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ABSTRACT
Hepatocellular carcinoma (HCC) causes significant medical burdens worldwide.
Diagnosis, especially in the early stages, is still challenging. Therapeutic options are
limited and often ineffective. Although several risk factors have been known important
for development of HCC, the molecular basis of the process is rather complex and
has not been fully understood. We have found that a subpopulation of HCC cells
which are resistant to oncolytic parvovirus H1 superinfection highly express serine
protease inhibitor Kazal-type 6 (SPINK6). This protein is specifically reduced in all
HCC cell lines and tissues we analyzed. When upregulated, SPINK6 could suppress
the malignant phenotypes of the HCC cells in several in vitro models. The putative
tumor suppression role of SPINK6 is, however, independent of its protease inhibitory
activity. To suppress the malignancy of HCC cells, SPINK6 has to be secreted to
trigger signals which regulate an intracellular signaling molecule, ERK1/2, as well
as a series of downstream factors involved in cell cycle progression, apoptosis and
migration. Our study supports that SPINK6 is an important tumor suppressor in liver,
and further investigations may help develop more effective diagnostic and therapeutic
approaches.

INTRODUCTION

highly heterogeneous pathogenesis of HCC, making it
difficult to determine which events are critical in tumor
initiation versus progression [6–11]. Studies aimed at
clarifying the molecular mechanism of HCC development
are therefore highly needed. The results will help improve
the diagnostic and therapeutic approaches.
Proteases and their natural inhibitors are often
aberrantly regulated to support tumor expansion [12].
Human serine protease inhibitor Kazal-type 6 (SPINK6)
has recently been found to be a selective inhibitor of
Kallikrein-related peptidases (KLKs) in skin [13]. Its
inhibitory activity is likely essential to prevent aberrant
KLK-mediated cleavages, which have been linked to
many diseases including skin cancer [14, 15]. Like other
SPINK family members, SPINK6 contains one conserved
Kazal domain with six cysteine residues forming three
intra molecular disulfide bridges [16]. Its crosslinking

Hepatocellular carcinoma (HCC) is the fifth
most prevalent cancer and the third most frequent
cause of cancer mortality globally. Each year there are
approximately 630,000 new cases of HCC in the world
and more than half of the new cases occur in China [1–4].
HCC in its early stages is often asymptomatic. To increase
the accuracy of diagnosis, various serological markers,
sophisticated imaging modalities and liver biopsy are
required [5]. Currently, there is no effective chemotherapy
or radiotherapy. Surgical operation is the only opportunity
for a long-term cure and can only be accomplished in
a limited number of patients [5]. While studies have
found that aberrant actions of many gene products are
associated with development of HCC, various genetic
and environmental factors are known to contribute to the
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to extracellular fibronectin allows it to act as a specific
KLK inhibitor in epidermis [17–19]. It is worth noting that
the function of SPINK6 is probably not limited in skin,
as SPINK6 mRNA exists in many other tissues including
liver [13]. So far, the function of SPINK6 in non-skin
tissues is largely unexplored, and it remains unclear
whether its inhibitory activity against the KLK peptidases
is also important in any of those tissues.
The rodent autonomous oncolytic parvovirus
H1 (H-1PV) is a small (~25 nm), non-enveloped virus
with a single-stranded DNA genome (~5 kb). It can kill
in vitro-transformed or tumor-derived human and rodent
cells, with no cytopathic effects on normal cells [20]. This
selective oncolytic effect of H-1PV was used to efficiently
isolate normal cells embedded in tumor tissues [21–23].
Interestingly, it was also used to acquire a subpopulation of
tumor cells with reduced malignancy from a leukemia cell
line. The follow-up investigation of the molecular basis of
their resistance to H-1PV infection revealed the key role
of p53 in tumor suppression pathways [24]. Apparently,
this approach can be further used to acquire resistant cells
from other tumor tissues, such as HCC. As the actions of
the underlying molecules responsible for suppressing the
malignancy of the resistant cells may be largely dependent
on the tissue specific pathways, our application of this
approach to HCC may lead to identification of tumor
suppressors that predominantly act in liver. The functional
loss of those factors may be critical in HCC development.
We challenged an HCC cell line QGY7703 with
H-1PV superinfection and indeed acquired a subpopulation
of surviving cells with suppressed malignant phenotypes.
When comparing gene expression profiles between the
original QGY-7703 cells and those resistant to the H-1PV
superinfection, we found that SPINK6 is one of the factors
highly expressed in the resistant cells, indicating that
SPINK6 is a putative tumor suppressor in hepatocytes.
Our follow-up study confirmed that SPINK6 inhibits
the activation of extracellular-signal-regulated kinases
1/2 (ERK1/2) through its extracellular action, which is
independent of its protease inhibitory activity. Overall our
study supported the importance of SPINK6 in suppression
of HCC, and justified further investigations for the
development of more effective SPINK6-based diagnostic
and therapeutic tools.

cells, the QYRC cells indeed exhibited loss of colony
formation in soft agar (Figure 1A), and they didn’t form
detectable tumors after being hypodermically injected into
5 nude mice (Figure 1B). In order to find out what cellular
factors may be responsible for the loss of tumor cell
phenotype, we compared the cDNA microarray profiles
of the QGY-7703 and QYRC cells. We found that a series
of genes were upregulated in the H-1PV-resistant QYRC
cells (Figure 1C). To confirm the upregulation of those
genes, we used the more accurate real-time PCR approach
to compare the mRNA levels of those genes in the QYRC
and QGY-7703 cells. Indeed, they were all upregulated,
although the relative folds of changes were different from
those in the microarray analysis (Figure 1D). We also
analyzed those mRNAs extracted from hepatocarcinoma
and the adjacent normal tissues, and found that most of
them were expressed at higher levels in normal tissues
(Figure 1E). It is worth noting that we consistently
detected high expression of SPINK6 in both QYRC and
normal tissues, suggesting that SPINK6 is an important
factor associated with normal liver cells (Figure 1C–1E).
We wondered whether SPINK6 is specifically
downregulated during HCC development. We first
compared its expression levels in five HCC cell lines
(QGY-7703, SMMC-7721, HuH7, SK-Hep-1, HepG2)
and two normal liver cell lines (QSG-7701, L02). We
found that both mRNA and protein levels of SPINK6
in all HCC cell lines were lower than those in the
normal liver cells (Figure 2A). To understand whether
this also happens in vivo, we further analyzed SPINK6
levels in a commercial cDNA array prepared from
both hepatocarcinoma and normal human liver tissues.
The SPINK6 mRNA levels were overall lower in the
hepatocarcinoma tissues than in the normal liver tissues
(13.52 ± 1.30 and 34.09 ± 5.30, respectively; P < 0.001)
(Figure 2B). We also determined the protein levels of
SPINK6 by immunostaining hepatocarcinoma tissues
and the matched para-carcinoma normal tissues in
a tissue microarray consisting of 48 patient samples
(Figure 2C and 2D). Quantitation of the immunostaining
results confirmed that the SPINK6 protein levels were
reduced in all tumor tissues grouped as period I–II and
II–III (1.40 ± 0.45 and 1.24 ± 0.47, respectively), while
those in the adjacent normal tissues were relatively high
(2.38 ± 0.51) (Figure 2C). Notably, SPINK6 expression
was nearly undetectable in tumor tissues of advanced
stages (Figure 2D). Together, these results strongly
suggested that SPINK6 may be a tumor suppressor and its
expression may be reduced as HCC develops.

RESULTS
Expression of SPINK6 is decreased in human
HCC

SPINK6 inhibits the proliferation, migratory
and tumorigenic abilities of HCC cells

We superinfected a hepatocellular carcinoma (HCC)
cell line (QGY-7703) with oncolytic parvovirus H1
(H-1PV) and acquired a group of resistant cells QYRC.
Previous studies suggested that cells surviving H-1PV
superinfection should behave somewhat similarly to
normal cells [25]. When compared with the QGY-7703
www.impactjournals.com/oncotarget
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SPINK6 and compared their tumorigenic phenotypes. We
transfected the QGY-7703 cells with vectors carrying the
SPINK6 gene and isolated clones expressing SPINK6 to
relatively low (clone 1 and 2), medium (clone 3 and 4) and
high levels (clone 5 and 6) (Supplementary Figure S1A).
The cells with medium to high-level expressions of
SPINK6 showed slower proliferation than the original
QGY-7703 cells, and the higher expression seemed to be
associated with stronger reduction in proliferation rates
(Figure 3A). When tested in wound healing assays at both
24 and 48 hour time points, the cells derived from clones
3 and 5 with medium to high-level expressions of SPINK6
reduced migration, and there was an apparently correlation
between the expression level of SPINK6 and the extent
of reduction in the wound healing rates (Figure 3B).
Further analysis of all cell clones with transwell assays
and colony formation with soft agar assays also revealed
that the medium to high-level expression of SPINK6
were associated with reduced cell migration, invasion and
colony formation (Figure 3C and 3D).

We also tried to examine the impact of loss of SPINK6
in the “normal” liver cells (QSG-7701 and L02). We
constructed a SPINK6-specific siRNA vector (siSPINK6).
Transfection of siSPINK6 effectively downregulated the
expression of SPINK6 in the QSG-7701 and L02 cells as
determined by RT-PCR and western blot (Supplementary
Figure S1B and S1C). Downregulation of SPINK6
apparently enhanced the tumorigenic phenotypes of the
cells as indicated by the increased number of migrating
and invading cells (Figure 3E). The normal cell phenotypes
could be rescued, however, when recombinant SPINK6
(rSPINK6) was introduced into the culture medium,
supporting a role for SPINK6 in suppressing tumorigenesis
of liver cells (characterization of the recombinant SPINK6
protein will be further discussed below.).
Given the results from cultured cells, we tried to
examine whether formation and growth of tumors from
implanted hepatocarcinoma cells would be impacted by
overexpression of SPINK6 in those cells. We implanted
the QGY-7703 cells and all SPINK6 expressing cells

Figure 1: Analysis of an H-1PV resistant QYRC cell line and its gene expression profile. (A) Colony formation of the HCC

cell line QGY-7703 and its derived H-1PV resistant cell line QYRC in soft agar assays. (B) Growth and tumor formation of the QGY-7703
and QYRC cells hypodermically injected into nude mice (n = 5). Results in (A) and (B) are expressed as the mean ± SD; (C) cDNA
microarray analysis of gene expression in the QGY-7703 and QYRC cells. Genes with more than 2-fold mRNA upregulation in the QYRC
cells are listed in a declining order from left to right. (D) RT-qPCR quantitation and comparison of mRNA levels of the selected genes in the
QGY-7703 and QYRC cells. The folds of mRNA upregulation in the QYRC cells are plotted. (E) RT-qPCR quantitation and comparison of
mRNA levels of the selected genes in HCC and normal human hepatic tissues. The folds of mRNA upregulation in normal hepatic tissues
are plotted. GAPDH mRNA levels were used as internal controls for RT-qPCR quantitation.
www.impactjournals.com/oncotarget

5967

Oncotarget

derived from clones 1–6 into nude mice by hypodermic
injection, and monitored the appearance of tumors at the
sites of injection over 28 days. The tumors derived from
the injected clones 3–6 were significantly smaller than
those from the cells (QGY-7703, and clones 1 and 2)
with low-level SPINK6 (Figure 3F). The results strongly
support the importance of SPINK6 in suppressing tumor
formation from injected HCC cells.
To find out whether SPINK6 can inhibit the
tumorigenic phenotypes of other hepatocarcinoma cells,
we also overexpressed SPINK6 in three HCC cell lines
HepG2, HuH7 and SK-Hep-1 (Supplementary Figure S1D

and S1E). As expected, overexpression of SPINK6
reduced cell migration, invasion and proliferation of all
HCC cell lines, and significantly reduced tumor growth
when the HuH7 and SK-Hep-1 cells were implanted into
nude mice (Supplementary Figure S2).

SPINK6 is secreted to inhibit proliferation of
HCC
Analysis of the coding sequence of SPINK6
revealed that the protein contains a signal peptide, which
should direct the newly translated proteins to the secretory

Figure 2: Expression of SPINK6 is reduced in HCC cell lines and tissues. (A) Comparison of SPINK6 mRNA and protein levels

between normal liver cells (QSG-7701 and L02) and HCC cells (QGY-7703, SMMC-7721, HuH7, SK-Hep-1, HepG2) by RT-qPCR and
western blot. The mRNA quantities from different cell lines are presented as columns. Below each column is the blotted SPINK6 protein
from the same cell line. The cell line names are noted in the middle. GAPDH is an internal control. (B) Comparison of SPINK6 mRNA
levels between HCC and adjacent normal tissues by Liver Cancer Tissue RT-qPCR Array. The marker bars represent statistic averages.
**P < 0.01, n = 24. (C) Comparison of SPINK6 protein levels between tumor and adjacent normal tissues. SPINK6 proteins were immunestained in 48 HCC tissues and the normal para-carcinoma tissues. The HCC tissues were categorized into two groups, stage I–II and II–III.
The staining intensities were quantitated using an Image-Pro Plus6.0 software. The overall staining in tumor tissues is significantly lower
than that in the adjacent normal tissues (**P < 0.01, n = 48). (D) Representative pictures of HCC and adjacent normal tissues immunestained against SPINK6. The top panels represent stage I–II HCC tissues, stage II–III HCC tissues, stage I–II glandular hepatic carcinoma
tissues, and stage II–III glandular hepatic carcinoma tissues. The bottom panels represent the corresponding adjacent normal tissues.
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pathway. We wondered whether secretion is required for
SPINK6 to suppress the tumorigenic phenotypes of the
HCC cells. We therefore expressed SPINK6 without
the signal peptide in the HCC cell lines (Supplementary
Figure S3), and found that overexpression of the truncated
protein could not suppress proliferation of the QGY-7703,
HuH7 and SK-Hep-1 cells. Cell proliferation was,
however, inhibited when the recombinant SPINK6
protein was added into cell culture medium (Figure 4A),
suggesting that the extracellular presence of SPINK6 is
critical for its potential anti-proliferative function.

been described. The apparent lack of KLK14 in the
cultural supernatant of hepatocellular carcinoma cells
suggested that inhibition of KLK14 is not involved in
SPINK6 mediated suppression of tumorigenic phenotypes
(Figure 4B and 4C). In order to find out whether inhibition
of any other KLK proteases is involved, we engineered
a SPINK6 mutant SPINK6R19A, which has the critical
residue substituted and cannot inhibit any KLK protease
(Figure 4D). Interestingly, this mutant acted like the wild
type protein, suppressing the proliferation, migration
and invasion of different lines of HCC cells (Figure 4E
and 4F). The results suggested that the potential anti-tumor
activity of SPINK6 does not require its inhibition of the
KLK proteases.

Inhibition of the KLK proteases is not required
for SPINK6-mediated tumor suppression

SPINK6 triggers regulations upon ERK1/2

SPINK6 has been reported as a potent inhibitor of
epidermal Kallikrein-relatedproteases (KLKs), including
KLK5, KLK7 and KLK14, the abnormal expressions
of which have been implicated in carcinogenesis. The
inhibitory target of SPINK6 in liver, however, has not

Our results have shown that SPINK6 is secreted
into the extracellular space, where it may trigger some
tumor suppressing signaling pathways to suppress the

Figure 3: SPINK6 can suppress the malignancy phenotypes of QGY7703 HCC cells. (A) Growth of the cell clones expressing

SPINK6 at different levels. The QGY-7703 HCC cells were transfected with plasmids carrying the SPINK6 gene, and the isolated clones
express SPINK6 to relatively low (clone 1 and 2), medium (clone 3 and 4) and high levels (clone 5 and 6). (B) Wound healing assays on
the isolated cell clones 1, 3 and 5 at 24 and 48 h. (C and D) Migration, invasion and colony formation of QGY-7703 and the derived the
cell clones. (E) Silencing of SPINK6 enhanced migration and invasion of normal liver cells (QSG-7701 and L02). Normal liver cells were
transfected with plasmids expressing siRNA targeting SPINK6 mRNA (pSPINK6si) or an empty vector (negative control). Recombinant
SPINK6 (rSPINK6) was added into culture medium at a 50 ug/ml concentration. (F) Growth and tumor formation of QGY-7703 and the
derived cell clones hypodermically injected into nude mice. The data points in all panels were averaged from at least 3 assay replicates.
The error bars represent standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001.
www.impactjournals.com/oncotarget
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tumorigenic phenotypes of the HCC cells. To understand
the molecular mechanism of SPINK6-triggered tumor
suppression, we analyzed the impact of SPINK6
overexpression on different signaling pathways linked to
carcinogenesis in HCC cells.
Extracellular-signal-regulated kinases (ERK1/2) are
often aberrantly activated by phosphorylation in response
to external and internal stimuli in different types of tumors
[26, 27]. We found that over-expression of SPINK6 in the
HCC cell lines QGY-7703 and HepG2 remarkably inhibited
the phosphorylated species of ERK1/2, while the total
protein levels were not significantly changed (Figure 5A).
The stronger reduction of ERK1/2 phosphorylation
seems to be correlated with higher expression of SPINK6
(Figure 5B). To further confirm that the potential tumor
suppression role of SPINK6 requires ERK1/2, we
incubated the cells with excess PMA which could excite
continuous phosphorylation of ERK1/2 beforehand and

then tested whether SPINK6 could still suppress the
tumorigenic phenotypes. In the presence of 1μM PMA,
the phosphorylation of ERK1/2 of different clones were
indistinctive, meanwhile the tumor suppression function
of SPINK6 seemed to be blocked (Figure 5C–5E).
Similar results were showed in present in 10μM U0126
which could inhibit phosphorylation of ERK1/2, the
phosphorylation of ERK1/2 of different clones were also
indistinctive, the overexpression of SPINK6 could not
reduce the phosphorylation of ERK1/2 more, so the tumor
suppression function of SPINK6 seemed to be also largely
blocked, although minor inhibition of the tumorigenic
phenotypes could be still detected (Supplementary
Figure S4). This strongly supported that ERK1/2 is required
for SPINK6 function. We did not detect significant changes
of JNK, p38 or other signaling proteins (Supplementary
Figure S5). Overall, we believe that SPINK6 mainly
inhibits ERK1/2 activation, although at this stage we

Figure 4: The function of SPINK6 requires its secretion into extracellular space but is independent of its KLK14
inhibitory activity. (A) Proliferation of HCC cells (QGY-7703, HuH7 and SK-Hep-1). Cells were transfected with a plasmid expressing
SPINK6 without the signal peptide (SPINK6DS), or supplemented with recombinant SPINK6 (rSPINK6) in culture medium. No vector and
empty vector transfection are negative controls. (B) Western blot analysis of KLK14 in cultural supernatant of hepatocellular carcinoma
cells QGY-7703. Cell lysis was used as positive control. (C) Activity analysis of KLK14 in cultural supernatant of hepatocellular carcinoma
cells QGY-7703. Recombinant KLK14 protein (rKLK14) and culture medium were used as positive and negative controls respectively. (D)
Activity analysis of KLK14 in the presence of inhibitory rSPINK6 or a non-inhibitory mutant rSPINK6R19A. (E) Proliferation of HCC cell
lines (QGY-7703 and SK-Hep-1) decreased with overexpression of SPINK6 or SPINK6R19A. n = 4. (F) Migration and invasion of HCC
cell lines (QGY-7703, HuH7 and SK-Hep-1) decreased with overexpression of SPINK6 or SPINK6R19A. The data points were averaged
from at least 3 assay replicates. The error bars are standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001.
www.impactjournals.com/oncotarget

5970

Oncotarget

cannot rule out the possibility that it may render broader
regulation through other signaling molecules.

(urokinase-type plasminogen activator) and its receptor
uPAR, and two matrix metallopeptidases MMP9 and
MMP20, were downregulated upon SPINK6 expression
in the HCC cells and result of gelatin zymography also
showed that the biological activity of MMP9 was inhibited
during the over-expression of SPINK6 (Supplementary
Figure S6). These factors have been suggested to play
important roles in proteolysis of extracellular matrix
(ECM), facilitating cell migration [12, 32]. This may
explain the reduced migration of the HCC cells expressing
high levels of SPINK6.

Regulations upon ERK1/2 affect several factors
implicated in tumor development
We predicted that SPINK6-mediated inhibition of
ERK1/2 phosphorylation would probably impact some
of the downstream targets. We found that at least four
intracellular factors, c-Myc, cyclin D1, Bcl-2 and Bcl-xL
were downregulated at the protein level when SPINK6 was
expressed in the HCC cells (Figure 6A to 6C). c-Myc is
a transcriptional factor involved in cell cycle progression,
apoptosis and cellular transformation. Cyclin D1 is an
important cell cycle regulator [28, 29]. Bcl-2 and Bcl-xL
are two apoptosis suppressors [30, 31] . The reduced levels
of these factors may explain the suppressed tumorigenic
phenotypes of the HCC cells. Indeed, we found that the
SPINK6 expressing HCC cells seemed to experience
longer G1 phase, and more cells died through apoptosis
when treated with cisplatin, a chemotherapeutic reagent
which triggers DNA damage (Figure 6D and 6E). We also
checked the protein levels of several extracellular factors,
which can be affected by ERK1/2 and has been linked to
tumor development. We found that a serine protease uPA

DISCUSSION
Many important proteins are aberrantly expressed
in the process of tumor development and thus can be
identified by comparing gene expression profiles between
tumor and normal cells. Although many cell lines appear
homogenous by morphology or culture characteristics,
they are rather heterogeneous at the molecular level.
The aberrant expression of some important factors may
be limited to a subpopulation of the mixed cells, and the
overall expression levels of those factors may only show
small changes in a large scale transcriptome comparison
between cell lines. The potential HCC suppressor SPINK6

Figure 5: SPINK6 inhibits ERK1/2 phosphorylation. (A) Western blot analysis of phosporylated (pERK1/2T202Y204) and total

ERK1/2. Cells (QGY-7703 and HepG2) were transfected with a SPINK6-expressing vector or an empty vector. Mock represents
untransfected cells. GAPDH is an internal blotting control. (B) Western blot analysis of phosphorylated ERK1/2 in QGY-7703 and the
derived cell clones expressing increasing amounts of SPINK6. (C–E) The proliferation, migration and invasion of QGY-7703 cell clones.
The PMA compound was added at a 1 µM concentration to enhance ERK1/2 action continuously. The data points were averaged from
3 assay replicates. Results are expressed as the mean ± SD;
www.impactjournals.com/oncotarget
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is probably only well expressed in some types of cells
mixed in the original QGY-7703 cell line. We likely
enriched those SPINK6 high expressing cells by acquiring
the H-1PV resistant cells. The follow up comparison of
the gene expression profiles between the H-1PV resistant
cells and the original QGY-7703 cells indeed helped us
find SPINK6 as one of the most differentially expressed
genes between those two types of cells. This approach
may be further used to analyze other types of tumor cells,
facilitating identification of new cellular factors involved
in regulation of tumorigenesis.
The development of cancer is a consequence
of dysregulation of a complex network of biological
activities. It has been well accepted that the process of
carcinogenesis often manipulates a series of proteases
and their natural inhibitors from both tumor cells and
non-neoplastic neighboring cells to support tumor
expansion [12]. Our study has shown that SPINK6 can
suppress tumorigenic phenotypes of liver cancer cells in
several in vitro models. Although its selective inhibitory
activity against several KLK proteases has been thought
important in maintaining skin homeostasis, its potential
tumor suppression function in liver cells seems to be

independent of the residues required to inhibit the KLK
members. To suppress the tumorigenic phenotypes of HCC
cells, SPINK6 has to be secreted into extracellular space,
where it likely triggers regulation of signaling pathways,
affecting at least an intracellular signaling molecules,
ERK1/2, the regulated activity of which probably further
suppresses a series of intracellular and extracellular factors
implicated in tumorigenesis.
The signaling pathways mediated by ERK1/2
play a central role in the regulation of various biological
processes such as proliferation, survival or cell motility.
Aberrant activation of ERK1/2 is frequently observed
in human HCC (Guégan, Frémin and Baffet 2012).
Small molecules targeting ERK1/2 have been shown
effective in blocking proliferation of several tumor
models, including HCC [33]. Our study suggests that the
potential anti-tumor activity of SPINK6 inhibits ERK1/2
phosporylation. This justifies further investigation of the
molecular mechanism of SPINK6-triggered inhibition
upon ERK1/2, as identification of molecules playing roles
in this context should allow development of new drugs to
more effectively suppress the aberrantly activated ERK1/2
in tumors.

Figure 6: SPINK6 expression downregulates ERK1/2 downstream factors. (A) RT-PCR quantitation of the mRNA levels of

cyclinD1, c-myc, Bcl-2 and Bcl-xL. (B) Western blot analysis of cyclinD1, c-myc, Bcl-2 and Bcl-xL. (C) Western blot analysis of CyclinD1
and c-myc in HCC cells (HuH7, SK-Hep-1, and HepG2) transfected with either an empty vector or a SPINK6-expressing vector. GAPDH is
as an internal control in (A–C). (D) Percentage of cells at different stage of cell cycle. The cells were transfected with either an empty vector
or a SPINK6-expressing vector in (A–D). The untransfected QGY-7703 cells in (A), (B) and (D) are mock controls. (E) Flow cytometry
analysis of cell apoptosis. The QGY-7703 cells and those transfected with a SPINK6 expressing vector were treated with 1 μM Cisplatin.
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Cell proliferation assay

Our study showed that the expression of SPINK6
is specifically suppressed in liver tumor tissues. The
suppression could be even detected in the early stage
tumors. As SPINK6 is a secretory protein, the extracellular
protein level may be decreased because of tumor
development. Our study therefore justifies further analysis
of the correlation between secreted SPINK6 activity and
tumor development in HCC patients. The results may
help develop new diagnostic tools for detection of early
stage HCC development. We also found that recombinant
human SPINK6 (rhSPINK6) expressed as a secretory
protein from yeast [16] could inhibit the tumorigenic
phenotypes of HCC cells when the protein was added
into culture medium. This may allow us to utilize the
recombinant protein to help treat liver cancer, although
further characterization is required to find out whether
there is any pathological impact associated with delivery
of rhSPINK6 and whether it indeed can suppress tumor
growth in vivo.

Cells were seeded in 96-well plates, and their
proliferation was determined by a Cell Counting Kit
(Dojindo). Briefly, 10 μl of CCK8 was added to each
well (100 μl medium) for 2 hour incubation, followed by
measurement of the absorbance at 450 nm in a microplate
reader (Thermo Scientific Multiskan MK3). The
proliferation of each type of cell was measured four times.

Antibodies and western blotting analysis
Protein extracts were prepared by lysis in a buffer
containing 50 mM Tris-HCl (pH 7.4), 1% NP-40, 5 mM
EDTA, 150 mM NaCl, 50 mM NaF, 0.1 mM Na3VO4, and
protease inhibitor (Roche). The proteins were separated
by SDS-PAGE (sodium dodecyl sulfate polyacrylamide
gel electrophoresis) and transferred to a nitrocellulose
membrane. Each target protein was stained by its specific
primary antibody which was later detected by a horseradish
peroxidase-conjugated secondary antibody raised in a
different species. The antibodies we used in this work
are anti-SPINK6 (Santa Cruz), anti-GAPDH (Epitomics),
anti-ERK, anti-phospho-ERK, anti-c-myc, anti-cyclinD1,
anti-Bcl-2 and anti-Bcl-xL primary antibodies, and antirabbit horseradish peroxidase-conjugated secondary
antibodies (Cell Signaling Technology).

MATERIALS AND METHODS
Cell culture
L02, QSG-7701, QGY-7703 and SMMC-7721 cells
were cultured in RPMI-1640 supplemented with 10%
fetal bovine serum (FBS) and 100 units/ml streptomycin/
penicillin. HepG2, HuH7, and SK-Hep-1 cells were
cultured in DMEM supplemented with 10% FBS (Life
technologies, Carlsbad, CA). The cells were incubated at
37°C in a humidified atmosphere containing 5% CO2. All
cell lines were purchased from SIBS (Shanghai Institutes
for Biological Sciences) in China.

Immunohistochemistry
A tumor tissue sample array containing 48 liver tumor
and adjacent normal tissues was purchased from SuperBiotek.
SuperBiotek also performed immunohistochemistry and
data quantification. The anti-SPINK6 antibody (Santa
Cruz, sc-139065) was used for immunohistochemistry
staining.

Animals
BALB/c male nude mice were housed under
standard conditions. Animal experiments were performed
in agreement with the SIBS Guide for the Care and Use
of Laboratory Animals and were approved by the SIBS
Animal Care and Use Committee.

Vector construction and transfection
Full-length and truncated SPINK6 cDNA without
the signal peptide sequence were obtained from a cellular
RNA prep by RT-PCR and inserted in a pcDNA3.1(+)
vector (Invitrogen). pGPU/GFP/Neo-SPINK6 containing
a siRNA sequence targeting the nucleotides 259–279
in the coding sequence of SPINK6 was purchased from
Shanghai GenePharma Co., Ltd .
The plasmids were transfected into target cells using
Lipofectamine 2000 (Life technologies). Cells harboring
integrated plasmid DNA were selected in the presence of
600 μg/ml of G418.

RT-PCR and quantitative real-time PCR
Total RNA for RT-PCR was extracted with TRIZOL
(Life technologies, Carlsbad, CA) and was reverse transcribed
with the Superscript First-Strand Synthesis System (Life
technologies, Carlsbad, CA). Primers for RT-PCR are:
SPINK6, forward (5′-ATG AAA CTG TCA GGC ATG-3′)
and reverse (5′-TCA GCA TTT TCC AGG ATG-3′); GAPDH,
forward (5′-GCA CCG TCA AGG CTG AGA AC-3′)
and reverse (5′-ATG GTG GTG AAG ACG CCA GT-3′).
The mRNA expression of SPINK6 in liver cancer
tissues were analyzed by TissueScan Liver Cancer Tissue
qPCR Arrays (Origene Technologies, Rockville).

www.impactjournals.com/oncotarget

Soft agar clonogenic assays
Anchorage-independent growth of the stably
transfected cells was examined by colony formation in
soft agar. A total of 3 × 103 cells were suspended in 0.3%
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0.6% agar. Colonies were stained with 1% neutral red and
scored after 3-week incubation at 37°C in 5% CO2 air. The
assays were performed in triplicates.
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Tumorigenesis in nude mice
Male BALB/c nude mice of 4- to 5-week age were
used for the xenograft experiments. A total of 2 × 106 cells
were injected subcutaneously at a single site in nude
mice. Each type of cell was injected into 5 nude mice.
The volumes of the tumors formed were measured twice
a week using a caliper and calculated as (tumor length ×
width × height)/2.

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.

REFERENCES
1. Villanueva A, Minguez B, Forner A, Reig M, Llovet JM.
Hepatocellular carcinoma: novel molecular approaches for
diagnosis, prognosis, and therapy. Annu Rev Med. 2010;
61:317.
2. El-Serag HB. Hepatocellular carcinoma. N Engl J Med.
2011; 365:1118.
3. Schwabe RF, Wang TC. Targeting liver cancer: first steps
toward a miRacle? Cancer Cell. 2011; 20:698.
4. Li YS, Davidson E, Reid CN, McHale AP. Optimising
ultrasound-mediated gene transfer (sonoporation) in vitro
and prolonged expression of a transgene in vivo: potential
applications for gene therapy of cancer. Cancer Lett.
2009; 273:62.
5. Bialecki ES, Di Bisceglie AM. Diagnosis of hepatocellular
carcinoma. HPB (Oxford). 2005; 7:26.
6. Lim K, Han C, Dai Y, Shen M, Wu T. Omega-3
polyunsaturated fatty acids inhibit hepatocellular
carcinoma cell growth through blocking beta-catenin and
cyclooxygenase-2. Mol Cancer Ther. 2009; 8:3046.
7. Caja L, Sancho P, Bertran E, Iglesias-Serret D, Gil J,
Fabregat I. Overactivation of the MEK/ERK pathway in
liver tumor cells confers resistance to TGF-{beta}-induced
cell death through impairing up-regulation of the NADPH
oxidase NOX4. Cancer Res. 2009; 69:7595.
8. Malz M, Weber A, Singer S, Riehmer V, Bissinger M,
Riener MO, Longerich T, Soll C, Vogel A, Angel P,
Schirmacher P, Breuhahn K. Overexpression of far
upstream element binding proteins: a mechanism regulating
proliferation and migration in liver cancer cells. Hepatology.
2009; 50:1130.

Invasion and migration assays
Standard 24-well chambers (Corning Costar) were
used to assess cell migration and invasion following the
manufacturer’s protocol. Briefly, cells were trypsinized,
rinsed twice with PBS, resuspended in serum-free media,
and seeded at 1 × 105 cells per well. Chambers in triplicate
were placed in growth media as a chemo-attractant.
Following 24 h incubation for the migration assay and
48 h incubation for the invasion assay, chambers were
fixed in 10% formalin, stained with crystal violet for
manual counting.

Wound healing assays
Cells were seeded into a six-well plate and allowed
to grow to 90% confluency. Cell monolayers were
wounded with a plastic tip (1 mm), and further cultured
in medium supplemented with 10% FBS for 48 h. Cell
migration into the wound surface was monitored by
microscopy at several time points. The areas of wound
heal were analyzed by image pro plus 6.0.

KLK14 protease activity assay
Cells were seeded into a six-well plate and allowed
to grow to 90% confluency, and further cultured in serum
free medium for 24 h. The cultural supernatant was
collected and concentrated by centrifugal filter devices
(Millipore). The activity of KLK14 was determined
by measuring chromogenic substrate release by these
proteases, as previously described [16]. The protease
activity was detected by measurement of the absorbance
at 595 nm in a microplate reader (Thermo Scientific
Multiskan MK3)

9. Carmona-Cuenca I, Roncero C, Sancho P, Caja L, Fausto N,
Fernandez M, Fabregat I. Upregulation of the NADPH
oxidase NOX4 by TGF-beta in hepatocytes is required for
its pro-apoptotic activity. J Hepatol. 2008; 49:965.
10. Guo K, Kang NX, Li Y, Sun L, Gan L, Cui FJ, Gao MD,
Liu KY. Regulation of HSP27 on NF-kappaB pathway
activation may be involved in metastatic hepatocellular
carcinoma cells apoptosis. BMC Cancer. 2009; 9:100.

Statistical analysis
Experiments were repeated for at least three times
and data were expressed as mean ± standard deviation
and compared between groups using the Student’s t-test.
P value of < 0.05 was considered statistically significant.
www.impactjournals.com/oncotarget

11. Xu WP, Yi M, Li QQ, Zhou WP, Cong WM, Yang Y,
Ning BF, Yin C, Huang ZW, Wang J, Qian H, Jiang CF,
Chen YX, et al. Perturbation of MicroRNA-370/Lin-28
5974

Oncotarget

homolog A/nuclear factor kappa B regulatory circuit
contributes to the development of hepatocellular carcinoma.
Hepatology. 2013; 58:1977.

H-1 induces cytopathic effects in breast carcinoma-derived
cultures. Breast Cancer Res Treat. 2010; 121:23.
23. Moehler M, Blechacz B, Weiskopf N, Zeidler M,
Stremmel W, Rommelaere J, Galle PR, Cornelis JJ.
Effective infection, apoptotic cell killing and gene transfer
of human hepatoma cells but not primary hepatocytes by
parvovirus H1 and derived vectors. Cancer Gene Ther.
2001; 8:158.

12. Zheng D, Chen H, Davids J, Bryant M, Lucas A. Serpins
for diagnosis and therapy in cancer. Cardiovasc Hematol
Disord Drug Targets. 2013; 13:123.
13. Meyer-Hoffert U, Wu Z, Kantyka T, Fischer J, Latendorf T,
Hansmann B, Bartels J, He Y, Glaser R, Schroder JM.
Isolation of SPINK6 in human skin: selective inhibitor
of kallikrein-related peptidases. J Biol Chem. 2010;
285:32174.

24. Telerman A, Tuynder M, Dupressoir T, Robaye B, Sigaux F,
Shaulian E, Oren M, Rommelaere J, Amson R. A model for
tumor suppression using H-1 parvovirus. Proc Natl Acad
Sci USA. 1993; 90:8702.

14. Emami N, Diamandis EP. New insights into the functional
mechanisms and clinical applications of the kallikreinrelated peptidase family. Mol Oncol. 2007; 1:269.

25. Angelova AL, Geletneky K, Nuesch JP, Rommelaere J.
Tumor Selectivity of Oncolytic Parvoviruses: From in vitro
and Animal Models to Cancer Patients. Front Bioeng
Biotechnol. 2015; 3:55.

15. Pampalakis G, Sotiropoulou G. Tissue kallikrein proteolytic
cascade pathways in normal physiology and cancer.
Biochim Biophys Acta. 2007; 1776:22.

26. Joo M, Kang YK, Kim MR, Lee HK, Jang JJ. Cyclin
D1 overexpression in hepatocellular carcinoma. Liver.
2001; 21:89.

16. Lu H, Huang J, Li G, Ge K, Wu H, Huang Q. Expression,
purification and characterization of recombinant human
serine proteinase inhibitor Kazal-type 6 (SPINK6) in Pichia
pastoris. Protein Expr Purif; 82:144.

27. Dang CV. c-Myc target genes involved in cell growth,
apoptosis, and metabolism. Mol Cell Biol. 1999; 19:1.

17. Kantyka T, Fischer J, Wu Z, Declercq W, Reiss K,
Schroder JM, Meyer-Hoffert U. Inhibition of kallikreinrelated peptidases by the serine protease inhibitor of Kazaltype 6. Peptides. 2011; 32:1187.

28. Liao DJ, Thakur A, Wu J, Biliran H, Sarkar FH. Perspectives
on c-Myc, Cyclin D1, and their interaction in cancer
formation, progression, and response to chemotherapy. Crit
Rev Oncog. 2007; 13:93.

18. Fischer J, Koblyakova Y, Latendorf T, Wu Z, MeyerHoffert U. Cross-Linking of SPINK6 by Transglutaminases
Protects from Epidermal Proteases. J Invest Dermatol. 2013.

29. Shi Y, Sharma A, Wu H, Lichtenstein A, Gera J. Cyclin D1
and c-myc internal ribosome entry site (IRES)-dependent
translation is regulated by AKT activity and enhanced by
rapamycin through a p38 MAPK- and ERK-dependent
pathway. J Biol Chem. 2005; 280:10964.

19. Fischer J, Wu Z, Kantyka T, Sperrhacke M, Dimitrieva O,
Koblyakova Y, Ahrens K, Graumann N, Baurecht H,
Reiss K, Schroder JM, Proksch E, Meyer-Hoffert U.
Characterization of Spink6 in Mouse Skin: The Conserved
Inhibitor of Kallikrein-Related Peptidases Is Reduced by
Barrier Injury. J Invest Dermatol. 2014.

30. Kim R. Unknotting the roles of Bcl-2 and Bcl-xL in cell
death. Biochem Biophys Res Commun. 2005; 333:336.
31. Wu DW, Wu TC, Wu JY, Cheng YW, Chen YC, Lee MC,
Chen CY, Lee H. Phosphorylation of paxillin confers
cisplatin resistance in non-small cell lung cancer via
activating ERK-mediated Bcl-2 expression. Oncogene.
2014; 33:4385.

20. Geletneky K, Herrero YCM, Rommelaere J, Schlehofer JR.
Oncolytic potential of rodent parvoviruses for cancer
therapy in humans: a brief review. J Vet Med B Infect Dis
Vet Public Health. 2005; 52:327.

32. Czekay RP, Wilkins-Port CE, Higgins SP, Freytag J,
Overstreet JM, Klein RM, Higgins CE, Samarakoon R,
Higgins PJ. PAI-1: An Integrator of Cell Signaling and
Migration. Int J Cell Biol. 2011; 2011:562481.

21. Di Piazza M, Mader C, Geletneky K, Herrero YCM,
Weber E, Schlehofer J, Deleu L, Rommelaere J. Cytosolic
activation of cathepsins mediates parvovirus H-1-induced
killing of cisplatin and TRAIL-resistant glioma cells. J
Virol. 2007; 81:4186.

33. Wang K, Mao Z, Liu L, Zhang R, Liang Q, Xiong Y,
Yuan W, Wei L. Rab17 inhibits the tumourigenic properties
of hepatocellular carcinomas via the Erk pathway. Tumour
Biol. 2015.

22. Muharram G, Le Rhun E, Loison I, Wizla P, Richard A,
Martin N, Roussel A, Begue A, Devos P, Baranzelli MC,
Bonneterre J, Caillet-Fauquet P, Stehelin D. Parvovirus

www.impactjournals.com/oncotarget

5975

Oncotarget

