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Hepatocyte growth factor/scatter factor (HGF/SF) is a potent mitogen, motogen, and morphogen for epi-
thelial cells expressing its tyrosine kinase receptor, the c-met proto-oncogene product, and is required for
normal development in the mouse. Inappropriate stimulation of Met signal transduction induces aberrant
morphogenesis and oncogenesis in mice and has been implicated in human cancer. NK1 is a naturally
occurring HGF/SF splice variant composed of only the amino terminus and first kringle domain. While the
biological activities of NK1 have been controversial, in vitro data suggest that it may have therapeutic value
as an HGF/SF antagonist. Here, we directly test this hypothesis in vivo by expressing mouse NK1 in transgenic
mice and comparing the consequent effects with those observed for mice carrying an HGF/SF transgene.
Despite robust expression, NK1 did not behave as an HGF/SF antagonist in vivo. Instead, NK1-transgenic mice
displayed most of the phenotypic characteristics associated with HGF/SF-transgenic mice, including enlarged
livers, ectopic skeletal-muscle formation, progressive renal disease, aberrant pigment cell localization, preco-
cious mammary lobuloalveolar development, and the appearance of mammary, hepatocellular, and melano-
cytic tumors. And like HGF/SF-transgenic livers, NK1 livers had higher levels of tyrosine-phosphorylated
complexes associated with Met, suggesting that the mechanistic basis for the effects of NK1 overexpression in
vivo was autocrine activation of Met. We conclude that NK1 acts in vivo as a partial agonist. As such, the
efficacy of NK1 as a therapeutic HGF/SF antagonist must be seriously questioned.

Hepatocyte growth factor/scatter factor (HGF/SF) is a mul-
tifunctional cytokine important in diverse biological processes
such as cell growth, motility, and morphogenesis (reviewed in
references 11, 16, 39, and 42). HGF/SF was initially identified
as a powerful stimulator of hepatocyte proliferation but is now
known to act as a mitogen for many epithelial cell types, in-
cluding renal (9) and mammary (20) epithelia. HGF/SF is also
a potent inducer of cell motility in epithelial cells, myoblasts,
and melanoblasts (2, 7, 35). In addition, HGF/SF has morpho-
genic activity, promoting the development of tubular structures
in kidney (40) and mammary (20) epithelia. In vivo studies
have demonstrated the critical role of HGF/SF and its tyrosine
kinase receptor Met in the development of multiple organ
systems. Mice with targeted disruptions of either the HGF/SF
or the c-met gene show impaired liver, placenta, and muscle
development and die in utero (2, 28, 38). Overexpression in
transgenic mice reveals the essential role of HGF/SF in regu-
lating the development of skeletal muscle and the neural crest
(35). These activities and the fact that HGF/SF is produced by
mesenchymal cells and exerts its effects on epithelial cells ex-
pressing Met suggests that HGF/SF acts as a paracrine factor
in mesenchymal cell-epithelial cell interactions in vivo (31, 36).

In addition to its pleiotropic activities in normal cells, the
HGF/SF-Met signaling pathway has also been implicated in
cancer. The establishment of an autocrine loop by coexpres-
sion of HGF/SF and Met in cultured cells results in neoplastic
transformation (1, 23, 24, 25). A number of tumors, including
melanomas, hepatomas, and carcinomas of the breast, exhibit

inappropriate expression of Met (5, 6, 19, 22, 24, 25, 37, 41).
HGF/SF overexpression in transgenic mice results in neo-
plasms of the liver, mammary gland, skeletal muscle, and me-
lanocytes (27, 33). Recently, missense mutations in the tyrosine
kinase domain of the c-met gene were found in the germ lines
of affected members of families with hereditary papillary renal
carcinoma; these mutations are likely to lead to the constitu-
tive activation of Met (29). Paradoxically, HGF/SF can serve as
a cytostatic factor for certain carcinoma cells (23, 32).

In humans, HGF/SF mRNA can undergo alternative splic-
ing to form truncated isoforms. While full-length HGF/SF is a
heterodimeric protein of 90 kDa that includes four kringle
domains, the smallest of these HGF/SF variants, NK1, consists
only of the HGF/SF amino terminus through the first kringle
domain with the addition of two amino acid residues followed
by a termination codon (Fig. 1) (4, 15). The biological activities
of NK1 are not fully understood. NK1 was initially character-
ized as an HGF/SF antagonist, since it was able to compete
with full-length HGF/SF for binding to Met but lacked intrinsic
mitogenic activity in primary rat hepatocyte cultures (15).
Thus, NK1 was proposed as a potential therapeutic agent for
tumors where HGF/SF or Met is expressed (3, 15). Recent in
vitro studies have shown, however, that there are important
differences in NK1 activity that depend on the cell types used.
While NK1 can act as an HGF/SF antagonist on primary hepa-
tocytes (15), it behaves as a partial agonist on mink lung epi-
thelial cells (30), human mammary epithelial cells (4), and
Chinese hamster ovary cells (26). The discrepancy may be
explained by differences in the glycosaminoglycan composi-
tions of the cells (13, 26, 30), but this issue remains largely
unresolved. While the activities of NK1 in vitro remain con-
troversial, the properties of NK1 in vivo are completely un-
known.

We report here the isolation of the cDNA for the mouse
homolog of NK1 and the development of a transgenic-mouse
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system to explore the physiological activities of NK1 in the
whole animal. We used the same transgene expression system
as in our previously described HGF/SF-transgenic mice (35) so
that we could directly compare the in vivo activities of NK1 and
HGF/SF. In HGF/SF-transgenic mice, broad expression of the
transgene leads to enlarged livers and the stimulation of hep-
atocellular proliferation (27), the appearance of ectopic mus-
cle and melanocytes in the central nervous system (35), the
development of a progressive renal disease (34), aberrant mi-
gration of melanocytes (35), precocious mammary lobuloal-
veolar development (33), and susceptibility to a diverse range
of tumor types (27, 33). We show here that mice overexpress-
ing NK1 reveal a phenotype that is remarkably similar to that
of HGF/SF-transgenic mice. We conclude that NK1 behaves in
vivo as a partial agonist of HGF/SF. Therefore, the efficacy of
NK1 as an HGF/SF antagonist in therapeutic applications
must be more thoroughly evaluated.

MATERIALS AND METHODS

cDNA library screen. A mouse fibroblast cDNA library (pCV27-NIH3T3) was
screened by hybridization with human HGF/SF cDNA to identify murine
HGF/SF as well as variant murine HGF/SF transcripts. A 1.2-kb cDNA that
corresponded to the 59 coding region of HGF/SF and that was structurally
homologous to the human HGF/SF variant isoform NK1 was isolated, and its
nucleotide sequence was determined.

Transgenic-mouse production. The mouse NK1 cDNA was cloned into the
transgene expression construct used previously for HGF/SF-transgenic mice
(35). This construct contained the mouse metallothionein (MT) gene-1 pro-
moter, the human growth hormone polyadenylation signal, and flanking mouse
MT gene locus control regions (21) (Fig. 2A). A 19-kb ClaI/SstII fragment of the
MT-NK1 transgene construct (LA741) was microinjected into single-cell mouse
embryos (FVB/N inbred genetic background) as described previously (12).
Transgenic mice were identified by genomic blot analysis of tail DNA with NK1
cDNA as the probe (Fig. 2A) or by PCR with transgene-specific primers. The
primers used were 59-TCGTCCTATCCGAGCCAGTCGT-39, which was spe-
cific to the MT promoter region, and 59-CTGAGGAATGTCACAGACTTCG
TA-39, which annealed in the NK1 cDNA sequence. Two lines were established,
MN21 and MN10, each with three to five copies of the transgene. We focused on
the line with the highest level of expression, MN21, for detailed analysis. All
animal work was performed in accordance with National Institutes of Health
animal care guidelines.

RNA and protein analysis. Selected tissues were removed from euthanized
mice and frozen on dry ice. Total RNA was isolated by homogenization of frozen
tissue in TRIzol (Life Technologies, Inc., Gaithersburg, Md.) according to the
manufacturer’s protocol. Expression of the MT-NK1 and MT-HGF/SF trans-
genes was measured by Northern analysis. Fifteen micrograms of total RNA was
electrophoresed on a 1% agarose-formaldehyde gel, transferred to a Zeta-probe

GT (Bio-Rad) membrane, and hybridized to a 32P-radiolabeled 0.7-kb BamHI
fragment of the NK1 cDNA (Fig. 2A) at 65°C in 63 SSC (13 SSC is 0.15 M NaCl
plus 0.015 M sodium citrate). Blots were washed in 13 SSC at 65°C and sub-
jected to autoradiography. Blots were stripped and rehybridized to 32P-radiola-
beled mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) DNA to
control for sample loading differences. Serum HGF/SF levels were determined
by a two-site enzyme-linked immunosorbent assay (ELISA) kit (Institute of
Immunology, Tokyo, Japan) as previously described (35). The solid-phase anti-
body in this ELISA kit recognizes an epitope in the a chain of HGF/SF that is
not present in NK1; thus, this assay is specific for endogenous mouse HGF/SF in
NK1-transgenic mice.

Immunohistochemistry. Tissues were fixed in 10% neutral buffered formalin,
embedded in paraffin, and sectioned. Muscle tissue in the spinal cord was iden-
tified by incubating tissue sections with a mouse a-actin monoclonal antibody
(Dako) at a 1:100 dilution. Melanomas were positively identified by immunohis-
tochemistry with a mouse monoclonal antibody to the melanoma-specific marker
HMB-45 (Dako) at a 1:150 dilution. All other tissues were stained with hema-
toxylin and eosin.

Hepatocyte proliferation levels. Hepatocyte proliferation levels were mea-
sured by calculating the percentages of hepatocyte nuclei that incorporated the
S-phase marker, bromodeoxyuridine (BrdU). Five-week-old NK1-transgenic
mice and nontransgenic littermates were injected with 0.1 mg of BrdU per g of
body weight 1 h before sacrifice. Livers were removed, fixed in 70% ethanol,
sectioned, and stained with a monoclonal antibody to BrdU (Dako) at a 1:2,000
dilution. Seventy-five microscope fields (magnification, 3400) representing at
least 13,000 hepatocyte nuclei were assessed for each of four animals in the
NK1-transgenic group and each of four in the nontransgenic group. The level of
hepatocellular proliferation in each group was expressed as the number of

FIG. 1. Characterization of the cDNA for mouse NK1. A schematic (top)
comparison of mouse HGF/SF and the NK1 splicing variant is shown. The
hatched boxes represent the signal peptide regions. The black boxes labeled K1
through K4 represent kringle domains. Below the schematic is a sequence com-
parison of mouse and human HGF/SF exon-intron junctions and the modified
translation producing the NK1 alternative splice variants. The position of the
exon-intron junction for the murine NK1 is based on the mouse HGF/SF cDNA
sequence (14) and the human NK1 sequence (4). a.a., amino acids. p, transla-
tional stop codon.

FIG. 2. Structure and expression of the MT-NK1 transgene. (A) Schematic
representation of the 19-kb ClaI/SstII DNA fragment used to generate NK1-
transgenic mice. The expression construct included the mouse NK1 cDNA (black
box), the MT-1 promoter and human growth hormone gene polyadenylation site
(hGH PA), and the 59 and 39 flanking sequences containing the locus control
regions (LCR) of the mouse MT gene (white boxes). The region used as a probe
for the Northern analysis whose results are shown in panel B is underlined. (B)
Comparison of the expression levels of the MT-NK1 and MT-HGF/SF trans-
genes. The arrow indicates the position of the 0.8-kb MT-NK1 transgene tran-
script in NK1 line MN21 mice; the arrowhead shows the position of the 2.4-kb
HGF/SF transgene transcript in HGF/SF-transgenic line MH19 mice (35). Filters
were stripped and rehybridized to a probe for GAPDH to control for differences
in loading and transfer of RNAs. s.i., small intestine; sk. muscle, skeletal muscle;
mam. gl., mammary gland.
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positively staining hepatocytes divided by the total number of hepatocytes in each
field, multiplied by 100 (means 6 standard deviations were recorded). A two-
tailed Student’s t test was used to test differences between the means.

Met phosphotyrosine analysis. Analysis of phosphotyrosine associated with
Met was performed as previously described (27). Briefly, 300 mg of transgenic or
nontransgenic liver was minced, homogenized, and solubilized at 10 mg/ml (wet
weight) in immunoprecipitation buffer. Equivalent amounts of cleared lysates
were incubated with 5 mg of antiphosphotyrosine monoclonal antibody (Upstate
Biotechnology Inc., Lake Placid, N.Y.), control rabbit antibody, or anti-Met
antibody (Santa Cruz Biotechnology Inc., Santa Cruz, Calif.). Immunocomplexes
were fractionated on sodium dodecyl sulfate–8% polyacrylamide gels and elec-
trophoretically transferred to Immobilon P membranes. After blocking, mem-
branes were incubated with anti-Met antibody and the cross-reactive species
were visualized by incubation with anti-rabbit antibody conjugated to horseradish
peroxidase and enhanced chemiluminescence (kit from Amersham, Arlington
Heights, Ill.).

Nucleotide sequence accession number. The 1.2-kb mouse cDNA sequence
was deposited in the GenBank/EMBL data bank with the accession no.
AF042856.

RESULTS

Cloning and sequencing of the mouse homolog of human
NK1. The in vivo activity of NK1 was explored by first isolating
the mouse homolog of human NK1 (hNK1). A mouse fibro-
blast cDNA library was screened with a human HGF/SF probe,
and cDNA clones of several sizes were isolated, including
HGF/SF (6- and 4.4-kb transcripts) and two variant HGF/SF
transcripts (2.2 and 1.2 kb). DNA sequence analysis revealed
that the 1.2-kb transcript contained a truncated HGF/SF tran-
script whose coding region included the 59 amino terminus and
first kringle domain as well as 79 bp of 39 untranslated se-
quence not found in the full-length mouse HGF/SF mRNA.
The deduced protein was 211 amino acids in length and was
identical to the corresponding domains of mouse HGF/SF,
with the exception of its two carboxyl-terminal amino acid
residues (Fig. 1). These two residues were identical to those at
the carboxyl terminus of hNK1 (3, 4). Like hNK1, this mouse
variant appears to be the product of alternative splicing of the
HGF/SF transcript. The unique 79 bp of 39 untranslated se-
quence was identical to the intron sequence of the mouse
HGF/SF gene downstream of the K1 domain and had a
poly(A) signal 15 bp upstream from the poly(A) tail (data not
shown). We conclude that this 1.2-kb cDNA encodes the
mouse homolog of hNK1 and apparently arises from alterna-
tive splicing of the HGF/SF transcript by a mechanism analo-
gous to that of hNK1.

Targeted expression of the mouse NK1 cDNA in transgenic
mice. In order to study the activities of mouse NK1 in vivo, the
cDNA was placed under the transcriptional control of the
mouse MT gene promoter and the flanking MT gene locus
control regions (21) (Fig. 2A) and injected into single-cell
mouse zygotes, from which transgenic mouse lines were then
established. We used the same expression construct as in our
previously described HGF/SF-transgenic mice (35) to target
expression of the MT-NK1 transgene to the epithelial cell
types used with the MT-HGF/SF transgene, thus allowing us to
directly compare the in vivo activities of NK1 and HGF/SF.

Despite the lethal effects of homozygous disruption of either
the HGF/SF or the c-met gene in mouse embryos (2, 28, 38)
and the apparent inhibition of HGF/SF by NK1 in cell culture
(4, 15, 30), mice overexpressing NK1 appeared normal at birth.
In addition, these mice showed no unusual mortality and both
sexes were fertile. High levels of expression of the MT-NK1
transgene were detected in many adult tissues. Levels of trans-
gene RNA in the liver and mammary gland were comparable
to those seen in HGF/SF-transgenic mice (35), while somewhat
smaller amounts were observed in the kidney, skeletal muscle,
brain, and skin (Fig. 2B).

Effects of NK1 on growth and development of multiple or-
gans in transgenic mice. NK1 overexpression resulted in phe-
notypic characteristics that, although often less severe, were
strikingly similar to those associated with HGF/SF overexpres-
sion. These attributes included effects on tissue homeostasis,
development, and susceptibility to tumors. NK1-transgenic
mice had livers that were significantly larger than those of
nontransgenic littermates, ranging from 1.2- to 1.5-fold greater
by 5 weeks of age (Table 1). The increase in liver mass in NK1
mice was associated with significantly higher levels of hepato-
cyte proliferation, as determined by immunohistochemical de-
tection of incorporated BrdU, a marker for proliferating cells.
The labeling index in 5-week-old NK1 mice was 3.7-fold higher
than in nontransgenic littermates (1.57% 6 1.31% in NK1
mice versus 0.42% 6 0.12% in nontransgenic mice; P , 0.001).
In addition, by 2 months of age, NK1 mouse livers showed
centrilobular hypertrophy of hepatocytes (Fig. 3B), which was
not seen in nontransgenic mice (Fig. 3A).

We analyzed other organ systems in which HGF/SF overex-
pression disrupted tissue homeostasis. With regard to the kid-
ney, NK1-transgenic mice were susceptible to tubular epithe-
lial hyperplasia and microcystic dilatation with proteinaceous
casts (Fig. 3C and D) accompanied by focal sclerotic glomeruli
with increased mesangial matrix, a renal pathology similar to
that observed in HGF/SF-transgenic mice (34). And like the
nasal turbinates of HGF/SF mice (33), those of NK1-trans-
genic mice demonstrated disorganization and degeneration of
the olfactory mucosum, hyperplasia of the olfactory glands,
and depletion of the olfactory nerves (Fig. 3E and F).

HGF/SF is critical as a paracrine regulator of mesenchymal
cell–epithelial cell interactions during development (31, 36).
Expression of the MT-HGF/SF transgene in vivo results in a
number of developmental abnormalities, one of the more
dramatic of which is the formation of ectopic skeletal muscle
around the spinal cord (35). Striated muscle also formed
around the spinal cords and dorsal and ventral nerve roots of
all NK1-transgenic mice over the age of 3 months. The pres-
ence of ectopic muscle in the spinal cord was confirmed by
staining with an antibody to the muscle marker a-actin (Fig.
4A and B). We also saw one case of ectopic muscle formation
in the lung (data not shown). And like the mammary glands in
HGF/SF-transgenic females, the mammary glands of NK1 vir-
gin females showed precocious alveolar development and hy-
perplasia (Fig. 4C and D).

NK1-transgenic mice also showed inappropriate localization
of pigment cells. Ten-day-old transgenic offspring of albino
NK1-transgenic and pigmented C57BL/6 parental mice exhib-
ited a patterned hyperpigmentation of the skin on the paws,
nose, ears, and tail. Cross sections of the skin revealed the
presence of pigment cells throughout the dermis and epidermis
(Fig. 4F), in contrast to nontransgenic skin sections, where
these cells were localized mainly in the hair shafts (Fig. 4E).

TABLE 1. Liver weight as a percentage of body weight
for NK1-transgenic mice

Age
(mo)

% Liver weight (no. of animals)a

FVB/N control NK1 line MN21 NK1 line MN10

1–2 5.46 6 0.54 (5) 7.87 6 0.74 (6)b 6.70 6 0.71 (2)
2–5 5.24 6 0.79 (10) 6.98 6 1.13 (9)b NDc

.5 5.06 6 0.50 (4) 7.35 6 1.91 (2) 7.46 6 1.37 (8)b

a Liver weight as a percentage of body weight. Values are means 6 standard
deviations.

b P , 0.001 versus FVB/N control (two-tailed Student’s t test).
c ND, not done.
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We also observed the aberrant localization of pigment cells in
the lymph nodes and spinal cords of NK1 mice (data not
shown), in addition to the skin.

NK1 expression in transgenic mice associated with suscep-
tibility to diverse tumor types. The HGF/SF-Met signaling

pathway has been implicated in oncogenesis (1, 16, 23, 24, 37).
Diverse tumor types arise in HGF/SF-transgenic mice, espe-
cially in cell types that show developmental abnormalities, such
as melanocytes and mammary epithelium and muscle cells
(33). A wide variety of tumor types also arose in older NK1-

FIG. 3. Histopathological effects of NK1 overexpression on liver (A and B), kidney (C and D), and olfactory mucosum (E and F). NK1 liver (B) displays
centrilobular hepatocellular hypertrophy not present in nontransgenic FVB/N liver (A). Renal disease in NK1 kidney (D) is characterized by tubular hyperplasia and
tubular dilatation with proteinaceous casts. Control nontransgenic kidney is shown in panel C. The olfactory mucosum of NK1 mice (F) is disorganized and shows
degeneration of the olfactory epithelium and hyperplasia of the olfactory glands, compared to control mice (E). All tissues were stained with hematoxylin and eosin.
Magnifications, 3200 (A to D) and 3400 (E and F).
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transgenic mice. By 21 months of age, at least 26% (5 of 19) of
NK1-transgenic mice developed one or more neoplasms, in-
cluding tumors of the liver (Fig. 5A), mammary gland (Fig.
5B), melanocytes (Fig. 5C), pancreas, glandular stomach, and
Harderian gland. The incidences of these tumor types are

extremely low in wild-type FVB/N mice (reference 33 and
unpublished results).

NK1 stimulates Met activation in vivo. The biochemical
mechanism by which the MT-HGF/SF transgene exerts its phe-
notypic effects consists of increased phosphorylation of Met

FIG. 4. Developmental effects of MT-NK1 transgene expression. Immunohistochemical analysis of nontransgenic (A) and transgenic (B) spinal cords with a-actin
antibody reveals presence of striated muscle (arrowhead) only in NK1 mice. NK1 mammary glands (D) show precocious development of lobuloalveolar structures
(arrowhead), in contrast to the normal ducts of nontransgenic glands (C). Aberrant localization of pigment cells (arrowhead) in the dermis and epidermis of adult NK1
skin (F), compared to nontransgenic skin (E). Tissues in panels C to F were stained with hematoxylin and eosin. Magnifications, 3400 (A, B, E, and F) and 3200 (C
and D).
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and its signaling substrates (27). To determine whether the in
vivo consequences of MT-NK1 transgene expression were also
associated with Met activation, we compared the phospho-
tyrosine contents of Met immunoprecipitates in liver extracts

from NK1-transgenic mice, HGF/SF-transgenic mice, and non-
transgenic mice. Immunoprecipitation with either an anti-Met
antibody or an antiphosphotyrosine monoclonal antibody was
performed on liver extracts, followed by immunoblotting with
the anti-Met antibody. We consistently observed at least two-
fold-higher levels of antiphosphotyrosine-immunoprecipitable
p140 Met in both NK1- and HGF/SF-transgenic livers, com-
pared to levels in nontransgenic livers (Fig. 6B). The increase
in activated Met levels is even greater when it is taken into
account that the total levels of p140 Met in the NK1- and
HGF/SF-transgenic livers were lower than in nontransgenic
livers (Fig. 6A) (27). We conclude that NK1, like HGF/SF,
stimulates Met activation in vivo and potentially downregulates
p140 Met.

NK1 overexpression does not affect endogenous HGF/SF
expression. One possible explanation for the phenotypic sim-
ilarities between NK1- and HGF/SF-transgenic mice was that
expression of the MT-NK1 transgene increased the levels of
endogenous HGF/SF mRNA or protein through some com-
pensatory mechanism. To investigate this possibility, we first
compared the levels of endogenous HGF/SF mRNA in NK1-
transgenic and nontransgenic mice. No significant difference
was found in either the liver or the kidney by Northern blot
analysis (data not shown). This was consistent with previous
observations that indicate that there is no significant upregu-
lation of the endogenous-HGF/SF level in HGF/SF-transgenic
mice (35). We also compared levels of endogenous HGF/SF in
sera from NK1-transgenic and nontransgenic mice. An ELISA
that recognizes an epitope at the carboxyl terminus of the a
chain was used; thus, only endogenous full-length HGF/SF
protein, not NK1, is detected. Levels of HGF/SF in sera from
NK1-transgenic mice were the same as those in nontransgenic
animals (3.2 versus 3.4 ng/ml) and lower than levels found in
HGF/SF-transgenic mice (7.5 ng/ml). We conclude from the

FIG. 5. Diverse tumor types in NK1-transgenic mice. (A) Hepatocellular
adenoma (t) and adjacent normal liver (a) in an 18-month-old NK1 male. (B)
Adenocarcinoma of the mammary gland in a 21-month-old virgin NK1 female.
(C) Melanoma in the brain of the male used for panel A. Dark areas show
positive immunohistochemical staining for the melanocyte marker HMB-45.
Tissues in panels A and B were stained with hematoxylin and eosin. Magnifica-
tions, 350 (A and B) and 325 (C).

FIG. 6. Met receptor levels in NK1- and HGF/SF-transgenic livers. (A) Total
levels of Met receptor in transgenic livers. (B) Levels of Met associated with
tyrosine-phosphorylated complexes in transgenic livers. Liver lysates from non-
transgenic (NT) and NK1- and HGF/SF-transgenic mice were immunoprecipi-
tated (IP) with control antibody (C), anti-Met (Met), or antiphosphotyrosine
(Py), subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
transferred to Immobilon P membranes, and immunoblotted with anti-Met.
Arrowheads indicate positions of p170 and p140 Met.
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Northern blot and ELISA data that there is no significant
increase in endogenous HGF/SF mRNA or protein that could
account for the phenotypic similarities between the NK1- and
HGF/SF-transgenic mice.

DISCUSSION

The original characterization of NK1 as an antagonist for
HGF/SF binding and Met activation suggested that NK1 could
have therapeutic value in the growth inhibition of certain tu-
mors (3, 15). Recently, however, NK1 was found to have par-
tial agonist properties that were dependent on the glycosami-
noglycan composition of the culture conditions (4, 30). While
the biological properties of NK1 in vitro remain controversial,
there is virtually nothing known about its activity in vivo.

We have cloned the cDNA for the mouse homolog of human
NK1 and tested its activity in a transgenic-mouse model sys-
tem. When inappropriately expressed in transgenic mice, NK1
was found to have effects on tissue homeostasis, development,
and tumor susceptibility similar to those associated with over-
expression of full-length HGF/SF (summarized in Table 2).
For example, the effects of NK1 overexpression in the trans-
genic liver were similar to those associated with HGF/SF over-
expression: enlarged livers, centrilobular hypertrophy, and
increased hepatocellular-proliferation rates (27, 35). NK1-
transgenic mice develop a renal disease nearly identical to the
prominent tubular cystic disease and progressive glomerulo-
sclerosis observed in HGF/SF-transgenic mice (34). The phe-
notypic effects in the olfactory mucosa of NK1-transgenic mice
mirror the marked degeneration of the olfactory epithelium
and nerve bundles and hyperplasia of the olfactory glands seen
in HGF/SF-transgenic mice (33). The developmental effects
of NK1 expression mimic the defects seen in HGF/SF trans-
genic mice, such as ectopic muscle formation in the spinal cord
(35), precocious lobuloalveolar development in the mammary
glands (33), and aberrant migration of melanoblasts that re-
sults in the appearance of ectopic melanocytes in the skin,
lymph nodes, and central nervous system (35). The diverse
tumor types that appear in NK1 mice are also prominent fea-
tures of HGF/SF-transgenic mice, which have a high incidence
of liver and mammary gland tumors and melanomas (27, 33).
And, as with HGF/SF mice (27), the phenotypic characteristics
of NK1 overexpression in vivo are associated with chronic
activation of Met; we observed increased levels of tyrosine-
phosphorylated complexes associated with Met in NK1-trans-
genic liver, at levels similar to those in HGF/SF liver. This
suggests that Met is stimulated in an autocrine manner in the
liver and provides a mechanistic basis for the effects of NK1
overexpression in vivo. Thus, the remarkable similarities in the
phenotypes and in the associated effects on Met activation
strongly indicate that NK1 acts as an HGF/SF agonist in vivo.

Our finding that NK1 behaves as a partial agonist of HGF/
SF in vivo is remarkable in light of the structural differences
between the two proteins. Mature HGF/SF is a heterodimeric
protein consisting of a 60-kDa a chain containing four kringle
domains and a 30-kDa b chain with a serine protease-like
domain (11, 16, 39, 42). NK1, on the other hand, is a protein of
22-kDa and consists only of the amino terminus and first krin-
gle domain of the a chain. This suggests that the amino ter-
minus and first kringle domain of HGF/SF are sufficient for
relevant levels of Met binding, activation, and intracellular
signaling in vivo, despite the lower affinity of NK1 for Met in
vitro (4, 15, 30).

Yet despite the strong similarity in phenotypes, many of the
effects of NK1 overexpression were not as severe as those
exhibited with HGF/SF overexpression (Table 2). For example,
the nearly 1.5-fold increase in NK1 liver size was not as dra-
matic as the two- to threefold increase seen in HGF/SF mice
(27); even in older animals, NK1 livers never reached the size
of HGF/SF livers. The increase in hepatocellular proliferation
levels was more pronounced in HGF/SF-transgenic mice than
in NK1-transgenic mice. Ectopic muscle formation in the spi-
nal cord was not as extensive in NK1 mice as in HGF/SF-
transgenic mice; we saw none of the evidence for hind-limb
paralysis in NK1 mice that has been seen in about 5% of HGF/
SF-transgenic mice (35). While NK1-transgenic mice devel-
oped the progressive renal disease characteristic of HGF/SF-
transgenic mice, it was rarely lethal, as it is in some lines of
HGF/SF mice, where up to a quarter of the mice die from
kidney failure (34). The tumor-promoting capacity of NK1
appears to be lower too. Even though NK1 mice develop many
of the same types of tumors, such as mammary adenocarcino-
mas, liver tumors, and melanomas, the incidences are lower
than those observed for HGF/SF mice (27, 33).

The differences in phenotypic severity observed between
NK1- and HGF/SF-transgenic mice may be due to the bio-
chemical properties of NK1 that restrict its effects to those of
a partial agonist. Compared to HGF/SF, NK1 is diminished in
Met binding activity (4, 15, 30) and, even under conditions
where similar levels of Met phosphorylation are achieved, NK1
is less efficient in stimulating DNA synthesis (4). The possibil-
ity also remains that subtle differences in transgene expression
account for the quantitative phenotypic differences observed
between NK1- and HGF/SF-transgenic mice, especially in tis-
sues such as kidney, brain, skin, and skeletal muscle.

The agonistic activity we observed for NK1 is consistent with
the in vitro findings of Schwall et al (30) and Cioce et al (4), in
which NK1 was converted from an HGF/SF antagonist to a
partial agonist by changing the glycosaminoglycan composition
of the cell culture conditions. Our finding that NK1 has ago-
nistic properties when overexpressed in transgenic mice sug-
gests that their in vitro conditions more closely mimicked the

TABLE 2. Phenotypic comparison of NK1- and HGF/SF-transgenic mice

Mouse
type

Increase in
liver mass

(fold)

Elevation in
hepatocyte
prolifera-
tion (fold)

Severity of: Incidence of:

Renal disease Olfactory
mucosal
degene-
ration

Ectopic
skeletal
muscle

Mammary
hyper-
plasia

Patterned
hyperpig-
mentation

Tumors
Met acti-
vation in

liver
Glomerulo-

sclerosis

Tubular
hyper-
plasia

Mammary
adenocar-

cinoma
Melanoma Liver

adenoma

NK1 1.4 3.7 Moderate Moderate Mild Moderate Moderate Moderate Present Present Present Present
HGF/SFa 2.0b 11c Severe Severe Moderate Moderate Severe Severe High High Present Present

a Except as noted, data are from references 27 and 33 to 35.
b Datum is from reference 27 for MH-19 mice aged 5 weeks and older.
c Datum is from reference 27 for MH-19 mice aged 4.7 weeks.
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in vivo milieu than was the case in earlier studies in which NK1
was shown to be an HGF/SF antagonist (15).

Another naturally occurring HGF/SF splice variant in hu-
mans, NK2, is composed of the amino terminus and first two
kringle domains of HGF/SF (3, 18). Like NK1, NK2 is gener-
ated by alternative splicing and has been shown to act as either
an antagonist or a partial agonist of HGF/SF, depending on
cell culture conditions (30). Little is known about the physio-
logical roles of either isoform. NK1 and NK2 are expressed in
normal and transformed fibroblast cell lines (3, 4, 8, 10) and
normal placenta (18). Now that we have established that NK1
can act as a partial agonist in vivo, it will be interesting to see
how NK2 behaves in the context of the whole animal.

The utility of NK1 as a therapeutic antagonist of HGF/SF is
directly challenged by the in vivo data presented in this report.
However, NK1 may still have pharmacological applications as
a molecule that is significantly smaller than HGF/SF yet retains
many of its biological activities. It has been proposed that there
are situations where HGF/SF can have therapeutic value. For
example, in acute renal failure induced by nephrotoxic com-
pounds or by renal ischemia, HGF/SF administration en-
hanced the regeneration of renal tubules and the restoration of
kidney functions (17). Although our data on the in vivo con-
sequences of NK1 and HGF/SF overexpression demonstrate
that the clear risks in high chronic doses of this growth factor
potentially restrict therapeutic approaches such as gene ther-
apy, limited and subchronic dosages of NK1 or HGF/SF may
still have therapeutic value.
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