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Disassociation of Met-Mediated Biological Responses In Vivo
the Natural Hepatocyte Growth Factor/Scatter Factor Splice
Variant NK2 Antagonizes Growth but Facilitates Metastasis
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Hepatocyte growth factor/scatter factor (HGF/SF) stimulates numerous cellular activities capable of con-
tributing to the metastatic phenotype, including growth, motility, invasiveness, and morphogenetic transfor-
mation. When inappropriately expressed in vivo, an HGF/SF transgene induces numerous hyperplastic and
neoplastic lesions. NK1 and NK2 are natural splice variants of HGF/SF; all interact with a common receptor,
Met. Although both agonistic and antagonistic properties have been ascribed to each isoform in vitro, NK1
retains the full spectrum of HGF/SF-like activities when expressed as a transgene in vivo. Here we report that
transgenic mice broadly expressing NK2 exhibit none of the phenotypes characteristic of HGF/SF or NK1
transgenic mice. Instead, when coexpressed in NK2-HGF/SF bitransgenic mice, NK2 antagonizes the patho-
logical consequences of HGF/SF and discourages the subcutaneous growth of transplanted Met-containing
melanoma cells. Remarkably, the metastatic efficiency of these same melanoma cells is dramatically enhanced
in NK2 transgenic host mice relative to wild-type recipients, rivaling levels achieved in HGF/SF and NK1
transgenic hosts. Considered in conjunction with reports that in vitro NK2 induces scatter, but not other
activities, these data strongly suggest that cellular motility is a critical determinant of metastasis. Moreover,
our results demonstrate how alternatively structured ligands can be exploited in vivo to functionally dissociate
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Met-mediated activities and their downstream pathways.

Hepatocyte growth factor/scatter factor (HGF/SF) possesses
an impressive panoply of biological activities, thereby regulat-
ing cellular proliferation and a variety of morphogenetic pro-
cesses, including cellular migration, extracellular matrix inva-
sion, branching, and tubulogenesis (reviewed in references 15,
21, 29, 51, and 73). Effects of this multifunctional cytokine are
all mediated through its cell surface receptor tyrosine kinase
(RTK), encoded by the c-MET proto-oncogene (4, 12, 32, 37).
Upon HGF/SF binding, MET engages a number of SH2-con-
taining signal transducers, including phosphotidylinositol 3-ki-
nase, phospholipase C-v, Stat3, Grb2, and the Grb2-associated
docking protein Gabl, and indirectly activates the Ras-mito-
gen-activated protein kinase (MAPK) pathway (39, 40, 69, 70).
Typically, HGF/SF is produced in cells of mesenchymal origin,
influencing Met-expressing embryonic and adult epithelium
through a paracrine mechanism (19, 59, 64). Gene targeting
studies have demonstrated that activation of signaling path-
ways downstream of Met is essential for development of mu-
rine skeletal muscle, liver, and placenta (3, 53, 67). In accor-
dance with its various effects on cultured cells, HGF/SF is
thought to regulate epithelial-mesenchymal conversion and
migration of myogenic precursor cells in vivo.

Chronic MET activation induces the genesis and, more sig-
nificantly, progression of a multitude of human and murine
tumors, including melanomas (for example, see references 2,
13, 14, 22, 33, 41, 43, 44, 46, 47, and 65). MET activation can
be achieved through coexpression of HGF/SF, resulting in the
creation of an autocrine signaling loop (2, 13, 43, 45, 65). In
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addition, critical genetic evidence for a role for c-MET in
human cancer has come from the discovery that activating
c-MET mutations are associated with hereditary papillary renal
carcinoma (24, 54, 74). As during embryogenesis, a number of
activities ascribed to HGF/SF and Met activation undoubtably
contribute to the manifestation of the full metastatic pheno-
type. These include stimulation of angiogenesis, degradation of
local extracellular matrix, production of cell adhesion mole-
cules, migration into vessels and tissues, and colonization at a
distant site (reviewed in references 29 and 48).

HGEF/SF shows a 38% overall sequence similarity with plas-
minogen (15) and a 45% identity to HGF-like/macrophage-
stimulating protein at the amino acid level (17, 72). The 92-
kDa HGF/SF possesses several recognizable structures, which
are shared by all family members, including the presence of an
enzymatically inactive serine protease domain in the 8 chain,
and an N domain and four kringle domains in the « chain (Fig.
1A). Kringles are highly conserved, three-disulfide, triple-loop
polypeptides thought to participate in protein-protein interac-
tions (reviewed in reference 66). HGF/SF mRNA can undergo
alternative splicing to create truncated isoforms (Fig. 1A),
capable of binding to the HGF/SF receptor with relatively high
affinity. Historically, defining the biological activities associ-
ated with these variants has been somewhat elusive and a point
of contention in the field. One natural variant consisting of the
N domain and the first two kringle domains, designated NK2,
was originally found to be incapable of stimulating the growth
of cultured human mammary epithelial cells but instead an-
tagonized HGF/SF-induced mitogenesis (6, 30). However,
NK2 was later reported to act as a partial agonist, able to
scatter certain cultured epithelial cells (18, 60). More recently,
NK2 was shown to be incapable of triggering induction of
tissue inhibitor of metalloproteases 3, urokinase-type plasmin-
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FIG. 1. Structure and expression of NK2. (A) Schematic comparison of
HGF/SF (designated as HGF in this and all other figures) and its natural splice
variants NK2 and NK1. Each isoform contains a single so-called N domain at the
amino terminus, and either four, two, or one kringle domain, as shown. However,
only HGF/SF is processed into two chains, the B chain containing an enzymat-
ically inactive serine protease domain. (B) The Sall-Sall NK2 transgene con-
struct contained the human NK2 cDNA, the mouse MT gene promoter (mMT-1)
and 5’ and 3’ flanking sequences (MT LCR), and the hGH poly(A) signal. Mice
harboring the NK2 transgene were identified by PCR using primers MT-S and
GH-A, as indicated. (C) Analysis of NK2 transgene expression in mouse tissues
by Northern blot hybridization. For embryonic expression (three-lane panel at
left), wild-type (wt) embryos were harvested at E16.5, and transgenic embryos
from line MN2-38 (38) were harvested at E14.5 (middle lane) and E16.5 (right
lane). Adult (2-month-old) tissues from three independently generated lines,
MN2-17, MN2-38, and MN2-13, were studied. Tissues analyzed included liver
(L), kidney (K), skeletal muscle (M), and skin (S). The control lanes at far right
show expression of HGF/SF sequences in livers of wild-type and HGF/SF and
NKI1 transgenic mice. Following hybridization with a human NK2 cDNA probe
(top panels), the filter was stripped and rehybridized with a control GAP cDNA
probe (bottom panels).

ogen activator proteolysis, invasion, or tubulogenesis in some
cells (5, 23, 31). Interestingly, a unique bivalent monoclonal
antibody against a non-binding-site epitope of the extracellular
domain of human HGF/SF was, like NK2, found to stimulate
cell motility but no other Met-associated activity (42). A sec-
ond truncated HGF/SF, NK1, was first artificially engineered
to consist of the N domain and a single kringle domain but was
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later found to occur naturally in mouse cells as well (9, 28, 60).
NK1 was also originally reported to possess activities antago-
nistic to HGF/SF in terms of mitogenesis (28) but later found
to stimulate mitogenic and motogenic activities (9). Schwall et
al. (55) have provided evidence suggesting that the presence of
cell surface heparan sulfate proteoglycans can facilitate NK1
mitogenic activity by inducing ligand dimerization. An artificial
four-kringle mutant, NK4, was reported to inhibit the mito-
genic, motogenic, and morphogenic activities of HGF/SF in
vitro (10). Taken together, these data indicate that the in vitro
biological activities of these HGF/SF variants are context de-
pendent and greatly influenced by the target cell and the cul-
ture conditions in which those cells are grown; moreover, they
stand as a testament to the requirement for in vivo models to
assess their bona fide activities.

To this end, we have generated a series of transgenic mice in
which either HGF/SF, NK1, or NK2 was broadly expressed
using a mouse metallothionein (MT) promoter and associated
locus control regions (LCRs) to regulate transcription. Previ-
ously, we demonstrated that ectopic expression of HGF/SF had
pleiotropic phenotypic consequences, including enhanced liver
growth and regeneration, progressive renal disease character-
ized by glomerulosclerosis, disruption of the olfactory mucosa,
aberrant appearance of skeletal muscle in the central nervous
system, patterned hyperpigmentation and aberrant localization
of melanocytes in the dermis and epidermis, precocious mam-
mary lobuloalveolar development, and susceptibility to diverse
tumorigenesis (52, 61-63) (Fig. 2). More recently, we reported
that mice expressing an NKI1 transgene exhibited a remarkably
similar array of phenotypes, albeit with reduced severity, indi-
cating that NK1 is a partial agonist of HGF/SF in vivo (20). In
striking contrast, here we demonstrate that NK2 can antago-
nize most of the phenotypic consequences of HGF/SF expres-
sion in mice harboring both transgenes. However, by employ-
ing various genetically modified host mice as tumor transplant
recipients, we show that NK2 alone retains an impressive abil-
ity to facilitate the metastasis of melanoma cells expressing
high levels of Met.

MATERIALS AND METHODS

Generation and identification of transgenic mice. NK2 transgenic mice were
generated on an albino FVB/N genetic background employing the expression
construct used previously for the HGF/SF and NK1 transgenic mice. Expression
of the human NK2 cDNA was placed under the control of the mouse MT-1
promoter. The construct included the human growth hormone (hGH) polyade-
nylation site [poly(A)] and the 5" and 3’ flanking regions of mouse MT genes
(Fig. 1B). These contain LCRs conferring copy-number-dependent and integra-
tion-site-independent transgene expression (36). NK2 transgenic mice were iden-
tified by PCR using as template tail genomic DNA and the following primer set:
MT-S (5'-ACTCGTCCAACGACTATA-3"), specific to the MT promoter re-
gion, and GH-A (5'-AACTTCCAGGGCCAGGAGA-3'), specific to the hGH-
poly(A) sequence. HGF/SF transgenic mice were identified by PCR using the
following primer set: HGF315 (5'-AGTTATGGTTGTACAATCCCTGAAAA
GA-3"), specific to the B chain of mouse HGF/SF sequence, and GH-A. NK1
transgenic mice were identified by PCR using the following primer set: MT-S and
HGF292 (5'-CTGAGGAATGTCACAGACTTCGTA-3'), specific to the first
kringle domain sequence of mouse HGF/SF ¢cDNA. Diagnostic PCR products
for the presence of the NK2, HGF/SF, and NK1 transgenes were 1,019, 451, and
709 bp, respectively. Where noted, mice were maintained on 25 mM ZnSO, in
their drinking water. All mouse work was performed in accordance with the
Guide for the Care and Use of Laboratory Animals (33a).

Histopathological assessment and liver growth analysis. For routine his-
topathological analysis, mouse tissues were fixed in 10% buffered formalin,
embedded in paraffin, sectioned at 5 um, and stained with hematoxylin and eosin
(H&E). Metastatic melanomas were visualized using an anti-mouse tyrosinase-
related protein 1 (TRP1) antibody, «PEP1 (35), a gift from Vincent Hearing,
National Cancer Institute, Bethesda, Md. For comparative analysis of hepatocyte
proliferation in vivo, five to seven 1.5-month-old mice of each genotype that had
been maintained on ZnSO, water were given intraperitoneal injections of bro-
modeoxyuridine (BrdU), according to the manufacturer’s instructions (Amer-
sham Life Science; RPN201). After 2 h, all mice were euthanatized and their
liver tissues were fixed in 70% ethanol. BrdU incorporation was then detected
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FIG. 2. NK2 extinguishes the phenotypic consequences of ectopic HGF/SF expression in bitransgenic mice. Shown are panels of tissues, including kidney (A to D),
olfactory mucosa (E to H), and virgin mammary gland (I to L), from wild-type (A, E, and T), NK2 transgenic (B, F, and J), HGF/SF-NK2 bitransgenic (C, G, and K),
and HGF/SF transgenic (D, H, and L) mice. Tissues shown are from mice 2.5 months of age. Note that bitransgenic tissues resemble wild-type tissues and do not contain
the pathological features characteristically evident in HGF/SF transgenic animals.

immunohistochemically (56), and labeled hepatocyte nuclei from between 422 water had no overt effect on liver mass, so data from zinc-treated and non-zinc-
and 589 high-power light microscope fields (400X) for each genotype were treated animals were combined.
scored. For determination of liver growth, between 18 and 27 female mice of Analysis of RNA. NK2 transgene expression in selected adult (2-month-old)

each genotype between 1.5 and 3.0 months of age were used. Exposure to ZnSO, tissues was assessed 6 h after intraperitoneal injection of 5 mg of ZnCl, per kg
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of body weight. To compare transgene expression with liver weight/body weight
ratios, total RNA was isolated from 1.5-month-old transgenic and bitransgenic
female mice maintained on 25 mM ZnSO, water. For fetal expression, E14.5 and
E16.5 mouse embryos were used for RNA isolation. Total RNA was prepared
using guanidine thiocyanate, as described previously (25). For Northern blot
analysis, 15 pg of total RNA was resolved on a denaturing 1% agarose-formal-
dehyde gel and transferred to a nitrocellulose membrane (Schleicher & Schuell).
The membrane was prehybridized and hybridized at 42°C in a solution whose
contents included 50% formamide and 6X SSC (1x SSC is 0.15 M NaCl plus
0.015 M sodium citrate), washed, and subjected to autoradiography (25). The
2.2-kbp mouse HGF/SF cDNA probe was synthesized by PCR, as described
previously (62). The 636-bp mouse NK2 probe, covering only the first and second
kringle domain of the HGF/SF cDNA, was synthesized by PCR using the fol-
lowing primer set: HGF313S (5'-GAGTGTGCCAACAGGTGTATCAGG-3')
and HGF291 (5'-AATTGCACAATACTCCCAAGGGGT-3'). For analysis of
MT expression, a 355-bp BamHI mouse MT-1 ¢cDNA fragment was used as
hybridization probe (generously provided by Richard Palmiter, University of
Washington, Seattle). To control for RNA loading and transfer variation, filters
were routinely rehybridized with a glyceraldehyde-3-phosphate dehydrogenase
(GAP) cDNA probe (35).

Cell culture and transplantation. Both the mouse cell lines, 37-32 and 37-7,
were derived from neoplasms arising in HGF/SF transgenic mouse line MH-37
(35, 62). Both lines were maintained in Dulbecco modified Eagle medium
(DMEM) (Gibco) supplemented with 15% fetal bovine serum (Gibco), 100 IU
of penicillin (Gibco) per ml, 100 ug of streptomycin (Gibco) per ml, 2 mM
L-glutamine (Gibco), 5 pg of insulin (Upstate Biotechnology Inc.) per ml, and 5
ng of epidermal growth factor (Upstate Biotechnology Inc.) per ml, and incu-
bated in 5% CO, at 37°C. Subcutaneous tumors were produced by injection of
10° cells in 0.3 ml of DMEM under the back skin of 2- to 3-month-old wild-type,
HGF/SF transgenic, NK2 transgenic, or HGF/SF-NK2 bitransgenic male and
female mice. Tumor diameters were measured every 3 days using a caliper, and
tumor volumes were calculated according to the formula I = a X b%2. Rates of
tumor growth were determined based on 3-day intervals. For the experimental
metastasis assay, 10° or 10° cells in 0.3 ml of DMEM, as indicated, were intra-
venously injected via the tail vein into 2- to 5.5-month-old male and female
HGF/SF transgenic, NK1 transgenic, NK2 transgenic, and wild-type mice. The
conclusions from the metastasis assay were essentially the same whether 10° or
10° melanoma cells were injected. Gross tumor numbers were obtained by visual
inspection of liver, spleen, kidneys, lungs, diaphragm, and pleural cavity in mice
euthanatized 18 to 25 days posttransplantation. Microscopic quantification of
metastasis was performed on representative formalin-fixed, H&E-stained sec-
tions of all liver lobes from two to eight representative animals between 1.5 and
2.5 months of age; all mice in this study were euthanatized and analyzed 21 days
posttransplantation. For tumor size determination, 725, 98, and 65 tumors were
measured from representative sections of each liver lobe from NK2, NK1, and
HGF/SF mice, respectively. Statistical analysis was performed using the Student
1 test.

Analysis of Met and Met activity. Quantification of Met and Met tyrosine
phosphorylation was performed as described previously (35). Lysates were pre-
pared from 37-32 cells treated for 10 min at 37°C with the factors indicated
(HGF/SF, 100 ng/ml; NK2, 300 ng/ml). Cultured cells were solubilized in RIPA
buffer (50 mM Tris [pH 7.4], 50 mM NaCl, 1% Triton X-100, 5 mM EDTA, 10
mM sodium pyrophosphate [Sigma], 50 mM sodium fluoride [Sigma], 1 mM
sodium orthovanadate [Sigma], 1 mM phenylmethylsulfonyl fluoride [Boehringer
Mannheim], 10 pg of leupeptin [Boehringer Mannheim] per ml, 10 wg of pep-
statin [Boehringer Mannheim] per ml, and 10 pg of aprotinin [Boehringer
Mannheim] per ml). Equivalent amounts of the resulting lysates were incubated
with anti-Met antibody (Santa Cruz Biotechnology) for 2 h. Following addition
of GammaBind G Sepharose (Pharmacia Biotech) and washing in RIPA buffer,
samples were fractionated by reducing sodium dodecyl sulfate (SDS)-7.5% poly-
acrylamide gel electrophoresis (PAGE). After electrophoretic transfer to Immo-
bilon-P membranes (Millipore), filters were blocked and incubated with anti-Met
antibody (Santa Cruz Biotechnology) overnight. Met was visualized by incuba-
tion with anti-rabbit antibody conjugated to horseradish peroxidase, followed by
enhanced chemiluminescence (ECL; Amersham). After stripping, filters were
reblocked and incubated overnight with a phosphotyrosine monoclonal antibody
(Upstate Biotechnology).

To determine the comparative effects of HGF/SF and NK2 on Met-induced
MAPK activity, Western blotting for anti-active MAPK was performed as de-
scribed previously (11). Lysates, prepared after exposure of 37-32 cells to either
HGF/SF or NK2 (as above), were fractionated by SDS-12% PAGE, transferred
to Immobilon-P membrane, and probed with anti-phospho-MAPK antibody
(New England Biolabs) as per the manufacturer’s instructions. Positive staining
was detected by ECL (Amersham).

Analysis of HGF/SF and NK2. Mouse liver lysates (25 wg of total protein per
sample per lane) were fractionated by SDS-10% PAGE and electrophoretically
transferred to Immobilon-P membrane. Membranes were blocked with bovine
serum albumin, probed with anti-human HGF/SF (N-17; Santa Cruz Biotech) in
0.1% bovine serum albumin-0.05% NP-40-phosphate-buffered saline, and de-
tected by ECL (Amersham). A series of standards of purified mouse HGF/SF
and human NK2 run in the same gel as the liver samples allowed a quantitative
assessment of HGF/SF and NK2 levels. Purified mouse HGF/SF was a generous
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gift from Ermanno Gherardi, MRC Center, Cambridge, United Kingdom; hu-
man NK2 was prepared as described previously (60). These standards revealed
that the anti-human HGF/SF antiserum used for immunoblot analysis recog-
nized human HGF/SF with greater overall sensitivity than it recognized mouse
HGF/SF, although both were readily detectable. NK2 levels in sera were quan-
tified using an enzyme-linked immunosorbent assay, as described previously (55).

RESULTS

Mice expressing NK2 are healthy and exhibit no overt hy-
perproliferative lesions. To determine the in vivo biological
activities of the natural HGF/SF splice variant, NK2, the hu-
man cDNA was placed under the transcriptional control of the
mouse MT gene promoter and LCRs (Fig. 1B), and the result-
ing expression vector was used to make four lines of NK2
transgenic mice. An identical MT expression construct was
used in our previously described HGF/SF and NKI1 transgenic
mice (20, 61), so as to allow a direct comparison of phenotypic
consequences of expression of the various HGF/SF isoforms.
Northern blot hybridization (Fig. 1C) was used to demonstrate
that the MT-NK2 transgene, like the MT-HGF/SF and MT-
NK1 transgenes, was highly and broadly expressed in three
lines, two of which (MN2-17 and MN2-38) were chosen for
further analysis. In all experiments presented here, results ob-
tained using these two lines were indistinguishable. Transgene
expression was also assessed during development in line MN2-
38. As with the MT-HGF/SF transgene (61), the MT-NK2
transgene was clearly active in E14.5 and E16.5 embryos (Fig.
1C). An enzyme-linked immunosorbent assay showed that
NK?2 levels in the serum of MN2-38 mice averaged 27 ng/ml;
wild-type control serum had an NK2 level less than the 7.8-
ng/ml limit of detection. Previously, HGF/SF transgenic mouse
serum was found to contain an average of 16.4 ng of HGF/SF
per ml compared to wild-type levels of 3.9 ng/ml (61).

In contrast to mice bearing either the MT-HGEF/SF or MT-
NK1 transgene, NK2 transgenic mice failed to exhibit overt
abnormal phenotypes. No hyperplastic lesions were observed
in the kidney or olfactory mucosa (Fig. 2B and F), and no
anomalies were associated with the mammary gland (Fig. 2J)
or skeletal muscle (data not shown). NK2 mice did not expe-
rience gastrointestinal obstruction or progressive renal disease,
which is highly characteristic of HGF/SF mice (Fig. 2D). The
liver was not enlarged; in fact, when expression of the MT-NK2
transgene was stimulated by exposing juvenile mice to zinc-
containing water, the weight of the liver relative to the body
appeared to be slightly reduced. When crossed with the pig-
mented strain C57BL/6, first-generation MN2-38 and MN2-17
transgenic mice were found to exhibit no overt hyperpigmen-
tation. However, histopathological analysis of their skin re-
vealed the occasional presence of pigment cells outside the
normal confines of the hair shaft, in the dermis and epidermis
(data not shown). This ectopic pigment cell localization was
more obvious in line MN2-38, which was characterized by
higher transgene expression in the skin (Fig. 1C). Such aber-
rant pigment cell localization was not observed in wild-type
animals.

NK2 antagonizes HGF/SF-induced pathology in bitrans-
genic mice. The small reduction in liver size observed in zinc-
treated NK2 transgenic mice raised the possibility that NK2
was capable of inhibiting HGF/SF-mediated hepatocyte pro-
liferation in vivo. To further test this hypothesis, bitransgenic
mice harboring both the MT-HGEF/SF and MT-NK2 trans-
genes were generated. Figure 3 shows that NK2 expression in
all bitransgenic mice reduced to nearly normal levels the
anomalous liver growth associated with the constitutive activa-
tion of Met in HGF/SF transgenic hepatocytes (52). Moreover,
analysis of BrdU incorporation revealed that the labeling index
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FIG. 3. NK2 inhibits the proliferative effects of HGF/SF on hepatocytes.
Shown are mean liver weight/body weight ratios (white bars) and hepatocyte
labeling indices (black bars) from wild-type (FVB/N), NK2 transgenic, NK2-
HGF/SF bitransgenic, and HGF/SF transgenic livers. All values were normalized
to wild type (set at 1.0), and error bars represent standard errors of the means.
For both liver size and hepatocyte proliferation, the P value is <0.0001 in
NK2-HGF/SF bitransgenic versus HGF/SF transgenic mice.

of bitransgenic hepatocytes was significantly decreased relative
to HGF/SF transgenic hepatocytes (Fig. 3). The presence of
the MT-NK2 transgene could be inhibiting hepatocyte prolif-
eration in bitransgenic mice by specifically antagonizing
HGF/SF activity or by squelching expression of the MT-
HGFEF/SF transgene through competition for MT-specific tran-
scription factors. To distinguish between these two possibili-
ties, the structure and activity of these two transgenes were
compared. Southern blot analysis revealed that the two MT-
driven transgenes were equivalently represented in terms of
copy number (data not shown). Northern blot analysis dem-
onstrated that at the level of RNA, expression of the two
transgenes and the endogenous MT gene was coordinately
regulated in bitransgenic hepatocytes (Fig. 4A), indicating that
there was no shortage of MT-specific transcription factors for
which the two transgenes would have to compete. The same
result was also seen in livers from bitransgenic juvenile mice
that were exposed to water containing zinc (data not shown).
Western blotting was then utilized to quantify the relative
levels of HGF/SF and NK2 protein in transgenic and bitrans-
genic liver extracts. Based on comparisons with recombinant
standards, it can be estimated that, in 25 pg of transgenic liver
extract, HGF/SF and NK2 are represented at levels between 2
and 4 ng and 5 and 10 ng, respectively (Fig. 4B). Thus, the
33-kDa NK2 appears to be present in the bitransgenic livers in
about a sevenfold molar excess relative to the 92-kDa HGF/SF.
Figure 4B also demonstrates that NK2 is not expressed at the
expense of HGF/SF and confirms that the normal liver weight/
body weight ratios characteristic of bitransgenic mice are not
caused by diminution of HGF/SF levels. These data support
the contention that NK2 can antagonize certain HGF/SF-me-
diated activities at the level of ligand-receptor interaction in
vivo, as has been shown in vitro (6, 11, 31).

Prompted by these liver results, we analyzed other tissues
from HGF/SF-NK2 bitransgenic mice up to 6 months of age. In
contrast to HGF/SF transgenic mice (Fig. 2D, H, and L), in
HGEF/SF-NK2 bitransgenic mice the kidney exhibited little or
no glomerulosclerosis or tubular hyperplasia; the olfactory mu-
cosa was overtly normal, with no sign of olfactory gland hyper-
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plasia or nervous depletion; and virgin mammary epithelium
demonstrated no obvious precocious alveolar development
(Fig. 2C, G, and K). These results indicate that the patholog-
ical consequences of chronic, HGF/SF-mediated Met activa-
tion associated with anomalous cellular proliferation can be
effectively antagonized in vivo by the splice variant NK2.

NK2 facilitates metastasis but not growth of Met-overex-
pressing malignant melanoma cells in vivo. Previously, we
determined that cultured 37-32 cells, a melanoma line estab-
lished from HGF/SF transgenic mice and overexpressing both
the transgene and endogenous c-met, could be growth inhib-
ited up to, but not more than, 60% in minimal medium sup-
plemented with recombinant NK2 to levels in 100-fold excess
(0.3 to 1.0 pwg/ml) of those that can be achieved in serum, in
vivo (35). Unlike HGF/SF, NK2 is incapable of inducing robust
Met autophosphorylation or MAPK in these melanoma cells
(Fig. 5). To ascertain the relative effect of NK2 on growth and
metastasis of 37-32 cells in vivo, transgenic lines of mice over-
expressing various HGF/SF isoforms were exploited as genet-
ically modified hosts for transplantation challenge. Initially,
10° melanoma cells were injected subcutaneously into synge-
neic wild-type FVB/N, transgenic HGF/SF, transgenic NK2, or
HGF/SF-NK?2 bitransgenic host mice. Figure 6 shows that mel-
anomas grew in the NK2 transgenic hosts nearly as well as in
the wild-type mice. However, when transplanted subcutane-
ously into HGF/SF mice, melanomas became palpable much
earlier and grew at an accelerated rate relative to those in
either wild-type or NK2 mice. Significantly, the time of appear-
ance and rate of growth of tumors transplanted into bitrans-
genic host animals expressing both NK2 and HGF/SF were no
different than those for either the wild-type or NK2 single
transgenic hosts. Together, these data indicate that, while NK2
could not effectively disrupt the HGF/SF-Met autocrine sig-
naling loop driving baseline 37-32 melanoma growth, this vari-
ant was able to completely antagonize the paracrine-enhanced
in vivo growth associated with overexpression of the HGF/SF
transgene originating from genetically modified host mouse
tissues.

The 37-32 melanoma cells, derived on an FVB/N inbred
genetic background, were shown to be highly metastatic to a
number of nude mouse tissues but with a clear partiality for
liver (35). To determine the specific effect of the host-gener-
ated HGF/SF isoforms on metastasis, 37-32 melanoma cells
were introduced intravenously into syngeneic wild-type and
HGF/SF, NK1, and NK2 transgenic mice. Gross metastatic
colonization by 37-32 cells of the liver and other organs was
elevated in HGF/SF transgenic mice relative to that in wild-
type controls (Table 1; Fig. 7A), reminiscent of the heightened
growth response of these same melanoma cells when trans-
planted subcutaneously into HGF/SF transgenic mice (Fig. 6).
Gross metastatic efficiency of 37-32 cells was enhanced in NK1
transgenic hosts as well (data not shown). When this experi-
mental metastasis assay was repeated with another cell line
containing barely detectable levels of HGF/SF and Met
(HGF/SF transgenic mouse-derived line 37-7 [35]), the inci-
dence of gross metastasis to a variety of target organs in both
HGF/SF and NK2 transgenic host mice was not significantly
different from that for wild-type mice (Table 1). This result
suggests that host-generated HGF/SF isoforms were acting
directly through responsive melanoma cells and not by creating
a more permissive host.

Having established the positive impact of host-generated
HGF/SF on metastasis of high-Met melanoma cells, the effects
of host-generated NK2 were next considered. Remarkably,
rather than antagonizing metastasis, as it did growth, host-
generated NK2 dramatically stimulated the incidence of gross
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FIG. 4. Comparative transgene expression in livers of HGF/SF and NK2 transgenic and HGF/SF-NK2 bitransgenic mice. (A) Northern blot analysis of total liver
RNA (15 pg/sample) using as probe mouse sequences equivalent to NK2 (top panels), mouse MT ¢cDNA (middle panels), or mouse GAP cDNA (bottom panels).
Numbers at the top indicate liver weight/body weight ratios (LW/BW). All mice were 1.5 months of age. (B) Quantitative Western blot analysis of mouse HGF/SF and
human NK2 transgenic mouse liver extracts (25 pg/sample) using an anti-human HGF/SF antibody. Arrows mark positions of unprocessed pro-HGF/SF, processed
HGF/SF, and NK2. Liver weight/body weight ratios (Iw/bw) are shown at top. Recombinant mouse HGF/SF (R-mHGF) and human NK2 (R-hNK2) standards of known
amounts (in nanograms) are displayed on the extreme left and right, respectively. A short exposure shown at bottom permits quantification of NK2 levels in liver
extracts. In general, RNA and protein results in panels A and B, respectively, are in accord.

hepatic metastasis of 37-32 cells, achieving levels that were at
least as high as those found in HGF/SF transgenic hosts (Table
1; Fig. 7A). This gross observation was confirmed microscop-
ically and quantified by subjecting several experimental livers
to histopathological analysis (Fig. 7B). The efficiency of micro-
scopic metastasis to liver was approximately ninefold greater in
NK2 transgenic hosts than in their wild-type counterparts (P <
0.0005) and equal to or greater than that in either HGF/SF or
NK1 mice (Table 1 and data not shown). In contrast, the
average size of the metastatic tumors in the NK2 mouse livers
appeared to be equivalent to that in wild type and reduced
compared to either NK1 or HGF/SF mice (Fig. 7A and B).
Morphometric quantification confirmed that, although the
number of liver metastases was enhanced by NK2 as for the
other isoforms, growth at the colonization site relative to that
for HGF/SF and NKI1 was significantly reduced (Fig. 7C).
Kidney metastases were also smaller and therefore less con-
spicuous at both the gross and the microscopic level in NK2
transgenic hosts compared to those in HGF/SF mice (data not
shown); however, kidney metastases were present in signifi-
cantly greater numbers relative to wild-type hosts as well (Ta-
ble 1).

DISCUSSION

The ability of the HGF/SF alternative splice variants, NK1
and NK2, to function in vitro as HGF/SF agonists or antago-
nists appears to be contextual, depending on the cell type and
the conditions under which it is cultured (6, 9, 18, 23, 28, 30, 31,
34, 55, 58, 60). These isoforms have been detected in mice and
humans, and yet their in vivo function is unknown. Recently,
we demonstrated that NK1, when broadly expressed in mice,
induces all phenotypes observed in HGF/SF transgenic mice,

although with reduced severity (20). From this result, we con-
cluded that NK1 acts in vivo as a partial agonist of HGF/SF. In
the present study, we show that the in vivo behavior of NK2 is
distinct from that of NK1, and more complex. With the excep-
tion of relatively mild ectopic localization of melanocytes out-
side the hair follicles, NK2 transgenic mice exhibited no overt
phenotypic abnormalities. However, NK2 effectively mitigated
the constellation of HGF/SF-mediated lesions in HGF/SF-
NK2 bitransgenic mice, including liver enlargement and ele-
vated hepatocyte proliferation, olfactory gland hyperplasia and
mucosal disorganization, renal tubular hyperplasia and subse-
quent glomerulosclerosis, alveolar mammary hyperplasia, and
hyperpigmentation. These lesions are generally attributable to
dysregulated cellular growth. The observed coordinate regula-
tion of expression of the two MT-driven transgenes, at the level
of both RNA and protein, in bitransgenic livers indicated that
amelioration of the phenotypes associated with HGF/SF over-
expression in these animals was not the simple consequence of
transcription factor competition, or squelching. Instead, NK2
protein itself appeared to effectively antagonize HGF/SF-in-
duced, Met-mediated mitogenic signaling in vivo.
Remarkably, however, when introduced intravenously into
the tail vein of NK2 transgenic mice, 37-32 melanoma cells
exhibited a ninefold enhancement in efficiency of metastasis to
the liver, their preferred site, relative to wild-type host mice of
the same age, sex, and genetic background. Moreover, the
incidence of metastasis in NK2 animals was at least as high as
that observed in either HGF/SF or NK1 transgenic hosts, in-
dicating that NK2 functions in vivo as a potent agonist of
Met-driven metastatic dissemination. Notably, however, the
average mass of liver metastases from these NK2 transgenic
hosts was reduced approximately five- or threefold relative to
those arising over the same time in HGF/SF or NK1 animals,
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FIG. 5. Quantification of Met and Met activity in melanoma cells. Extracts
prepared from 37-32 melanoma cells treated with either nothing (control), HGF/
SF, or NK2 were immunoprecipitated (IP) with anti-Met antibody and subse-
quently probed with either anti-phosphotyrosine (a-pY, top left) or anti-Met
(a-c-Met, bottom left) antibodies. Extracts were also directly probed with anti-
phospho-MAPK antibody (right). Molecular masses in kilodaltons are shown.
Note that, relative to NK2, HGF/SF induces phosphorylation of Met and MAPK
without altering the levels of Met.

respectively, indicating that, in this experimental model of me-
tastasis, NK2 was incapable of stimulating melanoma growth in
the manner demonstrated by host-generated HGF/SF. This
metastatic behavior was mirrored in other organs as well. To-
gether, these findings clearly show that the activities associated
with HGF/SF, and mediated by a single RTK, Met, can be
functionally dissociated in vivo. Furthermore, the same iso-
form can apparently serve in vivo as both HGF/SF agonist and
antagonist.

How can NK2 simultaneously induce agonistic and antago-
nistic activities, and why do NK1 and NK2 evoke such different
in vivo responses? Despite the availability of a relatively de-
tailed blueprint of Met signaling pathways and their integral
components, the mechanistic basis by which various HGF/SF
isoforms differentially elicit Met-mediated cellular responses is
not yet understood. It is assumed that ligand-induced dimer-
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FIG. 6. NK2 antagonizes paracrine, but not autocrine, HGF/SF-induced sub-
cutaneous melanoma growth. One million 37-32 melanoma cells were injected
under the back skin of 2- to 3-month-old wild-type (WT), HGF/SF transgenic,
NK2 transgenic, and HGF/SF-NK2 bitransgenic mice; tumor sizes were mea-
sured; and growth rates were calculated.

ization triggers the activation-autophosphorylation of generic
RTKs, including Met (reviewed in reference 71), and that
processed, two-chain HGF/SF binds Met, either as a monomer
or as a dimer, inducing a conformational shift toward a stabi-
lized active receptor configuration (reviewed in reference 7).
The recently resolved crystal structure of NK1 suggests assem-
blage as a homodimer capable of simultaneously engaging two
Met receptors and provides a rationale for the agonism dem-
onstrated by NK1 (8, 68). Interaction with endogenous glycos-
aminoglycans may be exceedingly important in realizing the
agonistic behavior of this variant in vivo (8, 9, 52, 55, 68). If it
is a pure antagonist, the behavior of NK2 could be explained
through its ability to compete with HGF/SF for receptor bind-
ing, without inducing the appropriate activating conforma-
tional change in Met. However, we show in this report that
NK?2 does not behave as a pure antagonist in vivo. Although all

TABLE 1. Incidence of metastasis and organ site selection of malignant cells in host transgenic mice
expressing HGF/SF or its splice variants”

Host

High-Met 37-32 cells

Low-Met 37-7 cells

Analysis
genotype Liver Spleen Kidney Lung Chest Diaphragm
WT Gross 51=*08 56=*+13 02=0.1 38+04 04 +0.2 04=*03
Microscopic 12 + 1.55¢ 6.7 £ 0.6 0.0 = 0.0°¢ 25 +1.9¢ ND ND
NK2 Gross >100 11 x£15 1.0x03 4304 0.6 £0.5 0.1x0.1
Microscopic 107 + 8.1° 9.7+0.8 0.8 +0.2° 29 + 2.84 ND ND
HGF/SF Gross >50 21 £5.6 29 + 125 3.0x0.8 1.8+13 0.8 0.7
Microscopic 39 = 10° ND 11 £ 3.9¢ 54 + 144 ND ND

¢ Shown are the mean numbers of metastatic tumors per organ (= standard errors of the means) observed either grossly or microscopically in H&E-stained sections
at their most prevalent sites following tail vein injections of either 10° (37-32) or 10° (37-7) cultured cells. All host mice (wild type [WT], NK2, and HGF/SF transgenics)
were on the FVB/N genetic background, were between 2.5 and 3 months of age, and were sacrificed either at 21 days (37-32) or at 18 days (37-7) following intravenous
injection. The cell line 37-32 robustly expressed c-Met (High-Met), while 37-7 expressed c-Met poorly (Low-Met); see the work of Otsuka et al. (35) for details on cell
lines. ND, not done; in the case of the HGF/SF spleens, the 37-32 tumors had begun to fuse, preventing accurate quantification. For wild-type hosts, 59 and 22 mice
were used for injection of 37-32 and 37-7 cells, respectively; for NK2 hosts, 29 and 14 mice were used for 37-32 and 37-7 cells, respectively; for HGF/SF hosts, 7 and

6 mice were used for 37-32 and 37-7 cells, respectively.
b P < 0.0005 comparing individual wild-type and transgenic organs.
¢ P < 0.05 comparing individual wild-type and transgenic organs.
4 Not statistically different.
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FIG. 7. NK2 enhances metastatic efficiency, but not growth, of high-Met-expressing melanoma cells. The figure shows results of analysis of liver metastasis of
melanoma cells in genetically modified host mice. One million 37-32 melanoma cells were injected intravenously into the tail vein of wild-type (WT), NK2 transgenic,
NKI1 transgenic, and HGF/SF transgenic mice. (A and B) After 3 weeks, livers were examined grossly (A) and histopathologically (B) for the presence of metastatic
tumors. Melanomas were immunohistochemically visualized (brown staining) using an anti-mouse TRP1 antibody. (C) Liver preparations from the genetically modified
host mice were used to quantify both mean numbers of 37-32 melanoma cell metastases (white bars) and mean tumor sizes (black bars). Error bars indicate standard
errors of the means. There was no statistically significant difference in the numbers of metastases per liver in the three transgenic lines. For mean tumor size, P value
was <0.001 for NK2 versus either NK1 or HGF/SF; P value was 0.2 for NK1 versus HGF/SF.
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HGF/SF isoforms appear to engage and activate Met (18, 23,
31, 51, 60), we demonstrate here that Met autophosphorylation
and MAPK activation are quantitatively different in 37-32 mel-
anoma cells treated with NK2 than in those treated with HGF/
SF. NK2 activities could also be explained by qualitative dif-
ferences in Met tyrosine phosphorylation, which could in turn
affect transducer recruitment and/or modify substrate target
selection. Alternatively, differential signal persistence and/or
intensity in individual pathways may account for the behavior
of NK2. For example, the Met pathway(s) engaged in the
induction of metastasis-associated behavior in vivo might re-
quire a weaker signal relative to other activities and still be
triggered by NK2 despite its reduced ability to activate Met.
Our in vitro data suggest that MAPK does not regulate this
pathway. However, a credible candidate is the pathway(s) me-
diated by phosphotidylinositol 3-kinase, which can be activated
by NK2 in some cultured cell lines (11) and in association with
p110 can bind directly to the C-terminal Y***°/Y*>® multifunc-
tional docking site of Met (38, 39) and mediate cellular activ-
ities capable of contributing to metastatic spread (1, 16, 26, 27,
49, 57).

An important question then arises concerning the identity of
the specific cellular activity, or activities, induced by NK2 that
so efficiently facilitate metastasis in vivo. A number of studies
on NK2 behavior in vitro proffer some insight. As originally
described, NK2 was unable to induce, or could actually block,
mitogenesis of cultured cells (6, 18, 30, 34). More recent in
vitro studies showed that NK2 alone was incapable of inducing
many other activities associated with metastasis, including in
vitro invasion or urokinase-type plasminogen activator prote-
olysis (23), branching morphogenesis (23, 31), or angiogenesis
(58). In contrast, NK2 was able to scatter canine MDCK cells
in vitro (18) and stimulate cellular migration in a modified
Boyden chamber assay system (60). Relying on these in vitro
studies as a backdrop, our results present a strong case for
enhanced cellular motility being critically influential in pro-
moting metastasis in a bona fide animal model. However, en-
hanced NK2-induced scattering is almost certainly not suffi-
cient for the acquisition of a full metastatic phenotype (16). In
our melanoma model system, other requisite Met-mediated
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activities are likely being provided via the autocrine stimula-
tion from the transgenic HGF/SF produced by the 37-32 cells
themselves. Indeed, the fact that the subcutaneous growth of
37-32 tumor transplants is not effectively inhibited by host-
generated NK2 suggests that the autocrine HGF/SF-Met sig-
naling pathway is resistant to the antimitogenic effects of ex-
ogenous NK2. Such a conclusion raises serious doubts about
the therapeutic efficacy of RTK antagonists whose malignant
targets arise as a consequence of the creation of such autocrine
RTK signaling loops.

Conclusions from the above discussion depend on the as-
sumption that the metastatic enhancement induced by either
NK2, NK1, or HGF/SF is a direct consequence of ligand bind-
ing to Met robustly expressed by the 37-32 malignant mela-
noma cells. However, an intriguing alternative possibility is
that genetically modified host animals ectopically expressing
these ligands become broadly permissive for metastasis, irre-
spective of the ability of the transplanted tumor cell to respond
directly to Met ligands. HGF/SF and its variants could, for
example, interact with host cells to induce subtle alterations in
extracellular matrix or angiogenic networking, making these
animals more susceptible to metastatic colonization in general.
Although we cannot rule out this possibility at this time, the
fact that low-Met 37-7 cells fail to demonstrate significantly
enhanced metastatic behavior in these same transgenic hosts
argues against it. This important issue will continue to be
investigated; either way, these studies demonstrate the great
experimental opportunity offered by an approach exploiting
genetically modified host mice as tumor transplant recipients.
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