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Abstract

NK4, originally prepared as a competitive antagonist for hepatocyte growth factor (HGF), is a bifunctional molecule that acts as an
HGPF-antagonist and angiogenesis inhibitor. When the expression plasmid for NK4 gene was administered into mice by hydrodynamics-
based delivery, the repetitive increase in the plasma NK4 protein level was achieved by repetitive administration of NK4 gene. Mice were
subcutaneously implanted with colon cancer cells and weekly given with the NK4 plasmid. The repetitive delivery and expression of NK4
gene inhibited angiogenesis and invasiveness of colon cancer cells in subcutaneous tumor tissue and this was associated with suppression
of primary tumor growth. By fifty days after tumor implantation, cancer cells naturally metastasized to the liver, whereas NK4 gene
expression potently inhibited liver metastasis. Inhibition of the HGF-Met receptor pathway and tumor angiogenesis by NK4 gene

expression has potential therapeutic value toward inhibition of invasion, growth, and metastasis of colon cancer.

© 2007 Elsevier Inc. All rights reserved.
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Colon cancer is one of the most common cancers in the
world, with a high propensity to metastasize; 30-40% of
patients have metastatic disease at the initial diagnosis.
The most common sites of metastasis from colon cancer
are the regional lymph nodes, the liver, the lung, and the
peritoneum, in which the liver being the most frequent site
of metastases [1,2]. Because the majority of deaths with
colon cancer are due to metastatic disease, inhibitions of
growth and metastasis of colon cancer are expected to
become effective treatment, leading to prolongation of the
life span. Among them, anti-angiogenesis strategy has been
growing and standard for treatment of patients with colon
cancer [3,4]. Inhibition of tumor angiogenesis is likely to
decrease frequency of metastasis, however, inhibition of

* Corresponding author. Fax: +81 6 6879 3789.
E-mail address: nakamura@onbich.med.osaka-u.ac.jp (T. Nakamura).

0006-291X/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2007.04.098

dissociation, spreading, and invasion of cancer cells is a
way to directly inhibit metastatic behavior of cancer cells.

Hepatocyte growth factor (HGF), originally identified
and cloned as a mitogenic protein for hepatocytes [5,6], is
closely involved in invasion and metastasis of a variety of
cancer cells, including colon cancer [7-10]. Previous studies
demonstrated that NK4, a specific antagonist against
HGF, competitively inhibited Met receptor activation
and this was associated with inhibition of biological events
driven by HGF-Met receptor coupling, including the inva-
sion of colon cancer cells [11-14]. NK4 is composed of the
NH,-terminal hairpin domain and four-kringle domains in
the a-chain of HGF [11]. NK4 binds to the Met receptor,
but does not induce tyrosine phosphorylation of Met
[11]. Furthermore, NK4 is an angiogenesis inhibitor as well
as an HGF-antagonist, and that the anti-angiogenic action
of NK4 is independent of its activity as HGF-antagonist
[15]. The bifunctional properties of NK4 to act as an
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angiogenesis inhibitor and as an HGF-antagonist raises the
possibility that NK4 may be unique therapeutic strategy
for treatment of metastatic colon cancer.

Gene therapy has been considered to expand the hori-
zon of anti-angiogenesis therapy by virtue of its ability to
locally and/or systemically deliver polypeptide angiogene-
sis inhibitors for a certain period [16,17]. Taking together
with potential therapeutic value of NK4, the present study
was performed to evaluate the therapeutic potential of the
hydrodynamics-based gene therapy of NK4 for the treat-
ment of invasive and metastatic colon cancer in mice.

Materials and methods

Recombinant materials and measurement of NK4. Recombinant human
HGF and NK4 were respectively purified from culture media of CHO
cells, which stably secrete human HGF and NK4 [6,18]. Concentration of
NK4 in the plasma was determined using enzyme-linked immunosorbent
assay (ELISA) kit for human HGF (B-Bridge International Inc., CA,
USA). Because this ELISA system does not cross-react with mouse HGF,
human NK4 can be specifically detectable in mouse tissues and plasma.
Recombinant human NK4 was used for determination of the standard
curve.

Cell culture and scattering assay. For measurement of biological
activity of NK4 expressed using pCAGGS-NK4 plasmid, COS-7 cells
were transfected with pCAGGS-NK4 or pCAGGS-empty, and cultured
for 48 h. The culture media were collected and used for the cell scattering
assay using MDCK cells. MDCK cells were plated at 250 cells/cm? in
DMEM containing 10% fetal bovine serum onto six-well plates and cul-
tured for 3 days. After culture medium was changed, the conditioned
medium obtained from cultures of COS-7 cells transfected with pCAGGS-
empty or pPCAGGS-NK4 was added at 50:50 (% in vol/vol) to the culture
of MDCK cells in the presence or absence of 110 pM HGF, and the cells
were cultured for 24 h.

Experimental models for cancer growth and metastasis. Expression
plasmid for human NK4 (pCAGGS-NK4) was constructed as described
elsewhere [14]. For hydrodynamics-based gene delivery, plasmid DNA
(pCAGGS-empty or pPCAGGS-NK4) in saline was injected into the tail
vein at 80 ul/g body weight within 5 s [19]. Seven-week-old male C57BL/6
mice (Japan SLC Inc., Hamamatsu, Japan) were subcutaneously
implanted with 1 x 10° MC-38 cells. Five days after tumor implantation,
pCAGGS-empty or pPCAGGS-NK4 plasmid solution was injected into the
tail vein as described above, and this procedure was repeated with an
interval of 7 days. For histopathological analysis, mice were analyzed on
day 28. The size of tumors was measured using a dialcaliper, and the
volume of tumors was determined using the formula width? x length x 0.5.
Six mice were used for each experimental group.

For analysis of metastasis, mice were killed on day 50 after tumor
implantation and the number of macroscopically visible metastatic nod-
ules (larger than 1 mm in diameter) on the surface of livers was measured.
Ten mice were used in each experimental group.

Histopathological analysis. For conventional histological analysis, tis-
sues fixed in formalin were embedded in paraffin, and tissue sections were
stained with hematoxylin and eosin. Apoptotic cell death was determined
by in situ detection of DNA fragmentation using terminal deoxynucleo-
tidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL assay)
as described elsewhere [12,14,15]. For blood vessel staining, tissues were
fixed in 70% ethanol and embedded in paraffin. Tissue sections were
subjected to immunostaining for von Willebrand factor (wWWF) (diluted
1:100; Dako, Glostrup, Denmark) as described by Kuba et al. [15]. The
number of blood vessels was counted under a light microscope at 100x
magnification using at least 20 randomly selected fields per each section.
For detection of proliferating cells, tissue sections fixed in 10% formalin
solution were subjected to immunostaining for PCNA as described else-
where [12,14,15].

To semiquantitate the invasiveness of the subcutaneously implanted
cancer, we defined the invasion score based on histological observations as
follows: score 0, invasion was undetectable; score 1, invasive regions were
less than 50% in periphery of each metastasis; score 2, invasion regions
were 60-80% in periphery of each metastasis; score 3, invasion was
extensive, and normal muscle tissue and tumor regions could not be dis-
tinguished [18].

Statistical analysis. For statistical analyses, we used unpaired Student’s
t test (two-tailed) unless otherwise mentioned. Differences were considered
to be statistically significant at p <0.05.

Results

Inhibition of HGF-induced cell scattering by NK4 expressed
in COS-7 cells

We first tested whether NK4 expressed in mammalian
cells using pCAGGS-NK4 plasmid would inhibit biologi-
cal response driven by HGF-Met association. COS-7 cells
were transfected with pCAGGS-NK4 plasmid and biolog-
ical activity of NK4 in the conditioned medium was exam-
ined in cell scattering assay using MDCK cells (Fig. 1A).
When 110 pM HGF was added to monolayer culture of
MDCK cells, HGF induced dissociation and scattering of
the cells (Fig. 1A(a) and (b)), however, recombinant NK4
inhibited MDCK cell scattering in the presence of HGF
(Fig. 1A(f)). The addition of the conditioned medium from
COS-7 cells transfected with pCAGGS-NK4 inhibited cell
scattering induced by HGF (Fig. 1A(d)). In contrast, the
conditioned medium from COS-7 cells transfected with
empty plasmid did not inhibit MDCK cell scattering
(Fig. 1A(c)). The addition of the conditioned medium from
COS-7 cells transfected with pCAGGS-NK4 had no effect
on the scattering of MDCK cells (Fig. 1A(e)). Thus NK4
expressed using pCAGGS-NK4 antagonizes biological
activity of HGF.

Transgene expression after repeated plasmid delivery

Previous studies demonstrated that the hydrodynamics-
based gene transfection achieved an efficient expression of
NK4 genes predominantly in the liver but much lesser in
the kidney and spleen, and the plasma NK4 level was
increased for a certain period [14]. We here examined a
possibility that plasma NK4 level could be maintained
for a longer period by repeated administration of expres-
sion plasmid than a single administration. Mice were
injected with 5 pg of pCAGGS-NK4 or pCAGGS-empty
plasmid per animal on day 0, day 7, and day 14, and the
NK4 plasma levels were measured (Fig. 1B). The plasma
NK4 reached 49.5ng/ml 24h after delivery of the
pCAGGS-NK4 and decreased to 15.4 ng/ml on day 3. Fol-
lowing the second and third injection, the plasma NK4
level again reached 72.9 and 125.1 ng/ml on day 8 and
15, respectively. Thus, the plasma NK4 level was repeti-
tively increased following administration of the expression
plasmid, and it was kept over 8.2 ng/ml during 3 weeks
post-administration.
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Fig. 1. Inhibition of HGF-dependent cell scattering by NK4 gene expression and change in the plasma NK4 level following repetitive administration of
expression plasmid for NK4. (A) Inhibition of HGF-dependent cell scattering by NK4 secreted from COS-7 cells. The conditioned medium (CM) obtained
from culture of COS-7 cells transfected with pPCAGGS-empty or pCAGGS-NK4 was added to the culture of MDCK cells. MDCK cells were cultured for
24 h in the absence (a) or presence of 110 pM HGF (b), 110 pM HGF plus CM from COS-7 transfected with pPCAGGS-empty (c), 110 pM HGF plus CM
from COS-7 transfected with pPCAGGS-NK4 (d), CM from COS-7 transfected with pCAGGS-NK4 (¢e), or 110 pM HGF plus 110 nM recombinant NK4
(f). (B) Change in the plasma NK4 level following repetitive administration of expression plasmid for NK4. Five microgram of pCAGGS-NK4 was
administered intravenously into mice on day 0, 7, and 14. NK4 level in the plasma was measured by ELISA. Each value represents the mean + SE (n = 6 in

each group). Arrows indicate the time of plasmid administration.

Suppression of tumor angiogenesis and growth by NK4 gene
expression

We next examined whether NK4 would inhibit tumor
growth in vivo. MC-38 colon cancer cells were subcutane-
ously implanted into C57/BL6 mice, and pCAGGS-NK4
or pCAGGS-empty was repeatedly administered with an
interval of 7 days (Fig. 2). Tumor volume increased rapidly
following two weeks after implantation, however, the
increase in tumor volume was inhibited by the expression
of NK4. The volume of subcutaneous primary tumor in
NK4 treated mice was inhibited to 43% on day 28 as com-
pared to control mice given empty plasmid (r = 6, p < 0.05)
(Fig. 2).

Because tumor growth is regulated by a counter-balance
between proliferation and death of cancer cells, proliferat-
ing and apoptotic cancer cells were detected by immunohis-

tochemistry for PCNA and TUNEL, respectively. The
population of PCNA-positive cells in tumor tissues had
no significant difference between values in empty vector
and pCAGGS-NK4 vector (Fig. 3A-C). On the other
hand, the population of TUNEL-positive cancer cells was
1.9 +£0.1% in control mice injected with empty plasmid,
whereas it increased to 4.6 £+ 0.4% in mice injected with
pCAGGS-NK4 plasmid (Fig. 3D-F). The result indicates
that growth suppression by NK4 gene expression might
be due to the increase in apoptotic cancer cells rather than
the inhibition of proliferation of cancer cells. When we
analyzed blood vessels in tumor tissues by immunostaining
for von Willebrand factor, the size of blood vessels in mice
injected with pCAGGS-NK4 plasmid appeared much
smaller than that of control mice injected with the empty
plasmid (Fig. 3G and H). Moreover, the blood vessel den-
sity in mice injected with pCAGGS-NK4 plasmid
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Fig. 2. Suppression of primary tumor growth by NK4 gene delivery and
expression. MC-38 colon cancer cells (1 x 10° cells) were subcutaneously
implanted into mice. pCAGGS-empty or pCAGGS-NK4 (5 pug each
mouse) was administered on day 5, 12, 19, and 26 after tumor
implantation. Each value represents the mean + SE (n = 6 in each group).
Arrows indicate the time of plasmid administration.
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decreased to 33.3 % of that of control mice (p <0.01)
(Fig. 3I). Thus, NK4 gene expression inhibited tumor angi-
ogenesis, thereby suppressing angiogenesis-dependent
tumor growth.

It is also notable that histological observation of tumor
tissues indicated that NK4 gene therapy suppressed inva-
sive behavior of the cancer cells (Fig. 3J-L). In control
tumor tissue, the cancer cells invaded surrounding tissues,
particularly into muscle tissue (Fig. 3J). In contrast, inva-
sion of the tumor cells was suppressed in mice injected with
pCAGGS-NK4 plasmid (Fig. 3K). Histological estimation
of tumor invasion indicated that the invasion score in
pCAGGS-empty plasmid-injected mice reached 2.8 4+ 0.1,
whereas in pCAGGS-NK4 plasmid-injected mice it was
inhibited to 1.6 £0.2 (Fig. 3L; p <0.01). Because both
in vitro and in vivo inhibition of Met receptor activation/
tyrosine phosphorylation in MC-38 cancer cells by NK4
was closely associated with inhibition of invasion and
spreading of the cancer cells [14], the inhibition of cancer
cell invasion in the subcutaneous tumor tissue by NK4
gene therapy may be attributable to the biological activity
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Fig. 3. Histopathological changes in primary tumor in mice administered with pCAGGS-empty or pCAGGS-NK4 plasmid. (A,B,C) Distribution and
change in PCNA-positive proliferating cancer cells. (D,E,F) Distribution and change in TUNEL-positive apoptotic cancer cells. (G,H,I) Distribution and
change in the blood vessel density. (J,K) Typical histological appearances of tumor tissues (T indicates tumor regions). (L) Invasive potential of colon
cancer in primary tumor, evaluated by histological scoring (described in Materials and methods). MC-38 cells were subcutaneously implanted into mice,
and pCAGGS-empty (A,D,G.J) or pPCAGGS-NK4 (B,E,H,K) was administered on day 5, 12, 19, and 26. Tumors were resected on day 28. Each value

represents the mean + SE (n = 6 in each group). **p <0.01.
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Fig. 4. Inhibition of liver metastasis of colon cancer by NK4 gene expression. Typical appearances of the livers (A) and the number of the hepatic surface
metastases (B) in mice administered with pCAGGS-empty (Empty) or pPCAGGS-NK4 (NK4). MC-38 cells were subcutaneously implanted into mice, and
pCAGGS-empty or pPCAGGS-NK4 was administered on day 5, 12, 19, and 26. On day 50, mice were autopsied and the number of metastases (larger than
1 mm in diameter) on the surface of livers was measured. Each value represents the mean + SE (n = 10 in each group). *p <0.05.

of NK4 to inhibit functional association between HGF and
the Met receptor.

Inhibition of liver metastasis by NK4 gene expression

Subcutaneous MC-38 cancer cells naturally metasta-
sized to the liver 7 weeks after tumor implantation. We
therefore analyzed the effect of repetitive gene expression
of NK4 on liver metastasis in the subcutaneous implan-
tation model. MC-38 cells (1 x 10° cells) were implanted
subcutaneously, pCAGGS-empty and pCAGGS-NK4
plasmids were repeatedly delivered four times on day 5,
12, 19, and 26, and the mice were analyzed on day 50
(Fig. 4). In control mice injected with the empty plasmid,
7 among 10 mice displayed the metastatic nodules in the
surface of liver, whereas 3 among 10 displayed surface
metastasis in the liver in mice injected with pCAGGS-
NK4 (Fig. 4A). The mean number of the surface metas-
tases in the liver reached 11.1 £7.1 in control mice
injected with pCAGGS-empty, however, it was sup-
pressed to 1.1 £0.2 in mice injected with pCAGGS-
NK4 (Fig. 4B). In addition to the liver metastasis,
30% of control mice injected with empty plasmid dis-
played peritoneal metastasis in control mice, whereas
no mice displayed peritoneal metastasis in mice subjected
to NK4 gene therapy. Thus repetitive delivery and
expression of NK4 gene potently inhibited cancer metas-
tasis naturally spread from the primary subcutaneous
tissue.

Discussion

Since HGF activates intracellular and extracellular
events that lead to dissociation and invasion of cancer cells,
the HGF-Met system is closely involved in acquisition of
invasive and metastatic potentials [7-10]. HGF decreases
cadherin-mediated adhesiveness of cells [20,21], and stimu-
lates proteolytic breakdown of the extracellular matrix,
through enhancing matrix metalloproteinase and uroki-
nase-type plasminogen activator-dependent proteolytic
network [7-11,22,23]. Based on these backgrounds, the
inhibition of HGF-Met system has been considered to be
a therapeutic strategy, particularly to inhibit cancer inva-
sion and metastasis. Several lines of distinct approaches
for inhibiting the HGF-Met pathway have been demon-
strated in experimental models, including small molecules
that inhibit the tyrosine kinase activity of the Met, ribo-
zyme, siRNA, neutralizing antibodies, soluble Met recep-
tor, and NK4 [12,14,15,18,24-27].

NK4 gene expression in hydrodynamics-based delivery
of pCAGGS-NK4 plasmid was the highest in the liver
and much lesser expression of NK4 was seen in other
organs such as the kidney and spleen [14]. In our previous
report, we showed that the single injection of pCAGGS-
NK4 plasmid inhibited intrahepatic invasive growth and
liver metastasis in intrahepatic or intrasplenic inoculation
of MC-38 cancer cells [14]. Thus, the previous report did
not address effects of NK4 gene expression on entire pro-
cesses of tumor metastasis from the dissociation in primary
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site to growth of metastases in distant organs. We here
demonstrated that repetitive hydrodynamics-based delivery
and expression of NK4 gene inhibited invasive growth of
primary tumor and subsequent liver metastasis even when
the colon cancer cells were implanted subcutaneously.
Therefore, considerable significance of the present study
seems to be that 1) NK4 gene expression inhibited colon
cancer metastasis, wherein metastatic process includes dis-
sociation and invasion of cancer cells from the primary
subcutaneous tumor tissues, the entry into the blood flow
and extravasation, hepatic colonization, and subsequent
growth in the liver, and 2) systemically delivered NK4 via
blood circulation inhibited subcutaneous tumor invasion,
angiogenesis and growth.

NK4 is a bifunctional molecule, acting as HGF-antago-
nist and angiogenesis inhibitor [11,15,27]. NK4 inhibits
angiogenic response induced by basic fibroblast growth
factor and vascular endothelial cell growth factor, as well
as by HGF [15]. We cannot discriminate contribution of
each biological activity of NK4 to its inhibitory effect on
liver metastasis of cancer cells spread from the primary
subcutaneous site. However, it is highly likely that both
activities as HGF-antagonist and angiogenesis inhibitor
are involved in the anti-metastasis, because NK4 gene ther-
apy suppressed dissociation and invasion of the cancer cells
in subcutaneous tissue (Fig. 3), and the specific inhibition
of tumor angiogenesis was associated with the decrease in
tumor metastasis [28]. On the other hand, the inhibition
of tumor angiogenesis is associated with an increase in hyp-
oxic regions, whereas the presence of hypoxic regions
within tumors increases risk of invasion and metastasis
[29]. Pennacchietti et al. demonstrated that hypoxia
induced the transcriptional activation of the Met receptor
gene and the subsequent amplification of HGF-Met signal-
ing, thereby promoting the invasiveness of cancer cells [29].
Therefore, a connection between hypoxia and the Met
receptor explains why hypoxia is often correlated with
the acquisition of invasive and metastatic behavior. Per-
haps, simultaneous inhibition of tumor angiogenesis and
the HGF-Met pathway may be a way for augmenting the
effectiveness of anti-angiogenesis therapy of cancers.

Inhibition of tumor invasion and metastasis awaits the
development of new strategies in cancer treatment and pre-
vention. The inhibition of tumor angiogenesis is also a key
therapeutic strategy that holds promise for the advance-
ment of cancer treatment. Based on the notion that HGF
is a mediator in tumor-stromal interactions that confer
invasive and metastatic characteristics in tumor cells,
NK4 could offer a new therapeutic option toward the inhi-
bition of colon cancer metastasis and growth.

Acknowledgments
This work was supported by Grants-in-Aid for Scientific

Research from the Ministry of Education, Technology,
Sports and Culture of Japan, and Grant for Cancer Re-

search from the Ministry of Health, Labor, and Welfare
of Japan.

References

[1] R. Stangl, A. Alendorf-Hofmann, R.M. Charnley, J. Scheele, Factors
influencing the natural history of colorectal liver metastases, Lancet
343 (1994) 1405-1410.

[2] M.A. Sprangers, Quality-of-life assessment in colorectal cancer
patients: evaluation of cancer therapies, Semin. Oncol. 26 (1999)
691-696.

[3] N. Ferrara, R.S. Kerbel, Angiogenesis as a therapeutic target, Nature
438 (2005) 967-974.

[4] N. Ferrara, K.J. Hillan, W. Novotny, Bevacizumab (Avastin), a
humanized anti-VEGF monoclonal antibody for cancer therapy,
Biochem. Biophys. Res. Commun. 333 (2005) 328-335.

[5] T. Nakamura, K. Nawa, A. Ichihara, Partial purification and
characterization of hepatocyte growth factor from serum of hepatec-
tomized rats, Biochem. Biophys. Res. Commun. 122 (1984)
1450-1459.

[6] T. Nakamura, T. Nishizawa, M. Hagiya, T. Seki, M. Shimonishi,
A. Sugimura, K. Tashiro, S. Shimizu, Molecular cloning and
expression of human hepatocyte growth factor, Nature 342 (1989)
440-443.

[7] C. Birchmeier, W. Birchmeier, E. Gherardi, G.F. Vande Woude, Met,
metastasis, motility and more, Nat. Rev. Mol. Cell Biol. 4 (2003)
915-925.

[8] W.G. Jiang, T.A. Martin, C. Parr, G. Davies, K. Matsumoto, T.
Nakamura, Hepatocyte growth factor, its receptor, and their
potential value in cancer therapies, Crit. Rev. Oncol. Hematol. 53
(2005) 35-69.

[9] J.G. Christensen, J. Burrows, R. Salgia, c-Met as a target for human
cancer and characterization of inhibitors for therapeutic intervention,
Cancer Lett. 225 (2005) 1-26.

[10] K. Matsumoto, T. Nakamura, Hepatocyte growth factor and the Met
system as a mediator of tumor-stromal interactions, Int. J. Cancer 119
(2006) 477-483.

[11] K. Date, K. Matsumoto, H. Shimura, M. Tanaka, T. Nakamura,
HGF/NK4 is a specific antagonist for pleiotrophic actions of
hepatocyte growth factor, FEBS Lett. 420 (1997) 1-6.

[12] K. Date, K. Matsumoto, K. Kuba, H. Shimura, M. Tanaka, T.
Nakamura, Inhibition of tumor growth and invasion by a four-
kringle antagonist (HGF/NK4) for hepatocyte growth factor, Onco-
gene 17 (1998) 3045-3054.

[13] C. Parr, S. Hiscox, T. Nakamura, K. Matsumoto, W.G. Jiang, NK4,
a new HGF/SF variant, is an antagonist to the influence of HGF/SF
on the motility and invasion of colon cancer cells, Int. J. Cancer 85
(2000) 563-570.

[14]J. Wen, K. Matsumoto, N. Taniura, D. Tomioka, T. Nakamura,
Hepatic gene expression of NK4, an HGF-antagonist/angiogenesis
inhibitor, suppresses liver metastasis and invasive growth of colon
cancer in mice, Cancer Gene Ther. 11 (2004) 419-430.

[15] K. Kuba, K. Matsumoto, K. Date, H. Shimura, M. Tanaka, T.
Nakamura, HGF/NK4, a four-kringle antagonist of hepatocyte
growth factor, is an angiogenesis inhibitor that suppresses tumor
growth and metastasis in mice, Cancer Res. 60 (2000) 6737-6743.

[16] C.J. Kuo, F. Farnebo, E.Y. Yu, R. Christofferson, R.A. Swearingen,
R. Carter, H.A. von Recum, J. Yuan, J. Kamihara, E. Flynn, R.
D’Amato, J. Folkman, R.C. Mulligan, Comparative evaluation of the
antitumor activity of antiangiogenic proteins delivered by gene
transfer, Proc. Natl. Acad. Sci. USA 98 (2001) 4605-4610.

[17] Y. Liu, A. Deisseroth, Tumor vascular targeting therapy with viral
vectors, Blood 107 (2006) 3027-3033.

[18] D. Tomioka, N. Machara, K. Kuba, K. Mizumoto, M. Tanaka, K.
Matsumoto, T. Nakamura, Inhibition of growth, invasion, and
metastasis of human pancreatic carcinoma cells by NK4 in an
orthotopic mouse model, Cancer Res. 61 (2001) 7518-7524.



J. Wen et al. | Biochemical and Biophysical Research Communications 358 (2007) 117-123 123

[19] F. Liu, Y.K. Song, D. Liu, Hydrodynamics-based transfection in
animals by systemic administration of plasmid DNA, Gene Ther. 6
(1999) 1258-1266.

[20] S. Shibamoto, M. Hayakawa, K. Takeuchi, T. Hori, N. Oku, K.
Miyazawa, N. Kitamura, M. Takeichi, F. Ito, Tyrosine phosphory-
lation of B-catenin and plakoglobin enhanced by hepatocyte growth
factor and epidermal growth factor in human carcinoma cells, Cell
Adhes. Commun. 1 (1994) 295-305.

[21] S. Hiscox, WG. Jiang, Association of the HGF/SF receptor, c-met,
with the cell-surface adhesion molecule, E-cadherin, and catenins in
human tumor cells, Biochem. Biophys. Res. Commun. 261 (1999)
406-411.

[22] M. Jeffers, S. Rong, G.F. Vande Woude, Enhanced tumorigenicity
and invasion-metastasis by hepatocyte growth factor/scatter factor-
met signalling in human cells concomitant with induction of the
urokinase proteolysis network, Mol. Cell Biol. 16 (1996) 1115-1125.

[23] K. Nabeshima, T. Inoue, Y. Shimao, Y. Okada, Y. Itoh, M. Seiki, M.
Koono, Front-cell-specific expression of membrane-type 1 matrix
metalloproteinase and gelatinase A during cohort migration of colon
carcinoma cells induced by hepatocyte growth factor/scatter factor,
Cancer Res. 60 (2000) 3364-3369.

[24] J.G. Christensen, R. Schreck, J. Burrows, P. Kuruganti, E. Chan, P.
Le, J. Chen, X. Wang, L. Ruslim, R. Blake, K.E. Lipson, J. Ramphal,

S. Do, J.J. Cui, J.M. Cherrington, D.B. Mendel, A selective small
molecule inhibitor of c-Met kinase inhibits c-Met-dependent pheno-
types in vitro and exhibits cytoreductive antitumor activity in vivo,
Cancer Res. 63 (2003) 7345-7355.

[25] R. Abounader, B. Lal, C. Luddy, G. Koe, B. Davidson, E.M. Rosen,
J. Laterra, In vivo targeting of SF/HGF and c-met expression via
UlsnRNA/ribozymes inhibits glioma growth and angiogenesis and
promotes apoptosis, FASEB J. 16 (2002) 108-110.

[26] B. Cao, Y. Su, M. Oskarsson, P. Zhao, E.J. Kort, R.J. Fisher, L.M.
Wang, G.F. Vande Woude, Neutralizing monoclonal antibodies to
hepatocyte growth factor/scatter factor (HGF/SF) display antitumor
activity in animal models, Proc. Natl. Acad. Sci. USA 98 (2001)
7443-7448.

[27]1 K. Matsumoto, T. Nakamura, Mechanisms and significance of
bifunctional NK4 in cancer treatment, Biochem. Biophys. Res.
Commun. 333 (2005) 316-327.

[28] G. Gasparini, R. Longo, M. Toi, N. Ferrara, Angiogenic inhibitors: a
new therapeutic strategy in oncology, Nat. Clin. Pract. Oncol. 2
(2005) 562-5717.

[29] S. Pennacchietti, P. Michieli, M. Galluzzo, M. Mazzone, S.
Giordano, P.M. Comoglio, Hypoxia promotes invasive growth by
transcriptional activation of the met protooncogene, Cancer Cell 3
(2003) 347-361.



	Inhibition of colon cancer growth and metastasis by NK4 gene  repetitive delivery in mice
	Materials and methods
	Results
	Inhibition of HGF-induced cell scattering by NK4 expressed in COS-7 cells
	Transgene expression after repeated plasmid delivery
	Suppression of tumor angiogenesis and growth by NK4 gene expression
	Inhibition of liver metastasis by NK4 gene expression

	Discussion
	Acknowledgments
	References


