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Tumor-stromal interactions, which are regulated by stromal-de-
rived HGF and tumor-derived HGF inducers, are essential for tu-
mor cell acquisition of such malignant properties as invasion and
metastasis. NK4, a proteolytic cleavage product of HGF, has anti-
tumor activities as both an HGF antagonist and an angiogenesis
inhibitor. In this study, we examined the in vitro and in vivo be-
haviors of mouse colon adenocarcinoma CT26 cells modified by
gene transfer to secrete NK4, and investigated the influence of
NK4 on expression of HGF and HGF inducers associated with tu-
mor-stromal interactions. In vitro cell proliferation rates of NK4
transfectant (CT26-NK4) and mock transfectant (CT26-NEO) were
essentially the same, and scattering and invasion were stimulated
by HGF in CT26-NEO, but not in CT26-NK4. In syngeneic BALB/c
female mice, subcutaneous tumor growth of CT26-NK4 was po-
tently suppressed, and the survival was prolonged significantly.
Immunohistochemistry showed significantly decreased microves-
sels and increased apoptotic cells in CT26-NK4 tumor compared
with control. Interestingly, HGF, strongly expressed in CT26-NEO
tumor stroma, was reduced in CT26-NK4. In vitro, conditioned
medium of CT26-NK4 inhibited fibroblast-derived HGF produc-
tion, which was increased by that of CT26-NEO. Moreover, al-
though similar constitutive expression levels of PDGF and TGF-o
(both HGF inducers) were detected in CT26-NK4 and CT26-NEO in
semiquantitative RT-PCR analyses, the expression was up-regu-
lated by HGF in CT26-NEO, but not CT26-NK4. These results sug-
gest that NK4 may exert antitumor activities not only by
antagonizing HGF, but also by inhibiting HGF amplification via tu-
mor-stromal interactions. Continuous, abundant NK4 production
induced at a tumor site by gene transfer should show multiple
antitumor activities with potential therapeutic benefit. (Cancer
Sci 2004; 95: 321-327)

Tumor-stromal interactions are essential for tumor cell ac-
quisition of invasive and metastatic potential. Previous
studies demonstrated that HGF is a predominantly stromal-de-
rived factor involved in invasive and metastatic tumor-stromal
interactions.!~» Importantly, a variety of cancer cells produce
inducers of stromal HGF production, including interleukin (IL)-
lo, IL-1PB, basic fibroblast growth factor (bFGF), TGF-q,
PDGF, and prostaglandin (PG) E2.!-» Thus, there is a mutual
interaction between cancer cells and stromal cells mediated by
HGF and HGF inducers.

HGEF, originally identified and cloned as a potent mitogen for
hepatocytes, is composed of an o chain that contains a NH,-ter-
minal hairpin and four kringle domains, and the catalytically in-
active, serine protease-like B chain.*” HGF facilitates tumor
cell motility by binding to the c-Met receptor expressed on var-
ious malignant cells including colorectal,® gastric,” esoph-
ageal,!” breast,'V hepatocellular,'>'¥ and lung!*!5 cancers.
HGF also binds to the receptor expressed on endothelial cells
that stimulates angiogenesis,'® !” a process critical to continued
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growth of the primary tumor!'®'” and a factor that increases the
opportunity for hematogenous metastasis of tumor cells. Previ-
ous studies have shown that increased vascularity is inversely
correlated with prognosis in cancers originating in breast,’”
lung,?V prostate,?” uterine cervix,?® stomach,’ and colon.?

NK4, a product of proteolytic digestion of HGF, has been
identified as a potent HGF antagonist. It includes the NH,-ter-
minal hairpin domain and four kringle domains of the HGFo
subunit.?® NK4 binding to the c-Met receptor competitively an-
tagonizes HGF-induced tyrosine phosphorylation of the recep-
tor,?” resulting in complete inhibition of biological events
driven by HGF/c-Met receptor signaling; these include inva-
sion and metastasis by various tumor cells including those from
colon,?” pancreatic,?® gallbladder,> lung,*® and prostate3" can-
cers. Furthermore, a recent study demonstrated that NK4 exerts
a potent inhibitory effect not only on HGF/c-Met-dependent
angiogenesis, but also on the HGF/c-Met-independent angio-
genesis induced by bFGF and vascular endothelial growth fac-
tor (VEGF).?® These bifunctional properties of NK4 as an HGF
antagonist and an angiogenesis inhibitor suggest therapeutic
promise against cancer.

On the other hand, although NK4 is well demonstrated to in-
hibit HGF-induced tumor cell acquisition of malignant pheno-
types by antagonizing HGF in in vitro experiments, the
influence of NK4 on in vivo expression of stromal-derived
HGF and tumor-derived HGF inducers, remains to be eluci-
dated in detail.

In the present study, we transfected the NK4 gene into mouse
colon adenocarcinoma CT26 cells, which show a highly malig-
nant phenotype in vivo, and established a stable transfectant
producing abundant NK4 (CT26-NK4). Then, we investigated
the in vitro behaviors of CT26-NK4 and its in vivo antitumor
effects using a subcutaneous (s.c.) tumor model in syngeneic
BALB/c mice. Furthermore, we analyzed the antitumor mecha-
nisms with special reference to the actions of NK4 on in vivo
tumor-stromal interactions.

Materials and Methods

Reagents. Human recombinant HGF was purified from the
conditioned medium of Chinese hamster ovary cells transfected
with human HGF cDNA.%32 Polyclonal anti-human HGF anti-
body was purchased from R&D Systems (Minneapolis, MN).
According to the manufacturer’s notification, 5 pg/ml of this
anti-HGF antibody completely neutralized the biological activi-
ties of 10 ng/ml HGF.

3To whom correspondence should be addressed. E-mail: hfuji@koto.kpu-m.ac.jp
Abbreviations: HGF, hepatocyte growth factor; PDGF, platelet-derived growth fac-
tor; TGF, transforming growth factor; RT-PCR, reverse transcription-polymerase
chain reaction.
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Mice. BALB/c female mice, 8 to 10 weeks old, purchased
from Shimizu Laboratory Animal Center (Kyoto) were main-
tained free of specific pathogens. The investigation protocols
were approved by the Ethics Committee of Kyoto Prefectural
University of Medicine.

Cell and culture. CT26 is an undifferentiated colon adenocarci-
noma cell line originally derived from a cancer produced by in-
trarectal injections of N-nitroso-N-methylurethamine in a
female BALB/c mouse.*¥ Cells were maintained in RPMI 1640
(Nacalai Tesque, Kyoto) supplemented with 100 IU/ml penicil-
lin, 100 pg/ml streptomycin (Sigma, St. Louis, MO), and 10%
heat-inactivated fetal bovine serum (FBS; JRH Bioscience,
Lenexa, KS).

Plasmids and transfection with NK4 ¢DNA. The human NK4 ex-
pression plasmid, pcDNA3/NK4 is a pcDNA3-derived plasmid
containing the human NK4 sequence under the control of the
cytomegalovirus promoter/enhancer.”® CT26 cells were trans-
fected with pcDNA3/NK4 by electroporation. Neomycin-resis-
tant cells then were selected in 800 pg/ml G418 (Sigma) for 14
days starting at 3 days after transfection. Selected transfectants
were cloned by the limiting dilution method. NK4 secretion
into the supernatant from each clone was determined by a hu-
man HGF enzyme-linked immunosorbent assay (ELISA; Insti-
tute of Immunology, Tokyo). Murine HGF production by the
transfectants and parental CT26 cells was confirmed by a rat
HGF ELISA (Institute of Immunology). A transfectant express-
ing a large amount of NK4 was designated CT26-NK4. Cells
transfected with the neomycin-resistance gene (pSVneo) alone
were used as a control (CT26-NEQO). CT26-NK4 and CT26-
NEO expressed almost the same levels of c-Met receptor as the
parental cells, and HGF-stimulated tyrosine phosphorylation of
the receptor in CT26-NEO was strongly inhibited in CT26-
NK4 (data not shown).

To confirm NK4 production by parental cells or the transfec-
tants, cells were plated at 10° cells/well onto 10 cm culture
dishes and cultured for 24 h. The media were collected for NK4
determination with the human HGF ELISA.

Assay for cell proliferation, invasion, and colony scattering. For
cell proliferation assay, each transfectant in RPMI 1640 with
10% FBS was plated at 2.5x10° cells/well onto 24-well tissue
culture plates and cultured for 24 h. Culture media then were
replaced with fresh RPMI 1640 with 5% FBS, and the cells
were cultured in the absence or presence of 10 ng/ml HGF with
or without 5 pg/ml anti-HGF antibody. After 1, 3, and 5 days,
the cells were counted using a hemocytometer.

Invasion by transfectants was examined in vitro using a 24-
well Matrigel invasion chamber (Becton Dickinson, Bedford,
MA) equipped with a filter membrane with 8§ um pores. Cells
were plated at 1x10* cells/well in RPMI with 10% FBS onto
the inner compartment of the chamber. The cells were cultured
in the absence or presence of 10 ng/ml HGF with or without 5
pg/ml anti-HGF antibody for 24 h, fixed in 70% ethanol, and
counterstained with hematoxylin. Cells invading the opposite
side of the membrane through the pores were counted in five
randomly selected microscopic fields (x200). Proliferation and
invasion assays were performed in triplicate.

For the colony scattering assay, each transfectant was plated
at 250 cells/cm? in RPMI with 10% FBS onto 6-well culture
plates and cultured for 4—7 days. The media were replaced with
fresh RPMI containing 2% FBS, then 10 ng/ml HGF was
added to each well, and scattering of the cells was microscopi-
cally observed after incubation for 15 h.

Measurement of NK4 in tumors transplanted in vivo. In a prelim-
inary animal experiment, we determined tissue NK4 in trans-
planted tumors by ELISA. After s.c. inoculation of CT26-NK4
or CT26-NEO cells into BALB/c mice (see below), the tumors
were removed at 7 or 14 days. Each tumor was homogenized in
4 vol./g tissue of lysis buffer composed of 10 mM Tris-HCl
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(pH 7.5), 2 M NaCl, 1 mM phenylmethylsulfonyl fluoride, 1
mM EDTA, and 0.01% Tween 80. Homogenates were centri-
fuged at 105,000¢ for 1 h, and the supernatants were used as a
crude tissue extract. To evaluate systemic NK4, extracts from
liver, kidney, lung, and blood obtained 7 or 14 days after inocu-
lation of each transfectant also were prepared and assayed as
described above.

Animal experiment on NK4 antitumor effects. To examine the bi-
ological activity of NK4 in vivo, 5x103 cells of CT26-NK4 or
CT26-NEO in 0.1 ml of PBS were inoculated s.c. into synge-
neic BALB/c mice in the right lower flank (r=10 for each
group). Two perpendicular diameters of the resulting tumors
were measured every 3 to 4 days using a caliper. Tumor vol-
umes were calculated in mm3 as 0.52x (width)?>x (length).

Survival was analyzed by the Kaplan-Meier method and
compared between groups by use of the log-rank test.

Histological analyses. Tumors were removed at 7 days after s.c.
inoculation of CT26-NK4 or CT26-NEO, fixed in 10% forma-
lin or 70% ethanol for 1 day, and embedded in paraffin.

For staining of microvessels, tissue sections fixed in 70%
ethanol were pretreated with 0.1% trypsin at room temperature
for 20 min and incubated overnight at 4°C with rat antibody
against mouse CD31 (PECAM-1; PharMingen, San Diego,
CA). Sections then were incubated with biotinylated rabbit anti-
rat IgG antibody (DAKO, Glostrup, Denmark) followed by
streptavidin-biotin-peroxidase complex, as described previ-
ously.?” The microvessel density was evaluated by counting
CD31/PECAM-1-positive vessels using a light microscope at
200-fold magnification in 210 randomly selected fields at the
periphery of each section.

Proliferating cells were detected using antibody against pro-
liferating cell nuclear antigen (PCNA). Tissue sections were
boiled with 10 mM citrate buffer (pH 6.0) for 20 min and incu-
bated with mouse anti-PCNA antibody (PC-10; NeoMarkers,
Fremont, CA) for 30 min at room temperature. Then, sections
were incubated using the DAKO mouse Envision Plus visual-
ization system for 30 min.

Apoptotic cells were detected by a terminal deoxynucleotidyl
transferase (Tdt)-mediated nick-end labeling (TUNEL) assay.
The in situ Apoptosis Detection Kit (TaKaRa Biomedical,
Otsu) was used according to the manufacturer’s instructions.

Numbers of TUNEL-positive apoptotic cells and PCNA-pos-
itive proliferating cells were determined by counting at least
1000 nuclei in different sections. Apoptotic index (%) and pro-
liferation index (%) were defined as percentages of cells evalu-
ated as positive.

To analyze expression of murine HGF, tissue sections were
pretreated with 0.1% trypsin at room temperature for 30 min
and incubated overnight at 4°C with rabbit anti-rat HGFo chain
antibody (Immuno Biological Laboratories, Gunma). Sections
then were incubated with the DAKO rabbit Envision Plus visu-
alization system for 30 min.

Measurement of murine HGF in culture media. Primary mouse
fibroblasts were obtained from dermal tissues in culture where
fibroblasts initially proliferated outward from the tissues. These
cells were cultured in RPMI 1640 supplemented with 10%
FBS. To prepare conditioned media (CM) from CT26-NK4 and
CT26-NEO, confluent cells were washed three times and incu-
bated in RPMI 1640 supplemented with 1% FBS in the pres-
ence of 10 ng/ml HGF for 3 days. Mouse fibroblasts were
seeded on 24-well plates at a density of 1x10° cells/well and
cultured for 24 h. After replacing the media with fresh RPMI
1640 supplemented with 1% FBS, 50% CM (v/v) from the
transfectants were added and the cells were cultured for 24 h.
The concentration of murine HGF in the culture media was de-
termined by ELISA.

RNA isolation and semiquantitative RT-PCR. Expression of IL-
1B, bFGF, PDGF, and TGF-o. mRNA in each transfectant was
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examined by semiquantitative RT-PCR. Subconfluent CT26-
NK4 or CT26-NEO cells were cultured with RPMI 1640 sup-
plemented with 2% FBS in the presence or absence of 10 ng/
ml HGF for 10 h. Total RNA was isolated from these transfec-
tants using an acid guanidinium thiocyanate-phenol (AGTP) so-
lution (Isogen; Nippon Gene, Tokyo) and quantified spectro-
photometrically at 260 nm. Two micrograms of total RNA was
subjected to reverse transcription using SuperScript II (Gibco
BRL, Grand Island, NY). The cDNA was amplified with the
following primers: for IL-1B, sense, 5-ACCTTCTTTTCC-
TTCATC-3" and antisense, 5’-GCTTTTCCATCTTCTTCT-3";
for bFGF, sense, 5-ACACGTCAAACTACAACTCCA-3’
and antisense, 5-TCAGCTCTTAGCAGACATTGG-3’; for
PDGF, sense, 5-CGAGGAAGCCGAGATAC-3’ and anti-
sense, 5-CGCTGCTGGTGTTACAA-3"; for TGF-¢, sense,
5-TTGCTAACCCACACCGAA-3" and antisense, 5-ACGCC-
TGACATTGACATA-3’; and for B-actin as an internal control,
sense, 5-CCAACCGTGAAAAGATG-3" and antisense,
5’-CCAATAGTGATGACCTG-3". The number of PCR cycles
was determined in a preliminary run to ensure that the target
genes were amplified logarithmically. PCR products (10 pl)
were resolved on a 1.5% agarose gel and stained with 0.5
ptg/ml ethidium bromide. For semiquantitative analyses of IL-
1B, bFGF, PDGF, and TGF-o. mRNA in each cell sample, im-
ages of gels were obtained using an ultraviolet image analyzer.
Densities of product bands were quantified using the NIH Im-
age program (version 1.63; Division of Computer Research and
Technology, National Institutes of Health, Bethesda, MD). Ex-
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Fig. 1. In vitro effects of HGF (10 ng/ml) on malignant properties of
CT26-NK4 and CT26-NEO. A: HGF showed slight and insignificant stim-
ulation of cell proliferation in CT26-NEO, but had no such effect in
CT26-NK4. B: HGF significantly stimulated invasion by CT26-NEO, but
not by CT26-NK4. HGF stimulation of proliferation (A) and invasion (B)
by CT26-NEO was completely inhibited by addition of 5 ug/ml anti-HGF
antibody. Each error bar denotes the standard deviation (+* P<0.01).
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pression of each target gene was standardized with control gene
expression and represented as a ratio. These RT-PCR assays
were performed independently three times.

Statistical analysis. Statistical analyses were performed with
unpaired two-tailed Student’s 7 tests unless otherwise specified.
Differences were considered to be statistically significant at
P<0.05.

Results

Production of NK4 and murine HGF by transfectants. We mea-
sured NK4 and murine HGF concentrations by ELISA in cul-
ture media from transfectants and parental CT26 cells. NK4
production by CT26-NK4 was 5.35 ng/10° cells/24 h, while
CT26-NEO and parental CT26 cells produced no detectable
NK4. Murine HGF was not detected in media from transfec-
tants or parental CT26 cells.

Inhibition of HGF-induced cell proliferation, invasion, and colony
scattering by NK4. We next analyzed the effect of HGF on in
vitro biological activities of the transfectants. As regards in
vitro cell proliferation, HGF caused only a slight and insignifi-
cant stimulation of proliferation in CT26-NEO (day 5;
66.0+4.8 (x103 cells) with HGF vs. 61.3+2.1 without HGF,
P>0.05). HGF had no effect on proliferation of CT26-NK4
(Fig. 1A). In the invasion assay, cell invasion was doubled by
10 ng/ml HGF (120.0£5.0 cells with HGF vs. 58.6%+7.5 with-
out HGF, P<0.01) in CT26-NEO, while this effect was not ob-
served in CT26-NK4 (Fig. 1B). The stimulatory effect of HGF
on cell invasion observed in CT26-NEO was completely inhib-
ited by addition of anti-HGF antibody in 500-fold excess over
HGF (Fig. 1B). Moreover, HGF is known to be a potent stimu-
lator of tumor cell colony dissociation, as well as epithelial
cells, which results in cell scattering.> 3> Then, we tested the
effect of HGF on scattering of transfectants in monolayer cul-
ture. The cell scattering of CT26-NEO was evidently stimulated
by the addition of 10 ng/ml HGF, while that of CT26-NK4 was
unaffected (Fig. 2). These findings indicate that NK4 expres-
sion inhibits the biological activities of CT26 cells stimulated
by HGF via an HGF/c-Met-dependent pathway.

Suppression of tumor growth by NK4. After noting inhibition of
HGEF biological activities by NK4 expression in vitro, we exam-
ined whether NK4 expression could inhibit tumor growth and
prolong survival in vivo. In preliminary animal experiments, we
analyzed NK4 in transplanted tumors, blood, liver, spleen, and
kidney. Considerable NK4 was detected in CT26-NK4 tumors,
amounting to a mean value of 128.14 ng/g of tissue on day 7
and 34.46 ng/g of tissue on day 14; little NK4 was detectable
in other organs. To investigate the effect of NK4 expression on
tumor growth in vivo, CT26-NK4 or CT26-NEO was inocu-
lated s.c. into syngeneic mice. As shown in Fig. 3, while CT26-
NEO tumors maintained growth, the growth of CT26-NK4 tu-
mors was potently suppressed (day 42; 73.6% inhibition com-
pared with CT26-NEO tumors, P<0.01). Furthermore, 6 of 10
mice bearing CT26-NK4 tumors showed complete tumor re-
gression, and survival of mice bearing CT26-NK4 tumors was
significantly prolonged (P<0.01; Fig. 4). In contrast, all mice
bearing CT26-NEO tumors died within 72 days.

Histopathological analyses of implanted tumors. In the immuno-
histochemical analysis of PCNA, the proliferation index in
CT26-NK4 tumors was only 89.3% of that in control tumors
(70.81£2.8% in CT26-NK4 vs. 79.3£2.3% in CT26-NEO,
P<0.05; Fig. 5A), even though no significant difference had
been seen in cell proliferation in vitro between CT26-NK4 and
CT26-NEO. The apoptotic index in CT26-NK4 tumors was 16
times higher than that in control tumors (7.77£0.78% vs.
0.49+0.09%, P<0.001; Fig. 5B).

For analysis of tumor vascularity, tumor microvasculature
was visualized using anti-CD31/PECAM-1 antibody. The num-
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ber of CD31/PECAM-1-positive microvessels at the periphery
of CT26-NK4 tumors was only 60% of the number in control
tumors (5.920.57 vessels/field in CT26-NK4 vs. 9.7+£0.52 in
CT26-NEO, P<0.001; Fig. 5C).

HGF is a critical molecule in tumor-stromal interactions,
conferring invasive potential upon tumor cells. To assess
whether NK4 affects these tumor-stromal interactions, HGF ex-
pression was evaluated by staining with anti-rat HGFou chain
antibody. While strong in CT26-NEO tumors, HGF expression
was considerably reduced in CT26-NK4 tumors (Fig. 6A). The
distribution of HGF expression coincided with that of cytokera-
tin 7/17 (C46), a marker for stromal cells (not shown).

In vitro inhibition of mouse fibroblast-derived HGF production by
NK4. Our histological findings for murine HGF suggest that
NK4 expression at a tumor site may inhibit stromal HGF pro-
duction. We then asked whether HGF production from fibro-

Before adding HGF

CT26-NEO

CT26-NK4

Fig. 2.

blasts would be affected by NK4 or other factors secreted from
CT26 cells in vitro. Normal mouse fibroblasts were cultured in
the presence of 50% CM derived from the transfectants, and
murine HGF concentration in the culture medium was mea-
sured. HGF production from fibroblasts was evidently stimu-
lated by CM from CT26-NEO, while it was not stimulated by
that from CT26-NK4 (Fig. 6B). These results indicate that
CT26 cells secrete factors that stimulate HGF production from
stromal fibroblasts, and also suggest that NK4 may act on fi-
broblasts in a paracrine manner to reduce their HGF production
or may act on CT26 cells in an autocrine manner to modulate
their production of HGF inducers, leading to a reduction of
HGF production from fibroblasts.

Inhibition of mRNA expression of tumor-derived HGF inducers by
NK4. As reported previously, IL-1o, IL-1B, bFGF, TGF-a,
PDGF, and PGE2 stimulate HGF production from stromal

After adding HGF

In vitro effect of HGF on colony scattering of transfectants. The colony of each transfectant was microscopically observed 15 h after adding

HGF. The cell scattering induced by HGF in CT26-NEO was not observed in CT26-NK4.
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Fig. 3. The effect of NK4 expression on CT26 tumor growth in vivo.
CT26-NK4 or CT26-NEO (5x105 cells) were inoculated s.c. into synge-
neic BALB/c mice in the right lower flank, and tumor volume was mea-
sured (n=10 for each group). Growth of CT26-NK4 tumors was potently
suppressed compared with CT26-NEO tumors. Each error bar denotes
the standard deviation (#* P<0.01, ##* P<0.001).
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plete tumor regression.
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were used to determine proliferating cells (A), apoptotic cells (B), and angiogenesis (C), respectively. Proliferating cells were decreased and apop-
totic cells were markedly increased in CT26-NK4 tumors. The number of microvessels was significantly reduced in CT26-NK4 tumors compared with
control tumors. Each error bar denotes the standard deviation (* P<0.05, ##* P<0.001). Scale bar, 100 pm.
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CT26-NEO
Fig. 6. A: Immunohistochemical analysis of
implanted CT26-NK4 and CT26-NEO tumors
for murine HGF expression. HGF was ex-
pressed strongly in CT26-NEO while expres-
sion was reduced in CT26-NK4 tumors. Scale
bar, 100 um. B: Measurement of in vitro
mouse fibroblast-derived HGF production.
Normal mouse fibroblasts were cultured in
the presence of 50% conditioned media de-
rived from the transfectants and the HGF
concentration in the culture medium was
measured. The addition of CM from mock
transfectant stimulated murine HGF produc-
tion and the stimulatory effect was blocked
by NK4 expression. The data represent
mean=SD of triplicate assays.

CT26-NK4

fibroblasts.!=> To test the hypothesis that the decreased stromal
HGF expression in CT26-NK4 tumors might be a result of inhi-
bition of HGF inducers by NK4, we examined the expression
levels of bFGF, IL-1B, PDGF, and TGF-oo mRNA in CT26-
NK4 and CT26-NEO cells by RT-PCR in the presence or ab-
sence of HGF. Fig. 7 shows the PCR product bands for bFGF,
PDGF, TGF-a, and B-actin (A), and also the results of semi-
quantitative analysis for each of these HGF inducers (B).
CT26-NEO constitutively expressed bFGF, PDGF, and TGF-a
mRNA, while CT26-NK4 showed similar levels of expression.
IL-1B mRNA was not detectable in either transfectant (data not
shown). HGF stimulation enhanced the expression of PDGF
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and TGF-oo mRNAs in CT26-NEO (PDGE, 2.1 times; TGF-a,
1.4 times), suggesting that PDGF and TGF-o. act as HGF in-
ducers in CT26 cells. On the other hand, HGF stimulation pro-

duced no enhancement of expression of these inducers in
CT26-NK4.

Discussion

In this study, we investigated the in vitro and in vivo biological
activities of CT26 cells genetically modified to produce NK4.
This NK4 expression inhibited the motility of CT26 cells in
vitro via an HGF/c-Met-dependent pathway and potently sup-
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pressed s.c.-implanted tumor growth in syngeneic mice; the
growth suppression showed immunohistochemically evident as-
sociation with angiogenesis inhibition.

NK4 exerts antitumor activities via its bifunctional properties
as an HGF antagonist and an angiogenesis inhibitor.>” Recent
studies have emphasized angiogenesis inhibition as the predom-
inant mechanism for in vivo antitumor activity of NK4. In ex-
perimental treatments of orthotopically implanted pancreatic
cancer in nude mice involving repeated intraperitoneal adminis-
tration of recombinant NK4 or anti-HGF antibody, Tomioka et
al?® reported that an HGF/c-Met-dependent pathway is in-
volved in the initial phase of invasion, while HGF/c-Met-inde-
pendent angiogenesis inhibition is predominantly involved in
NK4 effects against the subsequent phases of extensive inva-
sion and metastasis. Saimura et al.3” found that tumor growth
inhibition was induced even by small amounts of NK4 that did
not alter the in vitro invasive potential of the cells; such results
would favor angiogenesis inhibition as the main mechanism for
in vivo antitumor activities of NK4. Our present findings are
consistent with the results of these studies.

We also found by immunohistological analyses that HGF ex-
pression was evidently reduced in CT26-NK4 tumors compared
with control tumors. Furthermore, we demonstrated in an in
vitro experiment that NK4 production from CT26 cells is
closely related to the inhibition of HGF production from fibro-
blasts. Previous reports have demonstrated close association of
HGF/c-Met signaling responsible for tumor-stromal interac-
tions with malignant phenotypes of tumor cells in experimental
models. Giordano et al.*®® found that after transfection with hu-
man c-Met cDNA, mouse NIH 3T3 fibroblasts expressed a
functional c-Met receptor and acquired in vitro invasiveness
and in vivo tumorigenecity. Lamszus et al.* reported that hu-
man breast carcinoma cells genetically modified to produce
HGEF exhibited more extensive angiogenesis and enhanced tu-
mor growth in nude mice than was seen with parental cells.
Therefore, our in vivo and in vitro results suggest that HGF de-
rived from stromal cells is an essential factor for malignant pro-
gression of CT26 tumor, and that inhibition of stromal HGF
production is involved in suppression of tumor growth induced
by NK4.

Tumor-stromal interactions involve not only stromal-derived
HGF, but also tumor-derived HGF inducers.!-> Therefore, to
clarify the mechanism of stromal HGF inhibition in CT26-NK4
tumors in vivo, we investigated in vitro expression of HGF in-
ducers by the transfectants. RT-PCR results showed that bFGF,
PDGF, and TGF-o were expressed constitutively by CT26
cells; among these HGF inducers, expression of PDGF and
TGF-o. was stimulated by HGF. NK4 expression as a conse-

+ - +
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Fig. 7. Expression of mRNAs of HGF induc-
ers (bFGF, PDGF, and TGF-o) in CT26-NK4
and CT26-NEO in the presence or absence of
HGF was examined by semiquantitative RT-
PCR. CT26-NEO constitutively expressed
bFGF, PDGF, and TGF-o. mRNA, and CT26-
NK4 showed similar constitutive expression.
HGF stimulation enhanced expression of
PDGF and TGF-oo mRNA in CT26-NEO, but
not in CT26-NK4. The data represent
mean=SD of triplicate assays. Each number
is the mean value.

0.25

quence of gene transfer did not affect constitutive expression of
these HGF inducers, but it inhibited the enhancement of PDGF
and TGF-o expression in response to HGE. This suggests that
HGF promotes not only motility of tumor cells, but also secre-
tion of HGF inducers by tumor cells, representing HGF ampli-
fication in vivo by mutual stimulation between stromal-derived
HGF and tumor-derived HGF inducers, and NK4 reduces the
malignant potential not only by antagonizing HGF, but also by
subsequently inhibiting HGF amplification.

The present data suggest that angiogenesis inhibition not
only by direct action of NK4, but also by its indirect action
through endogenous HGF suppression, as well as its antago-
nism of HGF may play a crucial role in the antitumor effects in-
duced by continuous and high levels of NK4 produced from
tumor cells by gene transfer. However, it seems difficult to ex-
plain the high frequency of complete regression in CT26-NK4
tumors solely in terms of angiogenesis inhibition and HGF an-
tagonism by NK4. Significant inhibition of cell proliferation in
vivo observed in CT26-NK4 tumors may also contribute to the
antitumor effects, although the proliferation rates of CT26-NK4
and CT26-NEO in vitro were almost equal. Importantly, previ-
ous reports demonstrated no significant difference in prolifera-
tion in vitro or even in vivo between NK4-treated and control
tumor cells, even in the presence of HGF. This suggests that
other factors different from angiogenesis inhibition and HGF
antagonism may be involved in the present antitumor effects in-
duced by NK4. Further studies will be required to elucidate in
detail the antitumor mechanisms of NK4.

In using angiogenesis inhibitors such as NK4 for cancer
treatment, continuous exposure of cancer cells to the agent is
required for prevention of invasion and metastasis. This may be
achieved by using continuous infusion pumps,”-3? by altering
the agents to prolong high plasma concentrations, or by gene
transfer.**4) We have demonstrated that NK4 gene transfer re-
duced tumor growth and angiogenesis in a cancer cell line im-
planted into mice, and that the NK4 expression influenced
tumor-stromal interactions to reduce stromal-derived HGF pro-
duction. Our findings emphasize the promise of NK4 gene
transfer for anticancer therapy.
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