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Adenoviral-mediated Gene transduction of the hepatocyte
growth factor (HGF) antagonist, NK4, suppresses
peritoneal metastases of gastric cancer in nude mice
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Abstract

The competitive inhibitory effects of NK4 (a specific hepatocyte growth factor (HGF)-antagonist) on the interaction between
HGF and the c-Met/HGF receptor has been shown in HGF-mediated invasion of some distinct types of human cancer cells.
Furthermore, NK4 has inhibitory effects on the angiogenic pathways driven by basic fibroblast growth factor (bFGF) and vascular
endothelial growth factor (VEGF), as well as by HGF. In this study, to evaluate the therapeutic efficacy of adenoviral-mediated
NK4 gene treatment, we employed animal models of peritoneal metastasis using two gastric cancer cell lines, the strongly c-Met
expressing MKN45 cell line and the weakly c-Met-expressing cell line, TMK1. In both models, the total number and weight of
peritoneal tumours per mouse and ascites treated early with AXCANK4 (administered 3 times 2, 7 and 12 days after the tumour
inoculation) were significantly reduced compared with those treated with phosphate-buffered solution (PBS) and AxCALacZ
(P < 0.05). In Factor-VIII-related-antigen-stained sections from peritoneal metastatic tumours, the inhibition of intratumour
vessels was observed in tissues from tumours of MKN45 and TMKI1 treated with AXCANK4. We also compared the therapeutic
effect of early AXCANKA4 treatment with that of late treatment (at 7, 12 and 17 days). Peritoneal metastases and ascites treated late
with AXCANK4 showed less of an improvement than those treated early with AXCANK4 in both models. In addition, the inhibitory
effect of cisplatin (CDDP) on peritoneal metastasis was significantly enhanced by AXCANKA4, suggesting that the combination of
intraperitoneal (i.p.) chemotherapy with NK4 gene therapy might be effective, even in cases of advanced peritoneal metastasis from
gastric cancer. To conclude, these results show clearly that NK4 gene therapy inhibits peritoneal metastases from gastric cancer,
regardless of the level of c-Met/HGF receptor expression in the tumour cells, and especially in the early stages of peritoneal me-
tastasis.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Peritoneal metastasis is the most common type of
metastasis associated with gastric cancer [1], and is most

*Corresponding author. Tel.: +81-73-441-0613; fax: +81-73-446-
6566.
E-mail address: makoto@wakayama-med.ac.jp (M. Iwahashi).

0959-8049/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ejca.2004.05.006

likely caused by the presence of free cancer cells exfoli-
ated from the serosal surface of the primary cancer in
the abdominal cavity [2]. Because the rate of recurrence
in the form of peritoneal metastasis after surgery for
advanced gastric cancer is 44.2%, this mode of metas-
tasis severely affects the prognosis of cancer patients [3].
Although trials to prevent the peritoneal metastasis
of gastric cancer have been performed, including
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chemotherapy and radiotherapy, no effective prolonga-
tion of survival has been obtained [4]. Therefore, the
prevention and treatment of peritoneal metastasis are
important therapeutic targets for gastric cancer patients.

Hepatocyte growth factor (HGF), originally identi-
fied and cloned as a potent mitogen for hepatocytes
[5,6], greatly enhances cell motility and the breakdown
of extracellular matrix in a variety of cancer cells leading
to their dissemination [7-10]. c-Met, a specific HGF
receptor which is a membrane-spanning tyrosine kinase,
is overexpressed in many kinds of cancer cells [11-13]. In
fact, HGF is mainly produced by stromal fibroblasts,
and acts on cancer cells to promote their proliferation
and on stromal cells to promote neovascularisation [14].
Therefore, the HGF/c-Met system plays a definitive role
in the peritoneal invasion and metastasis of gastric
cancer.

Recently, specific HGF-antagonist termed NK4 has
been prepared. It is composed of the N-terminal hairpin
domain and four kringle domains of the a-subunit of
HGF. NK4 binds to the c-Met/HGF receptor, without
inducing tyrosine phosphorylation of c-Met [15]. This
competitive effect of NK4 on the interaction between
HGF and the c-Met receptor has been shown in the
HGF-mediated invasion of certain types of human
cancer cells [13,16-18]. Furthermore, it has been re-
ported that NK4 has inhibitory effects on angiogenic
pathways driven by the basic fibroblast growth factor
(bFGF) and vascular endothelial growth factor (VEGF)
[19]. Of note, the anti-angiogenic effect of NK4 is in-
dependent of the HGF/c-Met system. Considering these
two-way inhibitory effects, HGF/NK4 gene therapy
could potentially be an ideal treatment for patients with
peritoneal metastases from gastric cancer.

In this study, we examined the therapeutic efficacy of
adenoviral-mediated HGF/NK4 gene therapy for heat-
ing peritoneal metastasis of gastric carcinoma in cells
with both high- and low-levels of c-Met expression. We
also compared the effect of early and late treatments.
Considering the potential clinical application, we addi-
tionally investigated the efficacy of combining NK4 gene
therapy with chemotherapy using cisplatin (CDDP),
which is one of the most effective treatments for peri-
toneal metastases from gastric cancer [20].

2. Materials and methods
2.1. Cell lines and cell culture

The human gastric carcinoma cell lines, MKN45,
obtained from Riken Gene Bank (Ibaraki, Japan), and
TMKI1, kindly provided by Dr. Yasui (First Department
of Pathology, Hiroshima University School of Medi-
cine, Hiroshima, Japan), were cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium (Nikken Bio

Medical Laboratory, Kyoto, Japan) containing 10%
fetal bevine serum (FBS) (GIBCO, NY, USA) and 5%
penicillin/streptomycin (GIBCO). It has been reported
that the c-met gene was amplified 14-fold in MKN45
cells [21,22]. The expression of c-met mRNA, examined
by Northern blotting in gastric cancer cell lines, showed
a remarkably high expression level, at least ten-fold
higher than that observed in TMKI1 cells [23]. Other
investigators reported that MKN45 exhibited the high-
est c-Met expression compared with several other gastric
cancer cell lines and grew in response to HGF in a dose-
dependent manner. By contrast TMK 1 showed a low c-
Met expression and did not proliferate in response to
HGF [12].

The human embryonic kidney cell line, 293, pur-
chased from the American Type Culture Collection
(Rockville, MD, USA) was cultured as previously de-
scribed in [24,25].

2.2. Construction of the recombinant adenoviral vector

The NK4 fragment was excised from the plasmid
pcDNA/hNK4 containing the complete human NK4
cDNA by Hind III and Xba I, blunt-ended, and ligated
into the Swa I site of the cassette cosmid pAxCAwt
(Takara Adenovirus Expression Vector Kit, Takara,
Shiga, Japan) to yield pAxCANK4. An adenoviral
vector, AXCANKA4, expressing the NK4 gene under the
control of the CAG promoter was generated using the
cosmid cassettes and adenovirus DNA-terminal protein
complex (COS-TPC) method by transfecting 293 cells
with pAXCANK4, and the EcoT22]-digested Ad5-dIX
DNA-terminal protein complex [24-26]. AxCALacZ
expressing the LacZ gene under the control of the CAG
promoter was also generated using pAxCALacZ (Ta-
kara, Shiga, Japan) by the COS-TPC method.

2.3. Drug

CDDP was provided from Bristol Pharmaceuticals
K.K. (Tokyo, Japan) as BRIPLATIN, a 0.5 mg/ml
CDDP solution in 0.9% sodium chloride.

2.4. Experimental design of NK4 gene therapy for
peritoneal metastases models of gastric cancer

To investigate the efficacy of systemic adenoviral-
mediated NK4 gene therapy, animal models of perito-
neal metastasis from gastric cancer were developed.
Briefly, six to seven-week-old athymic female BALB/c
nu/nu mice (CLEA, Tokyo, Japan) received an intra-
peritoneal injection (i.p.) of 3 x 10° MKN45 or TMK1
cells per mouse [27]. These mice were randomly divided
into the following five groups (each group: n =15):
Group A, treated with PBS; Group B, treated with
AxCALacZ (early treatment); Group C, treated with
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AxCANK4 (early treatment); Group D, treated
with AxXCANK4 (late treatment). The adenoviral vec-
tors (1.0 x 10° plague-forming units (pfu)) were admin-
istered i.p. three times 2, 7 and 12 days after tumour
inoculation for early treatment or 7, 12 and 17 days for
late treatment. The mice were all sacrificed on day 28
after tumour inoculation, and the total number and the
total weight of peritoneal tumours in each mouse were
examined. We also examined the volume of ascites being
produced from the peritoneal metastases.

To assess the inhibitory effect on angiogenesis, dis-
seminated tumours (larger than 3 mm) of Groups A, B
and C were randomly selected, and then subjected to
immunohistochemical staining with an antibody against
Factor-VIlI-related antigen (von-Willebrand factor)
(Dako, Carpinteria, CA, USA). The average number of
immunopositively-stained spots from five fields at a 200-
fold magnification (n =4) was used to represent the
density of the intratumour vessels.

2.5. Evaluation of combination therapy of Adenoviral-
mediated NK4 with CDDP

Six to seven-week-old athymic female BALB/c nu/nu
mice received an i.p. injection of 3 x 105 MKN45 cells.
These mice were randomly divided into the following
four groups: Group A, no treatment (n = 5); Group B,
treated with CDDP alone (n =5); Group C, treated
with CDDP and AXCANK4 (n =5). The mice were
injected with 8 mg/kg of CDDP into the abdominal
cavity on day 3 after tumour inoculation (Groups B and
C), and AxCANK4 (1.0 x 10° pfu) was administered i.p.
three times on day 5, 10 and 15 (Group C). The mice
were all sacrificed on day 28 after tumour inoculation,
and the total number and total weight of peritoneal
tumours of each mouse were examined.

2.6. Statistics

Quantitative results were expressed as the mean = the
standard deviation (SD) of the mean. Statistical analysis
was performed by using the oneway analysis of the var-
iance (ANOVA) and Fisher’s test or Student’s ¢-test, as
appropriate. P < 0.05 was considered statistically sig-
nificant. StatView 5.0 software (Abacus Concepts, Inc.,
Berkeley, CA) was used for all of the statistical analyses.

3. Results
3.1. Therapeutic efficacy of adenoviral-mediated NK4
gene transduction in animal models of peritoneal metas-

tasis

In the in vivo models employing MKN45 (Fig. 1A-a
and A-b) and TMKI1 (Fig. 1A-c and A-d), on day 28

after tumour inoculation, the mesenterium of the mice
treated early with AXCANK4 on days 2, 7 and 12 had
only a few metastatic tumours and were almost normal
(Fig. 1A-b and A-d), while those of mice treated early
with AXCALacZ had many tumours and were remark-
ably shortened (Fig. 1A-a and A-c).

In the model using MKN45, in which c-Met is highly
expressed, the total number and weight of peritoneal
tumours of each mouse treated early with AxCANK4
were significantly reduced compared with the mice
treated with PBS and AxCALacZ (P < 0.005 and
P < 0.05), respectively. In addition, the total number
and weight of peritoneal tumours of each mouse treated
late with AxXCANK4 were decreased compared with the
mice treated with PBS (P < 0.05) and AxCALacZ
(P < 0.05). However, this decrease was less compared
with the mice treated early with AXCANK4 (Table 1).
Values for numbers and weights were approximately 2-3
times higher. Moreover, in the mice treated early with
AxCANK4, there was no ascites at all, whereas in
mice from the other groups, some ascites was observed
(Table 1).

In the model using TMKI1, which weakly expresses
c-Met, the total number and weight of each mouse
treated early with AXCANK4 were significantly de-
creased compared with mice treated with PBS or AxC-
ALacZ (P < 0.005). The total number of tumours in
mice treated late with AXCANK4 was also decreased
compared with mice treated with PBS or AxCALacZ
(P < 0.05). However, the inhibitory effect on peritoneal
metastases resulting from early treatment with Ax-
CANK4 was much stronger than that of late treatment
(P < 0.01). There was a large volume of ascites with
remarkable abdominal dissemination in the mice treated
with PBS (Fig. 1B-a), treated with AxCALacZ and even
treated late with AXCANK4. On the other hand, little
ascites was observed in mice treated early with
AxCANK4 (Fig. 1B-b) (Table 2).

3.2. Microvessel density in tumours disseminated from the
abdominal cavity

In the model using MKN45, the microvessel density
in the disseminated tumour treated with AXCANK4 was
2.0£0.9/high powered fields (hpf), and significantly
decreased compared with that of the PBS- or AxC-
ALacZ-treated mice (8.9 £ 3.4, 7.8 £4.3/hpf) (P < 0.05)
(Fig. 2A). In the model using TMKI, the microvessel
density of disseminated tumours was also suppressed in
the tumours by AXCANK4 (P < 0.05) (Fig. 2B).

3.3. Therapeutic efficacy of the combination therapy
CDDP with Adenoviral-mediated NK4

In the MKN45 model, the total number and weight
of peritoneal tumours in each mouse treated with CDDP
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Fig. 1. The nude mice received an intraperitoneal (i.p.) injection of 3 x 10° MKN45 or TMK1 cells. AxCALacZ (a and c) or AXxCANK4 (b and d)
(1.0 x 10° plaque-forming units (pfu)) was administered i.p. three times at 2, 7 and 12 days after tumour inoculation. To evaluate the therapeutic
efficacy, the mice were sacrificed on day 28 after the tumour inoculations. A, Macroscopic findings of disseminated tumours in the mesenterium:
MKN4S5 (a, b) and TMKI1 (c, d). B, Photograph of abdomen in the peritoneal metastases model of TMK1: the mouse treated with AxCALacZ (a)
and the mouse treated with AXCANK4 (b).

Table 1
Therapeutic efficacy of NK4 gene treatment for peritoneal metastasis from MKN45 cells
Treatment group Number® Weight® (mg) Ascites®
(A) PBS 86.0 +£37.8 1067.0 +729.7 +
(B) AxCALacZ 57.2+12.5 818.8 +£274.3 +
(C) AxCANKH4 early treatment 8.6+£2.7¢ 172.6 +80.9¢ -
(D) AxCANKA4 late treatment 26.4+6.8° 278.0 4 38.6° +

#Data on the total number of disseminated tumours per mouse are expressed as the mean + standard deviation (SD) for five mice.

®Data on the total weight of disseminated tumours per mouse are expressed as the mean + SD for five mice.

“Data are presented as: —, no ascites; +, little ascites; +, ascites not having distended abdomen; ++, substantial ascites having a distended ab-
domen.

4P < 0.005 compared with Groups A and B.

¢P < 0.05 compared with Groups A and B.
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Table 2
Therapeutic efficacy of NK4 gene treatment for peritoneal metastasis from TMKI1 cells
Treatment group Number* Weight? Ascites®
(A) PBS 108.8 £18.3 3664 £ 1011 ++
(B) AxCALacZ 88.8+£19.9 3038 £738 ++
(C) AxCANKH4 early treatment 26.6+11.1¢ 1196 £ 677¢ +
(D) AxCANK4 late treatment 60.8 £20.9 1753 £1273¢ +rt++

#Data on the total number of disseminated tumours per mouse are expressed as the mean + SD for five mice.
®Data on the total weight of disseminated tumours per mouse are expressed as the mean + SD for five mice.
“Data are presented as: —, no ascites; +, little ascites; +, ascites not having distended abdomen; ++, substantial ascites having a distended ab-

domen.

4P <0.0001 compared with Groups A and B, and P < 0.01 compared with Group D.

¢P < 0.005 compared with Groups A and B.

P < 0.05 compared with Groups A and B, and P < 0.01 compared with Group C.

€P < 0.05 compared with Groups A and B.

@ P<0.05
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Fig. 2. The anti-angiogenic effect on metastatic tumours of MKN45 and TMK1 larger than 3 mm in diameter was assessed by immunohistochemical
staining with an antibody against Factor-VIII-related antigen. The average number of immunopositively-stained spots from five fields at 200-fold
magnification was used to represent the density of the intratumour vessels. (a): MKN45 tumours, (b): TMK1 tumours. The statistical analysis was

performed using the Fisher’s test.

were significantly reduced (34.0+11.0, 440.0+128.5
mg) compared with the controls (96.0 +32.1, 1187.0 £
492.4 mg) (P < 0.05). Of note, the inhibitory effect of
CDDP on peritoneal metastasis was significantly
enhanced by AxCANK4 (7.0£2.9, 86.0+£65.8 mg)
(P < 0.01) (Fig. 3).

4. Discussion

NK4 is a useful tool for multistep molecular targeting
in cancer tissue formation. It has been showed that
continuous infusion of the NK4 protein in nude mice
inhibits tumour invasion, motility and growth, and in-
creases apoptotic tumour cell death [16,19]. Further-
more, NK4 suppresses tumour growth and metastases
acting as an angiogenesis inhibitor as well as an HGF

antagonist [19,28]. However, it is necessary to adminis-
ter NK4 frequently to achieve an antitumour effect in
vivo. This would be a problem for any clinical applica-
tions. Recently, it has been reported that the adenoviral-
mediated gene transfer of NK4 makes it possible to
obtain a high concentration of NK4 in vivo resulting in
the inhibition of tumour growth [14,28].

In this study, AXCANK4 (1.0 x 10° pfu) were ad-
ministered i.p. three times at an interval of five days, and
both peritoneal dissemination and ascites were signifi-
cantly suppressed. We previously demonstrated that
serum levels of aspartate aminotransferase (AST) and
alanine aminotranferase (ALT) in mice treated with a
total of 3.0 x 10° pfu of adenoviral vectors were similar
to those in normal mice, except for the administration of
AxCACD expressing the cytosine deaminase gene dri-
ven by the CAG promoter [25]. In addition, it was re-
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Fig. 3. The total tumour number and weight of the disseminated tumours. The mice received intraperitoneally (i.p.) an injection of MKN45 (3 x 10°
cells). The mice were injected with cisplatin (CDDP) (8 mg/kg) into the abdominal cavity on day 3, and AxCANK4 (1.0 x 10° pfu) was administered
i.p. three times at 5, 10 and 15 days. The mice were sacrificed on day 28. No treatment: mice not treated with CDDP or AxCANK4; CDDP: mice
treated with CDDP alone; CDDP + AxCANK4: mice treated with CDDP and AxCANKA4. Bars represent the SD for five mice. Statistical analysis

was performed using the Student’s #-test.

cently reported that only a minimal elevation of liver
enzyme levels following the i.p. injection of Adenovial-
mediated NK4 was observed in contrast to Mock in-
jections [14]. Therefore, we assumed that no remarkable
side-effects are associated with treatment with this
amount of adenoviral vector.

Peritoneal metastasis is established by the attachment
of cancer cells to mesothelial cells and invasion of the cells
into the tissues beneath the peritoneum. It was reported
that HGF, produced by peritoneal fibroblasts and mes-
othelial cells in monolayers, facilitates invasion of the
disseminated tumour cells into the peritoneum [29].
Moreover, the HGF-c-Met signalling pathway is in-
volved in the malignant behaviour of various tumour
cells [9]. Indeed, in the peritoneal metastasis model using
MKN45 which overexpressed the c-Met receptor, Ax-
CANKA4 treatment significantly inhibited the progression
of peritoneal metastasis. However, it has been reported
that c-Met overexpression was detected in only 46.1% of
gastric cancer cases and gene amplification in 10.2% [30].

Recently, it has been shown that NK4 suppresses
tumour growth and metastases, both as an angiogenesis
inhibitor as well as an HGF antagonist, and this anti-
angiogenic activity is likely to be exhibited through
mechanisms that are independent of its HGF-antagonist
activity [19,31]. Furthermore, deletion of the N-terminal
hairpin domain (an essential domain for c-Met receptor
binding in NK4 and HGF) in NK4 led to the selective
loss of HGF-antagonist activity, while the remaining
four-kringle variant of HGF (K1-4) retained the angio-

inhibitory effects [32]. Tumours are always dependent on
the development of an adequate blood supply through
angiogenesis for growth at both primary and secondary
sites such as peritoneal metastases [33]. In fact, several
studies have reported the therapeutic efficacy of gene
therapy using inhibitory molecules of endogenous an-
giogenesis, such as Flt-1 [27], angiostatin [34] and en-
dostatin [35]. The present study demonstrated that
AxCANK4 gene therapy was remarkably effective in the
peritoneal metastasis models, and this therapeutic effect
was independent of the amount of c-Met expression in
the tumour cells. The inhibitory effect of AxCANK4
administered i.p. was thought to be mainly due to the
anti-angiogenic effect of NK4, which not only antago-
nises HGF-induced angiogenesis, but also inhibits the
angiogenesis induced by other angiogenic inducers, be-
cause the inhibition of intratumour vessels was observed
in both MKN45 and TMKI1 dissemination tumours
treated with AxCANKA4.

Many gene therapy studies for peritoneal metastasis
have been reported. In most of these studies, treatments
started within three days after inoculation of tumour
cells in the abdominal cavity [27,28,31]. In this study, we
compared the therapeutic effect of early treatment (Ax-
CANK4 was administrated three times at 2, 7 and 12
days) with that of late treatment (at 7, 12 and 17 days) to
examine whether the timing of treatment could affect
efficacy. Although the late treatment of AxCANK4
obviously inhibited abdominal metastases compared
with controls in both models, the inhibitory effect of late
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treatment was not as strong as that of early treatment.
In our preliminary experiments, there were no dissemi-
nated tumours and no abdominal effusion on day 2 after
i.p. inoculations of MKN45 or TMK1. On the other
hand, ~10 metastatic tumours and some ascites were
recognised on day 7. This means that this therapy is
more effective for microscopic metastases established in
the early phase than for macroscopic metastases.
Therefore, considering the clinical application, patients
with advanced gastric cancer, who have positive peri-
toneal washes without macroscopic disseminated tu-
mours, would be good candidates for NK4 gene
therapy. This therapy would not be sufficient for pa-
tients with macroscopic peritoneal metastases.

One of the strategies to overcome this disadvantage
and enhance the inhibitory effect of NK4 gene therapy
on peritoneal metastasis is to use i.p. chemotherapy. The
1.p. administration of CDDP has been widely used for
the treatment of gastric carcinoma with peritoneal me-
tastases [36,37]. Indeed, in the present study, i.p. che-
motherapy with CDDP (8 mg/kg) alone showed
remarkable therapeutic efficacy against peritoneal me-
tastases from gastric cancer. A dose of 8 mg/kg CDDP is
thought to be almost the maximum tolerable dose
(MTD) in mice, because it has been reported that the
50% lethal dose of CDDP in mice is 13.5 mg/kg (11.9—
15.3, 95% Confidence Interval) and mice injected with
10 mg/kg of CDDP do not die from toxicity [38]. Of
note, the combination treatment of CDDP (8 mg/kg)
with AXCANK4 strongly enhanced the therapeutic ef-
ficacy of CDDP alone (8 mg/kg), suggesting that com-
bination therapy of i.p. chemotherapy with NK4 gene
therapy might be effective, even for macroscopic peri-
toneal metastases from gastric carcinoma.

In conclusion, we demonstrated that adenoviral-
mediated NK4 gene therapy inhibited peritoneal me-
tastases from gastric cancer. This suggests it may have
future clinical applications for the treatment of highly
advanced gastric carcinoma with peritoneal metastasis
in combination with i.p. chemotherapy.
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