-
nografts. For the xenografts, cells were collected by centrifu-
gation, washed twice in PBS, and counted. Then, 3 x 10° cells
were resuspended in 0.1 ml PBS and injected s.c. into nude
mice (six mice per group). The volume of the tumors was
monitored twice weekly.

ELISA analysis Five serum samples of PC patients and five
samples of healthy controls were prepared. CST1 protein
expression was detected using human CST1 ELISA kit
(CUSABIO, Wuhan, China) following the manufacturer’s
protocol. The absorbance at 450 nm was measured by a
microplate reader system (Towa Labo, Tokyo, Japan).

Statistical analysis SPSS 18.0 software was used for all sta-
tistical analyses. Paired ¢ tests were used to compare CST1
expression between PC and matched non-cancer tissues.
Unpaired 7 tests were used to compare CST1 expression
between cell lines. Differences were considered to be statisti-
cally significant if the probability of the difference occurring
by chance was <5 in 100 (P<0.05).

Results

Upregulation of CSTI in PC patients To identify a novel
tumor marker for PC, the RNA expression profiles of three
PC tissues and three normal tissues were compared using
GeneChip microarrays. The data revealed that CST/ was
upregulated significantly in PC tissues compared with normal
pancreatic tissues (Fig. 1). Therefore, CST/ might be useful
for the early diagnosis of PC.

CST1 mRNA and protein expression in patients To confirm
whether CST1 was upregulated in PC tissues, we next ana-
lyzed six PC tissues and six normal pancreatic tissues using
RT-PCR. Consistent with the microarray data, CST/ mRNA
expression was increased significantly by ~10-fold in cancer
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Fig. 1 Microarray results of human pancreatic cancer tissues and non-
cancerous tissues. CST/ was significantly upregulated in PC tissues
compared with normal pancreatic tissues in microarray. CST1 was
marked by red box

compared with normal tissues (Fig. 2a, b). In addition,
Western blotting revealed that CST1 protein expression was
also highly expressed in PC tissues but not in normal tissues
(Fig. 2¢). Immunohistochemistry confirmed that CST1 pro-
tein was upregulated in tumor tissues (Fig. 2d) but not in
normal tissues. These results suggest that CST1 is highly
expressed in PC tissues.

CST1 mRNA and protein expression in cancer cell lines We
further investigated the effect of CST1 overexpression in PC
cells. Its mRNA and protein expression was analyzed in nine
different digestive cancer cell lines, including PC (PANC-1,
Bxpc-3, and SW1990), liver cancer (HepG2 and Hep3B),
colon cancer (HCT116, HT-29, and SW480), and gastric
cancer cell lines (SCG-7901). As shown in Fig. 3a, CST!
was expressed differentially and at high levels in PC, colon
cancer, and gastric cancer cell lines. However, CST! was not
expressed in liver cancer cell lines. CST/ expression was
significantly higher in PC cell lines compared with the other
cell lines (P<0.05). Consistent with this, CST1 protein was
expressed at high levels in PC but not in the other cell lines
(Fig. 3b). This suggests that CST1 overexpression might play
a specific role in PC but not in other digestive malignant
diseases.

CSTI1 has an important effect on cell proliferation Three
siRNAs were purchased and assessed for their ability to
downregulate CST1 protein; the siRNA that knocked down
CST1 most efficiently was used in subsequent experiments
(Fig. 4f). Colony formation experiments were performed
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Fig. 2 Upregulation of CST1
mRNA and protein expression in
human pancreatic cancer tissues.
Tissues from six patients with
pancreatic cancer and six with
other non-pancreatic cancer were
prepared. Whole RNA was
extracted, and PCR analysis was
performed. Each cDNA generated
from non-tumorous (V) and
tumorous (7)) tissues was used to
amplify CST1. a The expression
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level of CST1 was calculated as
the relative ratio of CSTI to (-
actin in each sample, *P<0.05. b
PCR products were analyzed
using agarose gel electrophoresis
and EtBr staining. ¢ Three
tumorous and three non-tumorous
tissues were analyzed using
Western blotting. d Tissues from
patients with pancreatic cancer
were stained with anti-CST1
antibody. CST1 expression was
significantly increased in
tumorous tissues
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Fig. 3 CSTI1 overexpression in human pancreatic cancer cell lines.
Human pancreatic cancer cell lines (BXPC-3, PANC-1, SW1990),
colorectal cancer cell lines (HCT116, SW480), gastric cancer cell lines
SGC7901, liver cancer cell lines (Hep3B, HepG2), and gastric cancer cell
line (SGC7901) were used. Total RNA was extracted and PCR analysis
was performed. cDNA generated from each cell line was used as template
for CST1 amplification. a The expression level of CST/ was calculated as
the relative ratio of CST! to [-actin in each sample.*, #, $P<0.05 versus
Bxpc-3, and HepG2 and Hep3B had no CST1 expression. b CST1
expression of different cell lines was analyzed by Western blotting
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using PANC-1 cells transfected with CST7-siRNA and NC-
siRNA, and the data revealed that the mean colony number
was decreased significantly in the CST/-siRNA group com-
pared with the control (Fig. 4a, d). Moreover, the cell viability
of PANC-1 cells was reduced significantly after transfection
with CST1-siRNA (Fig. 4c).

Xenograft assays in nude mice showed that the tumor size
was significantly smaller in the CST/-siRNA group 1 week
after 3x10° cells transfected with CSTI-siRNA or control
vector had been transplanted on the surface of hip skin in
nude mice (Fig. 4b, ¢). Next, the mechanism behind the
reduced proliferation of PANC cells transfected with CST'7-
siRNA was assessed. The expression of PCNA and p-AKT,
which both indicate cell proliferation, was analyzed (Fig. 4f),
revealing that the expression of both markers was inhibited
markedly in PANC-1 cell lines transfected with CST7-siRNA.
In addition, the expression of malignancy-associated proteins,
such as PCNA, cyclin D1, cyclin A2, and cyclin E, was
decreased significantly in PANC-1 cells transfected with
CST1-siRNA compared with control vector (Fig. 5).
Therefore, these data suggest that CST1 might contribute to
the proliferation of PC cells.

Expression of CST1 in serum We detected CST1 expression
in serum using ELISA kit. A representative calibration curve
based on CST1 concentration of 0.156—10 ng/ml is shown in
Fig. 6a. The results showed that CST1 can be detected in



Tumor Biol. (2015) 36:3903-3910

3907

Fig. 4 CST1 expression
contributes to human pancreatic
cancer cell proliferation. PANC-1
cell was transfected with CST1-
siRNA or the negative control. a
Images of colony formation in
PANC-1 cell transfected with NC
or CSTI-siRNA. b PANC-1 cell
transfected with NC and CST1-
siRNA, respectively, was injected
to nude mice. Tumor volumes
were measured. ¢ MTT assay and
cell viability was detected in
PANC-1 cell transfected with NC
and CSTI-siRNA. d Colony
number of colony formation test.
e Tumor size of xenograft
experiment. f CST-siRNA
significantly knocks down CST1
expression in PANC-1 cell line by
Western blotting. Expression of
proliferation-related protein
p-AKT and PCNA by Western
blotting indicated that CST1 may
contribute to cell proliferation

Fig. 5 CST1 overexpression is
closely associated with
proliferative proteins in
pancreatic cancer cell line.
PANC-1 cell was transfected with
CST1-siRNA or the negative
control. Total RNA was extracted
and PCR analysis was performed.
c¢DNA generated from NC and
CST1-siRNA cell line was used as
template for a PCNA, b cyclin A2,
¢ cyclin D1, and d cyclin E
amplification. The expression
level of each was calculated as the
relative ratio of CST/ to [(-actin,
*P<0.05
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Fig. 6 Expression of CST1 in serum. Serum samples from five patients
with pancreatic cancer and five healthy controls were prepared.
Calibration curve of the ELISA system for CST1. Calibration values
using purified CST1 (in ng/ml): 0.0, 0.156, 0.312, 0.625, 1.25, 2.5, 5.0,
and 10. a The equation for the line is y=0.296x+0.089; 1°=0.998. b
Serum samples from PC patients (7) and healthy controls (V) were
analyzed using ELISA. *P<0.05

serum of pancreatic cancer patients. And the data revealed that
CST1 expression in serum elevated in patients compared to
healthy controls, and the differences were statistically signif-
icant (P<0.05, Fig. 6b). These results revealed that CST1 can
be a potential biomarker for clinical detection of PC.

Discussion

The CST superfamily inhibits the proteolytic activity of
cysteine proteases by forming tight but reversible com-
plexes [9, 17]. The type 2 cystatin superfamily includes
CST1, CST2, CST3, CST4, CST5, CSTP1, CSTP2, and
CST1 (CST SN). In addition, CST2 (CST SA) and CST4
(CST S) are known as S-type cystatins. Type 2 cystatins
share >70 % sequence similarity, whereas S-type
cystatins exhibit ~90 % homology with one another
[10, 18, 19]. S-type cystatins have been detected in
seminal plasma, tears, and tracheobronchial fluid, but
not in other fluids [20, 21]. Many studies have revealed
that cystatins play roles in tumor invasion and metasta-
sis. For example, CST3 (CST C) was associated with
invasion and metastasis in thyroid carcinomas [23] and
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colorectal tumors [24]. In addition, CST6 (CST M) and
CST7 (CST F) were expressed differentially in metastatic
mammary epithelial cells and metastatic squamous carci-
nomas [25-27].

Cystatin 1 encoding cystatin SN is a member of type 2
cystatins, and it is expressed in the submandibular gland, gall
bladder, and uterus, but not in the pancreas according to the
studies [22]. Little is known about the role of CST1 in cancer,
but upregulation of cystatins is associated with tumor invasion
and metastasis. Several studies have assessed the role of CST1
in gastric cancer, colorectal cancer, and esophageal squamous
cell carcinoma. CST1 is strongly upregulated in gastric can-
cers and its overexpression is involved in cell proliferation
[13]; CST1 expression elevated in colorectal cancer and its
upregulation contributes to colorectal tumorigenesis by neu-
tralizing the inhibitory effect of CST3 on cathepsin B’s pro-
teolytic activity [14, 15]. Specifically, CST1 is overexpressed
in these cancers and affects their survival [13—-16]. In our
study, we focused on the relationship between CST1 and PC
and provided robust evidence to support the potential of CST1
as a biomarker for PC for the first time.

PC is one of the most malignant cancers because of its
delayed diagnosis and ineffective treatments. The molecular
mechanisms that underlie the development of PC remain
unclear. Although several studies have investigated the mech-
anisms behind PC carcinogenesis, early diagnosis biomarkers,
and novel therapeutic strategies, the overall 5-year survival
rate remains at <5 % [1, 2]. Therefore, establishing new
biomarkers for PC is urgent. The most commonly used serum
biomarkers for PC are CA19-9, CA242, and
carcinoembryonic antigen (CEA). CA19-9 is considered to
be the most useful biomarker for PC, with a sensitivity of
~80 % and a specificity of ~75-80 %, and its serum levels
correlate positively with the stages of PC [28, 29]. The sensi-
tivity of CA242 for detecting PC is 41-75 %, and the speci-
ficity is 85-95 % [30, 31]. CEA is widely used as a tumor
marker because of its high expression in many cancers.
However, its sensitivity and specificity as a tumor marker
for PC are both low, and its levels are also increased in other
gastrointestinal tumors and some benign diseases. Therefore,
CEA has only limited use for the early detection of PC. The
low sensitivity and specificity of serum markers alone cannot
meet the clinical requirements for PC. Therefore, multi-
marker detection systems are now used to improve sensitivity
and specificity. In addition, researchers have been seeking
novel tumor biomarkers for improved early diagnosis of PC.

In the current study, we used microarrays to compare gene
expression in PC and control tissues and revealed that the S-
type cystatin genes (CST SN, CST SA4, and CST A) were the
most highly and significantly expressed of the 22,000 genes
present on the array (Fig. 1). From the results, we hypothe-
sized that CST1 can be a biomarker for pancreatic cancer. To
verify our hypothesis, we found that CST1 mRNA and protein
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were highly expressed in PC tissues compared with non-
cancer controls (Fig. 2). Moreover, CST1 was expressed at
much higher levels in PC cell lines compared with liver or
gastric cancer cell lines (Fig. 3). The use of CST/-siRNA to
suppress CST1 in PANC-1 cells followed by colony formation
assays, xenografts, and the MTT assay suggested that CST1
might be related to cell proliferation (Fig. 4). Consistent with
this, CST1 expression upregulated the expression of
malignancy-associated proteins, such as PCNA, cyclin D1,
cyclin A, and cyclin E in PANC-1 cells (Fig. 5). Therefore, we
speculate that CST1 might contribute to cell proliferation and
that it could be used as a potential biomarker for PC. If we
want to use the expression level of CST1 for early detection of
PC, it would be necessary that it can be detected in serum, then
we detected CST1 protein expression in serum by ELISA, the
results showed that it can be detected in serum, and its ex-
pression in serum elevated in patients compared to healthy
controls, and the differences were statistically significant
(P<0.05, Fig. 6). It may raise the accuracy of diagnosis by
combining with other commonly used biomarkers such as
CA19-9, CA242, and CEA. Therefore, further studies are
necessary to validate this marker for clinical application.

This study shows that the upregulation of CST1 in PC
contributes to cell proliferation, and it may be a potential
biomarker for early detection of PC.
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