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Hepatocellular carcinoma (HCC) is one of the most common cancer-
related causes of death, and conventional treatments offer unsat-
isfactory response. We have previously reported that kallistatin
gene therapy suppressed the growth of HCC tumors by its anti-
angiogenic activity, and meloxicam, a selective COX-2 inhibitor,
inhibited proliferation and induced apoptosis of human HCC cells
in vitro. The aim of this study was to determine whether combin-
ing kallistatin gene therapy and meloxicam could offer a better
therapeutic effect to combat HCC in mice. A kallistatin expression
plasmid was constructed and its expression was detected after
intratumoral gene transfer. Both kallistatin gene therapy and
meloxicam suppressed the growth of subcutaneous human HepG2
tumors established in BALB/c nude mice, and the combinational
therapy showed a stronger effect in suppressing tumor growth,
tumor angiogenesis and cell proliferation, and increasing cell
apoptosis, than the respective monotherapies. Gene transfer of
kallistatin inhibited tumor angiogenesis, and slightly inhibited cell
proliferation and increased cell apoptosis in situ, but had no effect
on expression of vascular endothelial growth factor, basic fibro-
blast growth factor, proliferating cell nuclear antigen, Bcl-2, Bax,
or activation of caspase-3. Meloxicam therapy inhibited cell prolif-
eration, induced cell apoptosis, reduced expression of proliferating
cell nuclear antigen, increased activation of caspase-3, and upregu-
lated Bax. Meloxicam also slightly inhibited tumor angiogenesis
with no effect on the expression of vascular endothelial growth
factor or basic fibroblast growth factor. Combining two novel anti-
cancer agents, kallistatin targeting tumoral vascularization and
meloxicam targeting cell proliferation and apoptosis, warrants
investigation as a therapeutic strategy to combat HCC. (Cancer
Sci 2009; 100: 2226-2233)

H epatocellular carcinoma is the fifth most common can-
cer and the third leading cause of cancer-related mor-
tality worldwide with an estimated incidence of over one
million new cases each year." Surgery offers a cure, but the
rate of liver resection is <15% and recurrence rate remains
as high as 50% after resection.” The conventional treatments
including chemotherapy and radiotherapy offer unsatisfactory
response. Therefore, new strategies to combat HCC are
urgently needed.

Solid tumors including HCC must establish an adequate vas-
cular network to acquire necessary nutrition. Given that HCC
is a hypervascular tumor, anti-angiogenic therapy offers a
promising approach to treatment. Previous studies have
revealed that angiogenesis inhibitors including TNP-470,®
angiostatin,(4) endostatin,(s) soluble VEGF receptor 1,(5) and
vasostatin® are effective in treating HCC in experimental
animal models. Kallistatin, a serine proteinase inhibitor, was
first identified as a tissue kallikrein-binding protein,” and
has recently emerged as a novel inhibitor of angiogenesis.
Kallistatin inhibits the proliferation, migration, and adhesion of
endothelial cells and angiogenesis in the rat model of hindlimb
ischemia. It has been reported that kallikrein-binding protein
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suppressed growth of gastric and hepatocellular carcinomas by
its anti-angiogenic activity."“'" We have recently reported
that adeno-associated virus-mediated expression of kallistatin
inhibite(%] i':1111%iogenesis and growth of colon and HCC tumors
in mice." ="

Selective COX-2 inhibitors have been regarded as a new
group of anticancer drugs based on the observation that expres-
sion of COX-2 is elevated in a variety of human cancers’*'®
including HCC,""**” and COX-2 has been shown to promote
growth and inhibit apoptosis of cancer cells.?" A number of
studies have investigated the use of meloxicam, a selective
COX-2 inhibitor, in inhibiting growth of cancers of ovarian,*?
bladder,*® biliary duct,®*® breast,*> lung,?® and colon.?’
Meloxicam has also_shown anticancer activity to treat HCC
in vitro and in vivo.?"**3% We have previously reported that
meloxicam inhibited proliferation of HepG2 cells, and induced
their apoptosis.®"

Given that kallistatin inhibits tumor angiogenesis, and melox-
icam suppresses proliferation and increases apoptosis of HCC
cells, we hypothesized that these two novel anticancer agents
might have synergistic activity in treating HCC. Therefore this
study aims to investigate whether combining kallistatin gene
therapy and meloxicam could have a better therapeutic effect to
combat hepatomas in mice.

Materials and Methods

Mice, cell line, antibodies, and reagents. Male nude BALB/c
mice (H-2b), 6-8 weeks old, were obtained from the Animal
Research Center, First Affiliated Hospital School of Harbin
Medical University (Harbin, China). The human HCC cell line
HepG2, which strongly expresses COX-2, has been described in
our previous report.”" The cells were routinely cultured at
37°C in RPMI-1640 medium supplemented with 10% FCS. The
Abs against Bcl-2, Bax, active caspase-3, PCNA, and bFGF
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). The anti-Ki67 and anti-kallistatin Abs were pur-
chased from Jingmei Biotech (Shenzhen, China). The anti-
VEGF and anti-CD31 Abs were purchased from Lab Vision
(Fremont, CA, USA) and BD Pharmingen (San Jose, CA, USA),
respectively. Meloxicam injectable solution was purchased from
Boehringer Ingelheim (Shanghai, China).

Kallistatin expression vector. Complementary DNA encoding
kallistatin was released from a kallistatin vector," ~’ and sub-
cloned into pcDNA3.1 to construct the kallistatin expression
vector Kalli-pcDNA3.1. DNA sequence analysis confirmed that
the cDNA sequences were inserted in the proper reading frame,
and no mutations had been incorporated.
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Animal model and treatments. All surgical procedures and
care given to the animals were in accordance with 1nst1tut10na1
guidelines, and have been described prev10usly ) Brleﬂy,
subcutaneous HepG2 tumors were established in the mlce and
volumes were estimated accordmg to the formula: /6 X a” X b,
where a is the short axis, and b the long axis. When tumors
reached approximately 100 mm?, the mice were assigned to four
treatment groups: pcDNA3.1; Kalh -pcDNA3.1; meloxicam; and
Kalli-pcDNA3.1 + meloxicam. To standardize the experiments,
mice in each group received both intratumoral and i.p. injec-
tions. In the pcDNA3.1 and Kalli-pcDNA3.1 groups, mice
received a daily i.p. injection of 100 pL. PBS, and an intratumor-
al injection of 200 pg pcDNA3.1 or Kalli-pcDNA3.1 diluted in
100 pL. FuGENE 6 transfection reagent (Roche, Shanghai,
China), respectively. In the meloxicam group, mice received an
i.p. injection of 100 pL meloxicam (diluted in PBS) at the dose
of 20 mg/kg daily and an intratumoral injection of 200 pg
pcDNA3.1 diluted in 100 p. FuGENE 6. In the Kalli-
pcDNA3.1 + meloxicam group, mice received an i.p. injection
of 100 pL meloxicam at the dose of 20 mg/kg daily and an
intratumoral injection of 200 pg Kalli-pcDNA3.1 diluted in
100 pL. FuGENE 6. FUuGENE 6 was shown to be an efficient
in vivo transfection reagent in our previous study

Immunohistochemistry. Tumor cryosections (5 pm) were
fixed with acetone, rinsed with PBS, blocked with 3% BSA for
2 h, and incubated overnight with primary Abs. They were sub-
sequently incubated for 30 min with secondary Abs using the
Ultra Sensitive TMS-P kit (Zhongshan, Beijing, China), and
immunoreactivity developed with Sigma FAST 3,3’-diam-
inobenzidine tetrahydrochloride and CoCl, enhancer tablets
(Sigma-Aldrich, Shanghai, China). Sections were counterstained
with hematoxylin, mounted, and examined by microscopy.

Assessment of tumor vascularity. The methodology has been
described previously.® Briefly, 5 pm tumor sections were
immunostained with an anti-CD31 Ab, followed by incubation
with fluorescence-labeled goat antirabbit IgG for 30 min,
mounted and examined under fluorescence microscopy. Stained
vessels were counted in 10 blindly chosen random fields at x400
magnification, and the microvessel density was recorded.

Quantitation of Ki-67 prolnferatlon index. The methodology
has been described previously.®® Briefly, tumor sections were
immunostained with an anti-Ki-67 Ab as described above. The
Ki-67 positive cells were counted in 10 randomly selected x400
high-power fields under microscopy. The Ki-67 proliferation
index was calculated according to the following formula: num-
ber of Ki-67 positive cells/total cell count x 100%.

In situ detection of aipoptotlc cells. The methodology has been
described previously.®® Briefly, tumor sections were stained
with the TUNEL agent (Roche) and examined by fluorescence
microscopy. The total number of apoptotic cells in 10 randomly
selected fields was counted. The apoptosis index was calculated
as the percentage of positive staining cells according to the for-
mula: number of apoptotic cells X 100%/total number of nucle-
ated cells.

Western blot analysis. The tumor tissues were homogenized
in protein lysate buffer. Debris was removed by centrifugation
at 10 000 g for 10 min at 4°C. The lysates were resolved on
12% polyacrylamide SDS gels, and electrophoretically trans-
ferred to PVDF membranes. The membranes were blocked with
3% BSA overnight, incubated with primary Abs, and subse-
quently with alkaline phosphatase-conjugated secondary Ab.
They were developed with 5-bromo-4-chloro-3-indolyl phos-
phate/nitroblue tetrazolium (Tiangen Biotech, Beijing, China).

Statistical analysis. The growth patterns of tumors were com-
pared using the ANOVA test. Other results were expressed as
mean values + SD, and a Student’s #-test was used to evaluate
statistical significance. P < 0.05 was used for statistical signifi-
cance.
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Results

Combinational therapy with kallistatin and meloxicam shows a
stronger effect to suppress hepatomas. Tumors were established
by subcutaneous injection of 1 x 10° HepG2 cells into the mice.
Three weeks later, when the tumors reached approximately
100 mm®, the mice were randomly assigned to four groups:
pcDNA3.1 (control); Kalli- -pcDNA3.1; meloxicam; and Kalli-
pcDNA3.1 + meloxicam. As shown in Figure 1, the control
tumors grew remarkably quickly, reaching 1985 + 402 mm® in
volume six weeks after implantation, which is not significantly
different from the untreated tumors (data not shown). In con-
trast, in the Kalh pcDNA3.1 group, the tumors reached only
961 + 193 mm’ six weeks after implantation, which is signifi-

cantly smaller than the control tumors (P < 0.01). Meloxicam
therapy also resulted in a significant reduction in tumor volumes
(1280 + 221 mm- ) compared with control tumors (P < 0.05).
A combination of Kallio-pcDNA3.1 and meloxicam further
suppressed tumor growth such that tumors reached only
435 + 149 mm°, which is highly significantly smaller than the
control tumors (P < 0.001), and significantly smaller than the
tumors treated with kallistatin and meloxicam monotherapies
(both P < 0.05; Fig. 1).

Intratumoral gene transfer results in intense in situ transgene
expression. Tumor homogenates were prepared one week after
treatment and subjected to Western blot analysis. As shown in
Figure 2A, a weak band of kallistatin protein (49 kDa) was
detected by Western blot analysis of homogenates of tumors
treated with pcDNA3.1 or meloxicam. In contrast, a stronger
band was detected by Western blot analysis of homogenates of
tumors treated with Kalli-pcDNA3.1 or Kalli-pcDNA3.1 +
meloxicam (Fig. 2A). The Western blot analysis results were
further confirmed by immunohistochemistry. Representative
photographs revealed intense expression of kallistatin through-
out tumors treated with Kalli-pcDNA3.1, whereas the sections
from pcDNA3.1-treated tumors were only slightly stained by the
anti-kallistatin Ab due to weak expression of endogenous kallist-
atin (Fig. 2B vs Fig. 2C).

Cell proliferation in situ. Tumor sections were stained with an
Ab that detects the cell proliferation marker Ki-67. Compared
with the control tumors (Fig. 3A), there were fewer Ki-67 posi-
tive cells in tumors treated with Kalli-pcDNA3.1 (Fig. 3B) or
meloxicam (Fig. 3C). The combinational therapy resulted in
even fewer Ki-67 positive cells (Fig. 3D). Ki-67 positive cells
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Fig. 1. Combining kallistatin gene therapy and meloxicam shows a
stronger effect in suppressing tumor growth compared to mono-
therapies. HepG2 hepatomas were established. When the tumors
reached approximately 100 mm? (indicated by a vertical arrow), they
received pcDNA3.1 (control), Kalli-pcDNA3.1, meloxicam, or Kalli-
pcDNA3.1 + meloxicam treatments. The sizes (mm?) of tumors were
recorded. tSignificant difference in tumor volumes compared to
control. Significant difference in tumor volumes compared to Kalli-
pcDNA3.1 treatment (+), and meloxicam treatment (8).
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Fig. 2.

Intense expression of kallistatin in situ after intratumoral gene transfer. (A) Homogenates of tumors from mice treated with pcDNA3.1

(lane 1), Kalli-pcDNA3.1 (lane 2), meloxicam (lane 3), or Kalli-pcDNA3.1 + meloxicam (lane 4) one week earlier underwent Western blot analysis
with either anti-kallistatin or B-actin Abs. lllustrated are representative tumor sections prepared one week following intratumoral gene transfer
of pcDNA3.1 (B) and Kalli-pcDNA3.1 (C) plasmids. The sections were stained with an anti-kallistatin Ab.

were counted to record the proliferation index. As shown in
Figure 3E, Kalli-pcDNA3.1 therapy resulted in a reduction in
the proliferation index by 16%, compared with control, but the
difference did not reach significance; meloxicam therapy signifi-
cantly reduced the proliferation index by 35% (P < 0.05), com-
pared with control. The combinational therapy resulted in a
highly significant reduction in the proliferation index by 51%
(P < 0.001) compared to control, and a significant reduction
compared to Kalli-pcDNA3.1 and meloxicam monotherapies
(both P < 0.05). We further detected tumoral expression of
PCNA, which was downregulated by meloxicam and the combi-
national therapy, but Kalli-pcDNA3.1 had no effect on PCNA
expression (Fig. 3F).

Cell apoptosis in situ. Tumor sections were stained with
TUNEL for detecting apoptotic cells. A small number of apop-
totic cells were detected in the control tumors (Fig. 4A),
whereas a greater number of apoptotic cells were detected in
tumors treated with Kalli-pcDNA3.1 (Fig. 4B) and meloxicam
(Fig. 4C). The combinational therapy resulted in even more
apoptotic cells (Fig. 4D). The apoptotic cells were counted to
record the apoptosis index. Kalli-pcDNA3.1 therapy signifi-
cantly increased the apoptosis index onefold (P < 0.05), com-
pared with control, and meloxicam significantly increased the
apoptosis index almost threefold (P < 0.001) (Fig. 4E). The
apoptosis index in tumors treated with combinational therapy
was highly significantly higher, at fivefold (P < 0.001) higher
than that in control tumors, and significantly higher than Kalli-
pcDNA3.1 and meloxicam monotherapies (both P < 0.05). We
further detected tumoral expression of apoptosis-related proteins
including Bcl-2, Bax, and active caspase-3. As shown in
Figure 4F, Kalli-pcDNA3.1 gene transfer showed no effect on
any of the three molecules. Meloxicam therapy upregulated
expression of Bax and active caspase-3, but had no effect on
Bcl-2 expression. The combinational therapy showed a similar
effect to meloxicam alone in regulating expression of the three
proteins (Fig. 4F).

Tumoral angiogenesis. Tumor sections were immunostained
with an anti-CD31 Ab for detecting tumoral vascularization.
Representative tumor sections were prepared from mice treated
with pcDNA3.1 (Fig. 5A), Kalli-pcDNA3.1 (Fig. 5B), meloxi-
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cam (Fig. 5C), and Kalli-pcDNA3.1 + meloxicam (Fig. 5D).
The microvessels were counted to record the microvessel den-
sity. A significant reduction in microvessel density was observed
in tumors treated with Kalli-pcDNA3.1 (19.6 + 5.7), compared
with pcDNA3.1 (43.7 £ 9.6) (Fig. 5E). Although meloxicam
therapy slightly reduced the microvessel density compared to
control, the difference did not reach significance. The combina-
tional therapy resulted in a highly significantly reduction in
microvessel density by almost twofold (P < 0.001) compared to
control, and a significant reduction compared to Kalli-
pcDNA3.1 and meloxicam monotherapies (both P < 0.05).
Next, we investigated whether Kalli-pcDNA3.1 or meloxicam
or the combination could modulate the expression of VEGF, a
key regulator of angiogenesis. However, there was little change
in VEGF or bFGF expression in tumors from the four groups,
detected by Western blot analysis (Fig. S5F).

Discussion

Kallistatin has been shown to inhibit VEGF or bFGF through
induced proliferation, migration, and adhesion of endothelial
cells and to attenuate bFGF through induced capillary density in
mice.®** We have previously reported that gene transfer of
recombinant adeno-associated virus—kallistatin inhibited prolif-
eration of vascular endothelial cells in vitro.'* Accordingly the
present study has shown that kallistatin gene transfer inhibited
tumor angiogenesis. Our results are also supported by two
reports where kallistatin significantly reduced spontaneous
angiogenesis in a rat model of hind limb ischemia,” and a sin-
gle intratumoral injection of kallistatin gene inhibited growth
and an%iogenesis of human breast tumor xenografts in athymic
mice.®” The present study has also shown that kallistatin dis-
played little effect on the expression of VEGF or bFGF. Its anti-
angiogenic activity may be explained by its molecular feature as
a heparin binding factor, which is similar to VEGF and
bFGF. Kallistatin can compete with VEGF and bFGF binding
to heparan-sulfate proteoglycans, a low affinity-binding site,
thus inhibiting the binding activity of VEGF and bFGF and the
angiogenesis signaling cascades induced by VEGF and bFGF.®
In addition, kallistatin has shown multiple biologic functions
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Fig. 3. Combining the kallistatin gene and meloxicam suppresses cell proliferation in situ. Representative tumor sections prepared from mice
treated with pcDNA3.1 (control) (A), Kalli-pcDNA3.1 (B), meloxicam (C), or Kalli-pcDNA3.1 + meloxicam (D) one week earlier. Tumor sections
were stained with an anti-Ki-67 Ab to detect proliferating cells. (E) Ki-67 positive cells were counted to calculate the Ki-67 proliferation index.
tSignificant difference in the proliferation index from control. $Highly significant difference in the proliferation index from control. n, number
of tumors assessed. (F) Tumors from mice treated with pcDNA3.1 (lane 1), Kalli-pcDNA3.1 (lane 2), meloxicam (lane 3), or Kalli-
pcDNA3.1 + meloxicam (lane 4) were homogenized and subjected to Western blot analysis to detect expression of proliferating cell nuclear

antigen (PCNA). B-actin served as an internal control.

including blood pressure regulation and vasculature relaxa-
tion.®? Kallistatin shares a considerable sequence homology
with serine proteinase inhibitors.®> Many serine proteinase
inhibitors have been shown to have anti-angiogenic activity.

All of these features have made kallistatin a promising angio-
genesis inhibitor, although further exploration for the mecha-
nism is required.

In the present study, kallistatin gene transfer inhibited the pro-
liferation and apoptosis of HCC cells in vivo, in accordance with
our previous in vitro assays. ~ But the mechanisms are not
clear as kallistatin showed no effect on expression of PCNA,
nor the apoptosis-related proteins including Bal-2, Bax, and

Jiang et al.

caspase-3. As caspase-3 is the key ‘effector’ protease in the
apoptotic cascade, the results might suggest that kallistatin-
induced cell apoptosis may be caspase-independent. There is
increasing evidence that VEGF has paracrine functions in tumor
biolo%\é, which is able to directly stimulate growth of tumor
cells.””*? Kallistatin may act by competing with VEGF and
binding to heparan-sulfate proteoglycans, and inhibit VEGF
binding activity and cell proliferation. Kallistatin is originally
identified as a tissue kallikrein-binding protein.“" Tissue kallik-
reins pla%/ important roles in tumor growth, angiogenesis, and
invasion.*”’ By binding to tissue kallikreins, kallistatin might
inhibit cell viability. In addition, the inhibition of vascularization
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Fig. 4. Combining kallistatin gene and meloxicam induces more apoptotic cells. Representative tumor sections prepared from mice treated with
pcDNA3.1 (control) (A), Kalli-pcDNA3.1 (B), meloxicam (C), or Kalli-pcDNA3.1 + meloxicam (D) one week earlier. Tumor sections were stained
with the TUNEL agent to view apoptotic cells. (E) TUNEL-positive cells were counted to calculate the apoptosis index. 1Significant difference in
the apoptosis index from control. ¥Highly significant difference in the apoptosis index from control. n, number of tumors assessed. (F) Tumors

from mice treated with pcDNA3.1 (lane 1),

Kalli-pcDNA3.1 (lane 2), meloxicam (lane 3), or Kalli-pcDNA3.1 + meloxicam (lane 4), were

homogenized and subjected to Western blot analysis to detect expression of Bcl-2, Bax, and active caspase-3. B-actin served as an internal

control.

by kallistatin might also restrict the supply of tumor cells
with survival factors provided by endothelial cells and/or the
circulation, as endothelial cells produce at least 20 paracrine
factors, such as platelet-derived growth factor interleukin 6, and
heparin-binding epithelial growth factor.'* Kallistatin inhibits

2230

the proliferation of endothelial cells,(m)

production of paracrine factors.

Several selective COX-2 inhibitors, including meloxicam,
have been shown to inhibit proliferation and/or induce apoptosis
of cells from a variety of tumors including HCC in vitro and

thus being able to reduce
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pcDNA3.1 (lane 4) were subjected to Western blot analysis with Abs against vascular endothelial growth factor (VEGF), basic fibroblast growth

factor (bFGF), and B-actin.

in vivo.?%3” The present study has shown that meloxicam
inhibited cell proliferation in situ, supported by our previous
report where meloxicam inhibited proliferation of HepG2 cells
in vitro.®" Both studies have shown expression of PCNA, a key
cell proliferation marker, was reduced by meloxicam. The
mechanisms by which meloxicam induces apoptosis are not
entirely clear, although it has been reported that inhibition of
COX-2 resulted in activation of caspase-9 and downstream exe-
cution-caspases in liver tumor cells.*® Cellular apoptosis is
triggered by the mitochondrial intrinsic and/or death-receptor
extrinsic pathway.“”> A number of anticancer drugs induce
apoptosis through regulation of the Bcl-2 familkf, the most prom-
inent regulators of apoptosis in cancer cells.** Bcl-2, located

Jiang et al.

on the membrane of mitochondria, is an anti-apoptotic protein,
whereas Bax directly binds to Bcl-2 and inhibits its function.

In the present study, meloxicam upregulated Bax expression and
increased activation of caspase-3, indicating the intrinsic path-
way was involved in meloxicam-induced apoptosis, although it
had little effect on Bcl-2 expression. However, our previous
report®"? showed that Fas, a molecule in the death-receptor
extrinsic pathway, was upregulated by meloxicam, suggesting
the extrinsic pathway might also participate in the apoptosis
induced by meloxicam. In addition, the caspase-independent
pathways might be also involved in COX-2-inhibition-induced
apoptosis, as Yamanaka et al.® reported that selective COX-2
inhibitors NS398 and CAY10404 induced apoptosis of human
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HCC SK-Hepl cells by upregulating TRAIL receptors and
downregulating survivin.

Our results have shown that meloxicam had weak anti-angio-
genic activity and little effect on expression of VEGF and bFGF.
COX-2 inhibitors block the activation of MAPK induced by
VEGF in endothelial cells.“® Inhibition of COX-2 suppressed
integrin onB3 -dependent migration of endothelial cells and
angiogenesis induced by fibroblast growth factor-2.“” It has
been reported that the COX-2 inhibitor etodolac downregulated
expression of MMP-9, and reduced the degradation of extra-
cellular matrix, thus inhibiting tumor angiogenesis and hepatic
metastases of colon cancer.

The present study has for the first time shown that concomi-
tant treatment of mice bearing subcutaneous human HCC
tumors with kallistatin gene therapy and meloxicam results in
increased inhibition of tumor growth. The major role of kallista-
tin was its anti-angiogenic activity, whereas meloxicam inhib-
ited cell proliferation by downregulating expression of PCNA
and induced cell apoptosis by increasing Bax expression and
caspase-3 activation. Whether the interaction between kallistatin
and meloxicam is synergistic or additive is debatable, but at
least each agent did not impair the other’s anticancer activity.
Irrespective of the mechanism, the enhanced therapeutic efficacy
and benefit obtained by combining kallistatin with meloxicam is
without question. By targeting vascular endothelial cells, kallist-
atin increased the antiproliferative and pro-apoptotic activities
mediated by meloxicam. Some authors have speculated that
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