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Snake venom cystatin (sv-cystatin) is a member of the cystatin family of cysteine protease
inhibitors. To further evaluate the possibility of sv-cystatin in cancer therapy, this study examined
the effects of sv-cystatin on the invasion and metastasis of liver cancer cells (MHCC97H) in
vitro and in vivo as well as the underlying mechanism. sv-cystatin cDNA was transfected into
MHCC97H cells and the anti-invasion and antimetastasis effects of sv-cystatin were deter-
mined using migration and matrigel invasion assays and a lung-metastasis mice model. The
results suggest that sv-cyst clone (sv-cystatin expression in MHCC97H cells) delayed the inva-
sion and metastasis in vitro and in vivo compared to the parental, mock and si-sv-cyst clone
cells (inhibited sv-cystatin expression by siRNA). The decreased activities of cathepsin B,
MMP-2 and MMP-9 and EMT change index including higher E-cadherin, lower N-cadherin
and decreased Twist activity were observed in the sv-cyst clone, which contributes to the
change in invasion and metastasis ability of MHCC97H cells. This study provides evidence
that expression of the sv-cystatin gene in MHCC97H cells inhibits tumor cell invasion and
metastasis through the reduction of the proteinases activity and Epithelial-Mesenchymal
Transition (EMT), which might contribute to the anticancer research of the sv-cystatin protein.
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INTRODUCTION

Tumor invasion and metastasis are usually major
causes of cancer death. Although many advances have
been made in cancer therapy, most cancer deaths still
result from metastatic disease (Deep and Agarwal,
2010). The process of cancer cell metastasis can be
summarized as a sequence of events that include the
form of tumor embolus in the blood capillary, cell

penetrating extracellular matrix (ECM), trapping at a
secondary site and growth at the secondry site (Deep
and Agarwal, 2010). Cancer cells excrete proteinases
including cysteine-cathepsins that breakdown the ECM
and account for invasion and metastasis (Mohamed
and Sloane, 2006). The activity of cysteine-cathepsins
is naturally regulated by cystatins, a group of natural
inhibitors (Premzl et al., 2006). Initial studies in vitro
and in vivo have revealed the suppression of tumor cell
invasion and metastasis by a stable transfection of
human cystatin C and cystatin M cDNA (Shridhar et
al., 2004; Sokol et al., 2004).

Snake venom contains a number of proteolytic
enzymes with different toxicological functions and
special pharmacological effects, which have been used
to in clinical therapy for heart and cerebral vessels
diseases and cancer (Chiang et al., 1996; Yeh et al.,
2001). In 1998, Brillard-Bourdet (Brillard-Bourdet et
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al., 1998) isolated a micromolecule protein, a cystatin-
like inhibitor, from the venom of the Taiwan cobra
(Naja naja atra). A micromolecule cystatin was also
isolated and purified from the venom of Naja naja
atra (sv-cystatin). On the other hand, the natural sv-
cystatin protein is quite rare due to the low content in
snake venom and complicated biochemical separation.
sv-cystatin cDNA was synthesized artificially (Patent
Number of China: ZL200510074534X) (Song et al.,
2004) based on the 99 amino acids sequence of Naja
naja atra venom cystatin (Protein Accession No:
P81714) and the biased codon usage of Pichia pastoris
(Lah et al., 1989), and its anti-metastastic effect on
mouse melanoma cells and human gastric carcinoma
cells was demonstrated by both in vitro and in vivo
(Wan et al., 2005, 2006). 

Hepatocellular carcinoma (HCC) is one of the most
aggressive malignant tumors, and is associated with a
high potential for vascular invasion, metastasis and
recurrence, even after surgical resection (Tang, 2005).
To further evaluate the possibility of sv-cystatin for
cancer therapy, this study examined the effects of sv-
cystatin on the invasion and metastasis of MHCC97H
cells (high metastasis property) (Tian et al., 1999) in
vitro and in vivo and the underlying mechanism.

MATERIALS AND METHODS

Cell culture and animals
 MHCC97H and MHCC97L cells were purchased

from Liver Cancer Institute of Fudan University,
Shanghai, China and maintained according to their
protocols. Huh-7, HepG2, BEL7404, SMMC7721, HL-
7702 and NEK293 cells were maintained in the
laboratory. Male BALB/c nude mice at the age of 5 to
6 weeks were purchased from the Chinese Academy of
Sciences and were cared for in accordance with the
criteria outlined in the “Guide for the Care and Use of
Laboratory Animals” prepared by the National
Academy of Sciences and published by the National
Institutes of Health (NIH publication 86-23 revised
1985).

Semiquantitative RT–PCR analysis
The RNA of all the above cell lines were

extracted by Trizol (Invitrogen) and further
reverse-transcribed. The fragments of cystatin M
(364bp), β-actin1 (613bp), cystatin C (261bp) and β-
actin2 (500bp) cDNA were amplified by PCR. The
primer sequences were as follows: cystatin M: 5’-
ATGGGCAGCAACAGCATCTAC-3’ (sense) and 5’-
GCACTGGCCATTTATTGTGACA-3’ (antisense); β-
actin1: 5’-GGCATCGTGATGGACTCCG-3’ (sense) and

5’-GCTGGAAGGTGGACAGCGA-3’ (antisense); cystatin
C: 5’-AGGAGGGTGTGCGGCGTG-3’ (sense) and 5’-
GCCAAGGCACAGCGTAGAT-3’ (antisense); β-actin2:
5’-ATGTCACGCACGATTTCCCGC-3’ (sense) and 5’-
GGCATGGGTCAGAAGGATTCC-3’ (antisense). 

Establishment of the cell line showing stable
sv-cystatin expression

The sv-cystatin cDNA was subcloned into the
pBudCE4.1 vector (Invitrogen) MCS region under the
CMV promoter from the pUC18-cystatin plasmid (Song
et al., 2004). The primer sequence of sv-cystatin-F (5’-
ACGCGTCGACAAT GATCCCAGGTGGTTTGTCTC-3’)
and sv-cystatin-R (5’-GCTCTAGACCAAACTTGGAAACC
ACAC-3’) contained SalI and XbaI sites (underline),
respectively. The MHCC97H cells were transfected
with either pBudCE4.1/sv-cystatin or the pBudCE4.1
empty vector using LipofectAMINE 2000 (Invitrogen)
according to the manufacturer’s instructions. After 2
weeks, the anti-Zeocin colonies were expanded and
maintained in DMEM supplemented with 10% FBS
and Zeocin (200 mg/mL, Invitrogen). The pGPU6 siRNA
plasmid vector-based gene silence system (Shanghai
GenePharma Co., Ltd.) was then employed to trans-
fect the cells with sv-cystatin expression and produces
another control cell line. Focusing on the sequence of
sv-cystatin, three DNA chains with the following sense
and antisense sequences were synthesized: No.1: 5'-
GGTTCTGCTAACGCTCACTAC-3' (sense) and 5'-
GTAGTGAGCGTTAGCAGAACC-3' (antisense); No.2:
5'-GTGCTAAGACTGCTGGTA AGC-3' (sense) and 5'-
GCTTACCAGCAGTCTTAGCAC-3' (antisense); No.3:
5'-GCTGG TAAGCCAAAGGTTTAC-3' (sense) and 5'-
GTAAACCTTTGGCTTACCAGC-3' (antisense). The
three DNA chains were annealed and ligated into the
(BbsI/BamHI) sites of pGPU6. After sequencing, the
plasmids were transduced into MHCC97H/sv-cystatin
cells to select the most effective siRNA against sv-
cystatin expression.

Migration and matrigel invasion assays
For the migration assay, 5 × 104 cells in 500 µL of

serum-free DMEM was seeded into the top chamber of
the Transwell Culture Insert according to protocol.
The migrated cells were counted using an inverted
microscope at × 100 magnification. Triplicate experiments
were performed for each clone and each time point.
For the Matrigel invasion study, the bottom chamber
was precoated with 20 µg Matrigel (BD). All other
conditions were as described in the migration assays.
In addition, the incubation times should be much
longer, i.e. 12, 24, 48, and 60 h, because of the barrier
function of Matrigel.
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Experiments in nude mice
1 × 107 cells in a 0.2 mL volume of 0.9% NaCl were

inoculated s.c. into the right flank of nude mice. Each
group contained eight mice. At the end of the 6th week,
all mice were sacrificed and the lungs were excised,
fixed, cut into consecutive 4 µm sections and stained
with hematoxyline & eosin. Each metastatic focus in
the lung was determined as it appeared at the same
site on consecutive sections. Finally, the all determin-
ed foci were counted to evaluate metastasis histologi-
cally.

Assay of cathepsin B and MMPs activity
1.2 × 106 cells were seeded into 6-well plates in

DMEM supplemented with 10% FBS overnight. The
cells were then cultured in free serum DMEM for 24
h. The supernatants were collected and the cells were
trypsinized and counted for the assay. The cathepsin
B activity assay was performed using a Fluorimetric
Assay with Methylcoumarylamide Substrates Z-Phe-
Arg-NMec according to Barrett's report (Barrett, 1980)
with some modifications. The assay of the MMPs acti-
vity was performed by Gelatin Zymography according
to the Iwai's report (Iwai et al., 2008). The data for the
enzymolysis strip volume were analyzed using the
software Quantity One (BIO-RAD Inc.)

Electrophoretic mobility band-shift assays
(EMSA)

The biotin-labeled Twist double-stranded oligonucleotides
(5’-CTGTGGCCGGCAGGTGAACCC TCAGCCA-3’)
containing the E-box binding site (CANNTG) found in
the E-cadherin promoter region and biotin-labeled
NF-κB doublestranded oligonucleotides (5’-AGT-
TGAGGGGACTTTCCCA GGC-3’) containing the kB
element binding site (GGGRNYYYCC) were used as
probes. The binding of the probe was performed and
analyzed on 6.5% polyacrylamide gels using an EMSA
Kit (Viagene).

Western blotting analysis
The cell extracts (40 µg) were run on Tricine-SDS-

PAGE gels (sv-Cystatin protein) or 10% SDS PAGE
gels (other proteins) and electro-blotted to PVDF
membranes. The rabbit anti-sv-cystatin antibody
(Chaoshi), rabbit primary antibodies against human
E-cadherin, N-cadherin and β-Tublin (Santa Cruz),
goat antibody against Twist (Santa Cruz) were used,
and the proteins expression were detected using a
Chemiluminescent Western Blot immunodetection Kit
(Invitrogen). The data of band analysis was analyzed
using the software Quantity One (BIO-RAD Inc.) and
the relative amounts of each protein were quantified

as the ratios to β-Tublin indicated underneath each
gel. 

Immunohistochemistry
The fixed cultured cells on sterile 20 mm-coverslips

and formalin-fixed tumor sections from nude mice
with a thickness of 4 µm were prepared. The primary
antibodies (the same as those used in western blot
analysis) were applied overnight. A standard avidin-
biotin peroxidase technique was applied using a liquid
DAB substrate chromogen system.

Statistical analysis
The results are reported as the mean ± S.D. The one-

way analysis of variance analysis followed by Fisher’s
Least Significant Difference post hoc test or Tamhane’s
T2 test (if equal variance is not assumed) was used to
compare the data from different groups. P values <
0.05 were considered significant.

RESULTS

Characterization of cystatin M and C expression
in human liver cancer cell lines

As shown in Fig. 1, a low level of cystatin M mRNA
expression was detected only in the HL-7702 cell line,
which was compared to the NEK293 cell line (positive
expression for cystatin M mRNA) and different levels of

Fig. 1. RT-PCR analysis of cystatin M and cystatin C
expression in human liver cancer cell lines.  (A) Expression
of cystatin M mRNA in HL-7702, SMMC7721, BEL7404,
HepG2, Huh-7, MHCC97L, MHCC97H and NEK293 cells.
(B) Expression of cystatin C mRNA in HL-7702, SMMC-7721,
BEL-7404, HepG2, Huh-7, MHCC97L and MHCC97H cells.
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cystatin C mRNA expression were observed in all cell
lines. On the other hand, cystatin C mRNA expression
was lower in MHCC97H cells than that in the other
liver cancer cell lines. Therefore, the MHCC97H cell
line is a better choice for the transfection of sv-
cystatin and subsequent studies on the role of sv-
cystatin in human liver cancer cells.

Establishment of MHCC97H cell lines stablely
transfected by sv-cystatins

The expected 11 kDa sv-cystatin expression was
detected only in the sv-cyst1 and sv-cyst2 clones but
not in the control clones (parental, mock-1 and mock-
2) (Fig. 2A). The same clones were analyzed by
immunohistochemistry for sv-cystatin. Clone sv-cyst2
expressed sv-cystatin and clone mock-1 produced no
detectable sv-cystatin (Fig. 2B). To examine the
function of sv-cystatin further, the stable cell clone sv-
cyst2 was transfected with the shRNA vector (si-sv-
cyst1, si-sv-cyst2 and si-sv-cyst3). Western blotting
showed that the sv-cystatin protein could not be
detected in the clone si-sv-cyst3 cells but could be
detected at lower levels in the clone si-sv-cyst1 and si-
sv-cyst2 cells compare to the parental and clone si-
negative cells (Fig. 2C), suggesting that the si-sv-cyst3
shRNA vector is the most effective for reducing sv-
cystatin expression in clone sv-cyst2 cells. Therefore,

parental, mock-1, sv-cyst2 and si-sv-cyst3 cells were
identified and used in all subsequent studies.

Expression of sv-cystatin in MHCC97H cells
inhibits invasion and metastasis in vitro and
in vivo

As shown in Fig. 3, the migratory cells accumulated on
the bottom surface of the 8 mm filters in a time-
dependent manner. At 16 h, migration of the sv-cystatin
expressing clone sv-cyst2 was reduced significantly
(p < 0.05) compared to that of the parental, mock-1
and si-sv-cyst3 control clones (Fig. 3A). At 48-h and
60-h, the invasion of sv-cyst2 cells that expressed sv-
cystatin was significantly lower (p < 0.05) than the
invasion of the parental, mock-1 and si-sv-cyst3 con-
trol clones (Fig. 3B). As shown in Fig. 3C, the clone
sv-cyst2 cells results in a mean number of tumor
colonies (3.13 ± 2.03) with no lung metastasis observed
in one nude mouse. In contrast, the parental, clone
mock-1 and si-sv-cyst3 cells metastasized to the lungs
in all eight nude mice, resulting in a mean number of
lung tumor colonies (9.25 ± 2.49, 8.25 ± 1.98 and 7.63
± 1.41, respectively). The lung metastasis from the
clone sv-cyst2 cells was inhibited significantly in the
nude mice (p < 0.05). Neither liver metastases nor
brain metastases were observed in the mice. These
results suggest that the expression of sv-cystatin in
MHCC97H cells inhibits tumor cell invasion and
metastasis in vitro and in vivo.

The sv-cystatin-induced inhibition of the inva-
sion and metastasis of MHCC97H cells involve
in the decreased activity of Cathepsin B,
MMP-2 and MMP-9

The invasion and metastasis of liver cancer cells are
related to the degradation of the components of the
extracellular matrix and basement membrane by
different proteinases, such as cathepsin B (Fedorowski
et al., 2004) and metalloproteinase (MMPs) (McKenna
et al., 2002). The activity of cathepsin B, MMP-2 and
MMP-9 secreted by parental, mock-1, sv-cyst2 and si-
sv-cyst3 cells were detected to determine if the sv-
cystatin induced invasion and metastasis of MHCC97H
cells are associated with the reduction of proteinases.
As shown in Fig. 4, the cathepsin B activity was re-
duced by 10.1% in the clone sv-cyst2 cells (379.4 ± 16.5
units) compared to the parental (422.0 ± 15.1 units),
mock-1 (426.4 ± 25.0 units) cells and si-sv-cyst3 cells
(410.8 ± 28.3 units) (p < 0.05)  (Fig. 4A). The activity
of actMMP-2, proMMP-2, actMMP-9 and proMMP-9
in clone sv-cyst2 cells were significantly lower than
those in the parental and mock-1 cells (p < 0.05) but
the transduction of sv-cystatin siRNA can be play a role

Fig. 2. Characterization of the MHCC97H transfectants. (A)
Sv-cystatin expression in the mock-1, mock-1, sv-cyst1, sv-
cyst2 and parental cells by Westernblot analysis. (B) Sv-
cystatin expression in the mock-1 and sv-cyst2 cells by
immunohistochemistry. (C) Effect of different sv-cystatin
siRNA on the sv-cystatin expression in sv-cyst2 cells.
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in restoring MMP secretion in MHCC97H cells (colne si-
sv-cyst3) (Fig. 4B). This shows that the sv-cystatin
induced invasion and metastasis of MHCC97H cells
are partly involved in the reduction of cathepsin B,
MMP-2 and MMP-9 activity.

The sv-cystatin-induced inhibition of invasion
and metastasis of MHCC97H cells correlate
with EMT change

EMT is also a key event in the tumor invasion
process whereby epithelial cell layers lose polarity and
cell-cell contacts, and undergo dramatic remodeling of
the cytoskeleton (Yang et al., 2004). Lee et al. (2006b)
reported that EMT phenomenon exits in HCC. This

study examined whether or not sv-cystatin affects the
EMT of MHCC97H cells. As shown in Fig. 5A, an
aggregate with a tight cell-cell junction was found in
the clone sv-cyst2 cells, but not in the clone si-sv-
cyst3 cells (Fig. 5A). This morphological change
suggests the inhibition of EMT. In addition, as shown
in Fig. 5B, significant upregulated E-cadherin and
downregulated N-cadherin expression in the clone sv-
cyst2 cells were observed compared to those in the
parental, clone mock-1 and si-sv-cyst3 cells. The protein
ratio of E-cadherin vs β-tublin in clone sv-cyst2 cells
was significantly higher than that in the control
groups (*p < 0.05) but N-cadherin lower (*p < 0.05). As
shown in Fig. 5C, the higher E-cadherin expression

Fig. 3. Expression of sv-cystatin inhibits the migration and invasion of MHCC97H cells in vitro and in vivo. (A) Effect of sv-
cystatin on cell migration at each time point (4, 8, 12, and 16 h). (B) Effect of sv-cystatin on Matrigel invasion at each time
point (12, 24, 48, and 60 h). (C) Effect of recombinant sv-cystatin on the metastatic tumor colonies in nude mice 6 week after
inoculation (HE staining × 100 → pulmonary metastasis). *indicates a highly significant difference with sv-cyst2 and
parental, mock-1 and si-sv-cyst3 cells (p < 0.05).
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level on the cellular membrane of clone sv-cyst2 cells
also was observed by immunohistochemistry. These
results suggest that the sv-cystatin-induced inhibition
of the invasion and metastasis of MHCC97H cells
partly correlates with EMT. To clarify the mechanism
of EMT induced by sv-cystatin, the transcription
factor involved is the primary consideration. Among
these transcription factors (including Snail, SIP1,
Slug and Twist), Twist was found to play very
important roles in regulating the cell EMT (Yang et
al., 2004; Lee et al., 2006a). Twist activity by EMSA
was lower in the clone sv-cyst2 cells than in the other
cells (Fig. 5D), indicating that the interactivation
between Twist and E-box in E-cadherin promoter

decreased. The NF-κB activity in the parental, mock-
1, sv-cyst2 and si-sv-cyst cells were all negative (data
not show). This shows that sv-cystatin expression
represses the activity of Twist and may contribute to
EMT inhibition of MHCC97H cells.

DISCUSSION

Previous studies showed that transfection of the sv-
cystatin gene inhibits the invasion and metastasis of
mouse melanoma and human gastric carcinoma cells
in vitro and in vivo (Wan et al., 2005, 2006). This study
further confirmed that the expression of sv-cystatin in
MHCC97H cells (no cystatin M and weak cystatin C
mRNA expression) inhibited their invasion and me-
tastasis in vitro and in vivo, which was examined
using the reducing proteinase activity, including ca-
thepsin B, MMP-2 and MMP-9. The activity of cysteine-
cathepsins is naturally regulated by cystatins, a group
of natural inhibitors (Premzl et al., 2006). Initial
studies have revealed the suppression of tumor cell
invasion by the stable transfection of human cystatin
C, cystatin M and stefins (Shridhar et al., 2004; Sokol
et al., 2004; Li et al., 2005). Sv-cystatin, a new cysteine-
proteinase inhibitor of the cystatin superfamily, is a
type-2 cystatin with a shorter sequence than cystatin
M and cystatin C. The amino acid sequence of sv-
cystatin shows that it is 25-42% identical to other
type-2 cystatins, the most closely related to human
cystatin M. sv-cystatin inhibiting cathepsin B might
occur via a two-step mechanism, an initial weak inter-
action followed by a conformational change (Pavlova
et al., 2000). In addition, like other type-2 cystatins,
another potential physiological target(s) of sv-cystatin
could be papain-type cysteine proteases (Mason et al.,
2002) or legumin proteases (Alvarez-Fernandez et al.,
1999), which can activate the zymogen of matrix
metalloproteinase-2 (proMMP-2 or progelatinase A)
(Liu et al., 2003). These inhibitions are actually due to
a tripartite wedge-shaped structure with very good com-
plementarity to the active site clefts of such enzymes.
The three parts of the cystatin polypeptide chain in-
cluded in the enzyme-binding domain are the N-ter-
minal segment, a central loop-forming segment with
the motif Gln-Xaa-Val-Xaa-Gly, and a second C-ter-
minal hairpin loop typically containing a Pro-Trp pair
(Alvarez-Fernandez et al., 1999). In particular, the N-
terminal segment Gln and central loop-forming motif
Gln-Xaa-Val-Xaa-Gly of sv-cystatin are very conservative
(Brillard-Bourdet et al., 1998). Overall, these findings
suggest that sv-cystatin may be a potent inhibitor of
intracellular cathepsin B and MMPs.

The importance of EMT in promoting cancer pro-

Fig. 4. Expression of sv-cystatin reduces the activity of
Cathepsin B, MMP-2 and MMP-9. (A) Effect of sv-cystatin
on the activity of Cathepsin B. (B) Effect of sv-cystatin on
the activity of MMP-2 and MMP-9. 
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Fig. 5. Expression of sv-cystatin inhibits the EMT of MHCC97H cells. (A) Morphology of parental, clone mock-1, sv-cyst2
and si-sv-cyst3 cells (culture for three days). (B) Western blotting analysis of E-cadherin and N-cadherin expression. β-
tublin was used as the internal loading control. (C) Tumor tissues were examined immunohistochemically using the anti-
E-cadherin antibody. (D) Analysis of the Twist activity by EMSA (F: zone of non-bound free probe). 
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gression and tumor metastasis is becoming increas-
ingly apparent (Grunert et al., 2003). A hallmark of
EMT is the loss of E-cadherin expression, which is a
central component of cell-cell adhesion junctions in
the maintenance of cell polarity and environment
(Hirohashi, 1998), and increased N-cadherin expres-
sion (Yang et al., 2007). In HCC, the loss of E-cadherin
expression is correlated with tumor invasiveness and
metastasis (Zhai et al., 2008). This study found that
sv-cystatin expression induces the cells to aggregate
with high levels of E-cadherin expression, and sv-
cystatin suppresses the EMT of MHCC97H cells.
Several EMT-inducing regulators repress E-cadherin
transcription via interaction with specific E-boxes of
the proximal E-cadherin promoter (Kophengnavong
et al., 2000). Recently, the basic helix-loop-helix tran-
scription factor, Twist, a known protein identified in
Drosophila melanogaster (Thisse  et al., 1987; Peinado
and Cano, 2006) as an organizer of the EMT during
gastrulation and regulator of mesoderm differentiation,
was added to the list of developmental genes with a
key role in E-cadherin repression and EMT induction
(Lee et al., 2006a). Twist mediates its function by
binding to the DNA elements of the NCANNTGN
consensus sequence termed E-boxes (Thisse et al.,
1987). In this study, a lower Twist activity was also
accompanied by increased E-cadherin expression and
decreased N-cadherin expression. This suggests that
the transduction of sv-cystatin interferes with Twist
activation, and dismisses suppression of E-cadherin
transcription via an interaction with the specific E-
boxes in the promoter, which results in the inhibition
of EMT of MHCC97H cells.

In summary, the transfection of human MHCC97H
cells with sv-cystatin repressed tumor invasion and
metastasis mainly by inhibiting cathepsin B, MMP-2
and MMP-9 activity, as well as EMT. A possible
interaction between sv-cystatin and Twist may leads
to the loss of Twist activity, which results in EMT
regulation. Future studies will examine this mechanism.
This study provides evidence that sv-cystatin may
play an important role in safeguarding against human
liver cancer by reducing the activity of proteinases
and EMT, and may contribute to anticancer research
of sv-cystatin protein.
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