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Abstract. Hypervascular hepatocellular carcinoma (HCC)
is one of the leading causes of cancer-associated mortality.
Angiogenesis is an important contributor to HCC progres-
sion and metastasis; therefore, inhibiting angiogenesis may
be an effective method of treating HCC. Tumstatin is a novel
type of efficient endogenous vascular endothelial cell growth
inhibiting factor. The anti-angiogenic activity of tumstatin
is localized to the 54-132 amino acid region (Tum-5). In a
previous study performed by our group, the gene fragment
encoding Tum-5 was cloned and inserted into a pLXSN retro-
viral vector. In the present study, the anti-angiogenic effects of
Tum-5 and the antitumor effects exerted by the pLXSN-Tum-5
vector in vivo were investigated. The results demonstrated that
pLXSN-Tum-5 significantly inhibited the growth of human
umbilical vein endothelial cells compared with pLXSN, but
had no obvious effect on HepG2 cell growth. Moreover, the
antitumor and anti-angiogenic activity of Tum-5 was exam-
ined in vivo using a xenograft of H22 HCC cells. The results
indicated that pLXSN-Tum-5 significantly inhibited tumor
growth following 5 injections over 10 days. The size and
weight of tumors in the pLXSN-Tum-5 group were lower than
those in the saline and pLXSN groups. Furthermore, immu-
nohistochemical analysis with CD31 antibodies indicated that
the average microvessel density in the pLXSN-Tum-5 group
were significantly lower than that in the saline and pLXSN
groups. These results suggested that Tum-5 exerts its antitumor
activity by suppressing vascular endothelial cells. The gene
fragment of Tum-5 may be developed as an effective inhibitor
of angiogenesis and used to treat patients with HCC.
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Introduction

Hepatocellular carcinoma (HCC), one of the most common
types of cancer in the world, is a hypervascular carcinoma.
Angiogenesis serves an important role in HCC progression,
malignancy, metastasis and high rates of recurrence (1-3).
Solid tumors may not grow bigger than 2-3 mm? if tumor
angiogenesis is blocked (4). Therefore, the development of
genetic engineering technologies to target angiogenesis may
be a novel and effective method of treating HCC.

Angiogenesis enables tumor growth and metastasis to
occur. Moreover, it is the process by which tumor cells are
provided with a supply of blood and nutrients (5-7). Due to its
extensive role in inducing cancer cell growth, tumor angiogen-
esis has become a novel and promising target for anticancer
therapy. Inhibiting tumor angiogenesis may be an efficient way
of preventing tumor occurrence and progression.

Tumstatin is a novel factor that inhibits vascular endothe-
lial cell growth. It belongs to the NC1 domain of a3 chain
of type-IV collagen and exerts anti-angiogenic activity (8.,9).
Tumstatin binds to endothelial cell surface integrins and
exerts its effects through multiple mechanisms, including
inhibition of endothelial cell protein synthesis, which results
in endothelial cell apoptosis, inhibition of tumor blood vessel
formation, and inhibition of tumor cell growth, invasion and
metastasis (9). The anti-angiogenic activity of tumstatin
is localized to its 54-132 amino acid region (Tum-5),
which exhibits similar biological activity to the parent
protein (10-12).

The aim of the present study was to evaluate whether gene
therapy with Tum-5 is an effective strategy to treat patients
with HCC. The Tum-5 gene fragment was cloned and inserted
into a pLXSN retroviral vector following the protocol of a
previous study by our group (13). To identify the role Tum-5
serves in the process of HCC growth, the anti-angiogenic and
antitumor effects of pLXSN-Tum-5 virus transfection were
assessed in vitro and in vivo.

Materials and methods

Reagents. The rabbit anti-mouse CD31 monoclonal antibody
was purchased from eBioscience, Inc. (cat. no. 13-0311-81; San
Diego, CA, USA). The Ready-to-Use Immunohistochemistry
Hypersensitivity UltraSensitive™ S-P kit was purchased
from Maixin Biotech. Co., Ltd. (Fuzhou, China). MTT and



1522

Polybrene® were purchased from Sigma-Aldrich (Merck
Millipore, Darmstadt, Germany).

Cells and culture. The retroviral packaging mouse fibroblast
cell line PA317, NIH3T3 fibroblasts, human umbilical vein
endothelial cells (HUVECS), the HepG2 human hepatocarci-
noma cell line and the H22 mouse hepatocarcinoma cell line
were all obtained from American Type Culture Collection
(Manassas, VA, USA). Cells were cultured at 37°C with
5% CO, in complete Dulbecco's Modified Eagle's medium
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
containing 10% FBS (Gibco; Thermo Fisher Scientific, Inc.).

Production of viral particles and determination of viral
titer. The human pLXSN-Tum-5 plasmid was constructed as
previously described (13). A total of 5x10° PA317 packaging
cells were seeded in 6-well plates. After 24 h, pLXSN-Tum-5
and pLXSN were transfected into the PA317 cells using
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) for 6 h. Infected cells were split and grown with 400 pg/ml
G418-containing medium. After 2 weeks, G418-resistant colo-
nies were picked, the virus-containing supernatant was
collected and passed through a 0.45 pm filter, subsequently
frozen and stored at -80°C. The titer of viral stocks was
determined by infection of the NIH3T3 cells using a previ-
ously described technique (14). The titers of pLXSN-Tum-5
and pLXSN virus were 8.2x10° colony-forming units/ml and
7.6x10° colony-forming units/ml, respectively.

MTT assay for cell proliferation in vitro. Cell growth was
evaluated using an MTT assay. HUVECs or HepG2 cells were
seeded in 96-well plates at 8x10° cells/well (0.2 ml/well) and
cultured at 37°C in 5% CO, overnight to allow for cell attach-
ment. Cells were subsequently infected with pLXSN-Tum-5
virus at 0, 1, 5, 10, 25 and 50 multiplicity of infection (MOI)
in the presence of 5 yg/ml Polybrene. Following 72 h of incu-
bation, the supernatant was removed and serum-free culture
medium containing 5 mg/ml MTT was added to each well.
Following 4 h of incubation with MTT, the supernatant was
discarded and 150 ul dimethyl sulfoxide (Sigma-Aldrich;
Merck Millipore) was added for 10 min. The optical density
(OD) of each well was measured at 570 nm using a Bio-Rad
2550 microplate reader (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). All experiments were performed in triplicate.

Antitumor effects in vivo. The antitumor effects of retroviral
vectors containing Tum-5 gene were examined in vivo using
a H22 mouse HCC xenograft implanted in Kunming (KM)
female mice (55-70 days old; weight, 15-20 g) that were
obtained from Jilin University (Changchun, China). The mice
were implanted subcutaneously with 1x10° H22 cells in 0.1 ml
serum-free medium to produce a subcutaneous tumor xeno-
graft. The mice were housed in sterile prebedded plastic cages
and maintained at 20°C with a 12 h light/12 h dark cycle and
had free access to mouse food and water. When the tumor size
reached 30-70 mm?, 15 xenograft-bearing mice were randomly
divided into three groups: Saline (n=5), pLXSN (empty virus;
n=5) and pLXSN-Tum-5 (n=5). Injections of saline, pLXSN
and pLXSN-Tum-5 were administered on days 0, 2, 4, 6 and
8 into tumor tissues at a MOI of 5 per mouse. The tumor size
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and body weight of each mouse were recorded every other
day. The antitumor effects were determined by measuring the
tumor dimensions via vernier caliper to the nearest 0.1 mm,
and calculating the volume using the following equation:
V=ab*2, where a and b represent the length and width of
tumor, respectively. After 10 days, mice under pentobarbital
anesthesia (80 mg/kg body weight; Sigma-Aldrich) were sacri-
ficed by cervical dislocation, and tumor tissues were carefully
excised from the body and weighed. All animal experiments
were performed in compliance with the NIH guidelines for the
care and use of laboratory animals. The animal experiments in
this study were approved by the Animal Ethics Committee of
Beihua University (Jilin City, China).

Immunohistochemical staining for CD31. Tumor tissues
from the H22 tumor-bearing mice (saline, pLXSN and
pLXSN-Tum-5 groups) were fixed in 10% formalin at room
temperature for 24 h, embedded in paraffin and cut into
4-um consecutive sections. Following deparaffinization
and antigen retrieval, immunohistochemical staining was
performed using the Ready-to-Use Immunohistochemistry
Hypersensitivity UltraSensitive™ S-P kit according to the
manufacturer's instructions. Sections were treated with 3%
hydrogen peroxide for 10 min at room temperature to block the
activity of endogenous peroxidase. The sections were washed
with phosphate-buffered saline (PBS) for 5 min and blocked
with normal goat serum (provided with the kit) for 10 min at
room temperature. The sections were subsequently incubated
with a 1:100 dilution of the monoclonal antibody for CD31 at
4°C overnight. The sections were then washed with PBS and
treated with biotinylated secondary antibody (provided with
the kit) for 10 min, followed by further incubation with strep-
tavidin-horseradish peroxidase complex. Following additional
washing, diaminobenzidine was used as a chromogen and
counterstaining was performed using hematoxylin. Sections
were dehydrated, cleared and mounted with resin.

Microvessel density (MVD). From the CD31-stained sections,
the MVD was determined at the hot spot through light micros-
copy examination (BX43F; Olympus Corporation, Tokyo,
Japan). For each section, positively stained microvessels were
counted from 5 high-power fields (HPF; magnification, x400).
The average count was regarded as the MVD per HPF.

Statistical analysis. Statistical analysis was performed
with the Statistical Package for Social Sciences version
17.0 (SPSS, Inc., Chicago, IL, USA). All experiments were
performed at least three times and all values were expressed
as the mean + standard deviation. Student's #-test was used to
compare values between two groups and one-way analysis of
variance (ANOVA) was used for more than two groups. For
all analyses, P<0.05 was considered to indicate a statistically
significant difference.

Results

Effect of Tum-5 transfection on HUVEC growth in vitro. To
examine the role of Tum-5 in tumor angiogenesis, HUVECs
were used to mimic the tumor environment. HUVECs were
transfected with pLXSN-Tum-5 or pLXSN virus at different
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Figure 1. Effect of Tum-5 on cell growth in vitro. The proliferation rate of (A) human umbilical vein endothelial cells and (B) HepG2 cells was assessed fol-
lowing pLXSN-Tum-5 and pLXSN virus transfection at MOIs of 0, 1, 5, 10, 25 and 50 for 72 h. "P<0.05 and “P<0.01, compared with the pLXSN group. Tum,

tumstatin; MOI, multiplicity of infection.
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Figure 2. Antitumor efficacy of Tum-5 in vivo. (A) Tumor volume of H22 tumor-bearing mice treated with saline, pLXSN and pLXSN-Tum-5 measured over
10 days. Mice received injections on days 0, 2, 4, 6 and 8. (B) Images of excised tumors on day 10. (C) Weight of excised tumors. (D) Body weight of H22
tumor-bearing mice treated with saline, pLXSN and pLXSN-Tum-5 over 10 days. "P<0.05 for the pLXSN-Tum-5 group vs. the pLXSN group and “P<0.01 for

the pLXSN-Tum-5 group vs. the saline group. Tum, tumstatin.

MOIs of 0, 1, 5, 10, 25 and 50. The proliferation rate was meas-
ured using the MTT assay at 72 h. The results demonstrated
that cells in the pLXSN-Tum-5 group exhibited a significantly
lower proliferation rate compared with the pLXSN group
(P<0.05). Tum-5 significantly inhibited the proliferation of
HUVECG:s in a titer-dependent manner (Fig. 1A).

Effect of Tum-5 transfection on HepG?2 cell growth in vitro.
Based on the anti-angiogenesis activity of Tum-5 in HUVECs,
it was investigated whether Tum-5 exerts antitumor activity in
tumor cells in vitro. HepG2 cells were transfected with Tum-5
virus at different MOIs of 0, 1, 5, 10, 25 and 50 for 72 h. The
results demonstrated that the growth of the pLXSN-Tum-5
group was not significantly different from that of the pLXSN
group (P>0.05; Fig. 1B). This result indicated that the intro-
duction of Tum-5 into HepG2 cells did not affect HepG2 cell
proliferation.

Antitumor effect of Tum-5 in vivo. To test if the retrovirus
containing the Tum-5 gene was able to inhibit tumor growth
in vivo, a H22 mouse HCC xenograft model was employed.
When the tumor size reached 30-70 mm?, the 15 mice were
randomly divided into three equal groups. Tumors were
injected with pLXSN or pLXSN-Tum-5 retroviral vectors
(MOI of 5 per mouse) on days 0, 2, 4, 6 and 8. The results
indicated that, compared with saline (P<0.01) and empty
retroviral vectors (P<0.05), pLXSN-Tum-5 significantly
inhibited tumor growth on day 10, after the administration of
5 injections (Fig. 2A). Considering that pLXSN had no effect
on tumor growth, it was concluded that tumor growth was
inhibited by the Tum-5 gene carried by the retroviral vector.
Tumor tissues were excised on the 10th day and weighed. The
size and weight of tumors from mice in the pLXSN-Tum-5
group were significantly lower than those of mice in the
saline (P<0.01) and pLXSN groups (P<0.05) (Fig. 2B and C).



1524

A o2 -
. S
= - — Y ] %2
o 5
- = - 3, - ’." -
-~ . OB e " ol
— '
) ¥ ? f . A .
» -
¥ - - ~— v=%
i % 2 . . s -*
- - - 1) L=
- - . . 4
- i o s ¥
i s - oy
- - n"g
AL LR N - . pue s -
Tt . ~
% B e 4 ¢ o
- - 5! - >
i Val™ a7 - e, 7~
s - -~ N.’ !
-y oL Y
- - v .
C = - . y
. N . - L I
<" T X p ! ! A
- ® oy ¥ - 2
= - . R i - 5 -
et i " . ]
. : o & o .
LR e Lo o 29 gt Rt 5 Wl
el 10 e 2 S S e - -
-~ S o =5 -
T =y ¥ Nt PR
.- r w5 5 ST g ¥y
- . Ry s o vy & o " .
o P A - et vy L 3 wa,
- b o ¥ B » o, Mg Nl
e - A LT S > L -
v b . v . .
A pu'y . 4 8 v & &
Ty - " (e ST
- - - 3 -
vy & ¥ -
-

LI et al: TUM-5 EXPRESSION IN NEOVASCULAR ENDOTHELIAL CELLS FOR TREATING HCC

B,. A LY > . e 3 - o\\:‘\‘
v, N a” \ - '_, pea -
. .‘_\\’ 2 < ‘.‘ '.\ s .
L, # Co Ny ‘E:’ -
N g VA, :
b Z \"‘! 1
4 o i .
D 80
& 70 4
2 60
2 50 A *
= 40 4 1
2 30
o
£ 20 -
§ 10

Saline pLXSN pLXSN-Tum-5

Figure 3. Immunostaining for CD31 in tumor tissues from H22 xenograft mice in (A) the saline group, (B) the pLXSN group and (C) the pLXSN-Tum-5 group
(magnification, x400). (D) Graph of average microvessel density in CD31-stained sections. 'P<0.05 compared with saline and pLXSN groups. HPF, high-power

field; Tum, tumstatin.

Changes in body weight were used to evaluate the toxicity of
the retroviral vectors. The results demonstrated no significant
weight loss in mice in the pLXSN-Tum5 group compared with
mice from the other groups following 10 days of treatment,
suggesting that retroviral vectors containing the Tum-5 gene
exhibit low toxicity (Fig. 2D). The notable weight loss of the
pLXSN-Tum-5 group at day 4 may be attributed to the inhib-
ited tumor growth caused by Tum-5.

Expression of CD31 in tumor tissue. As no direct antitumor
effect of Tum-5 was detected in vitro, it was speculated that the
antitumor effect of Tum-5 observed in vivo was ascribed to the
failure of angiogenesis in H22 tumor-bearing mice. Therefore,
the endothelial cell marker CD31, was used to analyze tumor
angiogenesis. Tumor tissues from H22 tumor-bearing mice
were immunohistochemically stained with an antibody
against CD31. The average MVD of CD31-stained sections in
the pLXSN-Tum-5 group was significantly lower than that in
the saline and pLXSN groups (P<0.05; Fig. 3). These results
suggested that Tum-5 may decrease HCC tumor growth by
inhibiting angiogenesis in vivo.

Discussion

Tumor angiogenesis is a key process for the majority of
solid tumors, since the growth and metastasis of malignant
cells require the formation of new blood vessels (5-7,15,16).
Tumstatin specifically inhibits endothelial cell proliferation
and induces apoptosis by interacting with o, f3; integrin (12,17).
Deletion mutagenesis analysis has revealed that the anti-angio-
genic activity of tumstatin is localized to the 54-132 amino
acid region (Tum-5) (11). It is easier to transfer smaller frag-
ments into tissue or cells, and in the present study, Tum-5
cDNA was therefore transfected into the retrovirus plasmid
pLXSN to construct pLXSN-Tum-5 (13), a carrier which can

effectively transfect host cells to stably express Tum-5 (18). To
determine whether Tum-5 exhibits anti-angiogenic activity,
HUVECs were transfected with pLXSN-Tum-5 virus in vitro.
The results of the MTT assay indicated that the transfection of
pLXSN-Tum-5 virus significantly decreased HUVEC prolifer-
ation in a titer-dependent manner and that the Tum-5 fragment,
like full-length tumstatin, exhibits proliferation-inhibitory
activity.

It has been demonstrated that tumstatin inhibits tumor
growth in a number of different types of cancer, including
human renal carcinoma, prostate carcinoma, lung carcinoma
and glioma (11,12,19-22). As a gene fragment encoding the
region of tumstatin with anti-angiogenic activity, Tum-5
has been identified to exhibit antitumor activity by exerting
anti-angiogenic activity, but does not act directly on tumor
cells (10-12). However, it has been reported that the Tum-5
gene may significantly inhibit gastric cancer cell proliferation
and promote cell apoptosis in vitro (23). Therefore, the present
study evaluated the antitumor effects of Tum-5 on HepG2 cells
in vitro. The results showed that the proliferation of HepG2
cells transfected with Tum-5 did not significantly differ from
that of cells transfected with retroviral vector, suggesting that
Tum-5 had no direct antitumor activity on HepG2 cells. It was
considered that Tum-5 may have different effects on gastric
cancer and HCC cells. However, Tum-5 did not exert an anti-
tumor effect on H22 cells in vitro in our prelimary experiment.
In blood vessels formed during tumor angiogenesis, vascular
endothelial cells may serve important roles in several steps of
tumor cell activation, proliferation, migration, invasion and
tubule formation (24,25). Considering the rich blood vessels
observed in HCC, specific angiogenesis-targeting interven-
tions provide a possible treatment for HCC by inhibiting the
abovementioned processes (26-28). Therefore, the inhibition
of angiogenesis represents a potential therapeutic target for
HCC that may reduce the mortality of patients with HCC. The
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present study investigated the inhibitory effects of Tum-5 on
HCC growth in vivo by injecting pLXSN-Tum-5 virus into
KM mice bearing H22 tumors, and a significant antitumor
effect was observed. The size and weight of tumors from
mice in the pLXSN-Tum-5 group were significantly lower
than those from the pLXSN and wild-type H22 HCC groups,
suggesting that Tum-5 is effective at inhibiting HCC tumor
growth.

The rate of angiogenesis is typically estimated by
measuring the MVD of fixed tissue immunostained for endo-
thelial markers, including CD31, CD34 and factor VIII. CD31
is a pan-endothelial marker for small and large vessels (29).
In order to assess the MVD, CD31 and associated antibodies
are used to mark tumor vascular endothelial cells and the
capillary number per unit area is counted (30). In the present
study, immunohistochemical staining for CD31 revealed that
the average MVD in the pLXSN-Tum-5 group was signifi-
cantly lower compared with that in the pLXSN and wild-type
H22 HCC groups. The results indicated that Tum-5 may have
a significant anti-angiogenic effect on the neovascular endo-
thelial cells of HCC.

In conclusion, the present study determined that Tum-5
specifically inhibited HUVEC proliferation, but did not have
any direct effect on HCC cell growth in vitro. The in vivo study
demonstrated that Tum-5 exerted stronger antitumor activity
through suppression of vascular endothelial cells compared
with direct action on HCC cells. Taken together, the results of
the present study suggested that the gene fragment of Tum-5
may be an effective angiogenesis inhibitor and may be devel-
oped as novel therapeutic strategy to treat patients with HCC.
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