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Mechanisms Regulating c-met Overexpression
in Liver-Metastatic B16-LS9 Melanoma Cells
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Abstract Liver selected B16-LS9 melanoma cells show a dramatic overexpression of the proto-oncogene c-met,
the cellular receptor for hepatocyte growth factor/scatter factor. As a consequence, c-met becomes constitutively active,
and the cells become more responsive to hepatocyte growth factor stimulation. We have investigated the molecular
mechanisms regulating c-met expression in both the parental line B16-F1, which has low expression levels, and the
liver-speci®c B16-LS9, overexpressing c-met. Overexpression is observed at the protein and mRNA levels, however
without further evidence of gene ampli®cation or rearrangement. c-met promoter activity was higher in B16-LS9 than
B16-F1 cells, and also a nuclear run-off showed higher transcription levels in B16-LS9 cells. Moreover, we found that
c-met mRNA had a longer half-life in B16-LS9 cells, thus indicating also the involvement of post-transcriptional
regulation mechanisms. Finally, we found evidence that autonomous activation of the melanocortin receptor-1 (MCR-1)
is at least partially responsible for c-met upregulation in B16-LS9 cells, since treatment of the cells with a potent MSH
antagonist (the agouti peptide) has strong down-regulatory effects. J. Cell. Biochem. 81:477±487, 2001.
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Cancer metastasis represents the major
cause of morbidity and death for cancer pat-
ients. Indeed, it is the peculiar ability of mali-
gnant tumor cells to escape from the primary
tumor and settle at distant organ sites, coupled
with their genetic instability, which makes
tumors such a dif®cult subject for any kind of
direct therapy. The metastatic phenotype
results from multiple and complex changes
within the tumor cell, which cannot be attrib-
uted to just one single gene [Rusciano and
Burger, 1993]. However, some of the properties
that are required by cancer cells to become
metastatic can be conferred by the activation of
the proto-oncogene c-met, the cellular receptor
for hepatocyte growth factor/scatter factor
(HGF/SF) [Bottaro et al., 1991]. In fact, upon
activation, c-met starts a cascade of events that
results in pleiotropic effects on cell behavior,

including regulation of growth, motility and
invasion [Rusciano et al., 1998a; Weidner et al.,
1993], all of which are required for the success-
ful production of the metastatic phenotype
[Bardelli et al., 1999; Jeffers et al., 1996; Rong
et al., 1994].

Overexpression of the proto-oncogene c-met is
a fairly common event in many human cancers
[To and Tsao, 1998], where it has been corre-
lated with the malignant properties of tumor
cells [Vande Woude et al., 1997]. For instance,
in human melanomas tumor progression from
the radial to the vertical, invasive growth phase
tightly correlates with overexpression of c-met
[Natali et al., 1993]. Similarly, c-met too has a
prominent role in the malignant behavior of
many murine experimental tumors [Jeffers
et al., 1996; Meiners et al., 1998; Rong et al.,
1994]. In transgenic mice, expression of a
mutationally activated form of c-met resulted
in the induction of metastatic mammary ade-
nocarcinomas [Jeffers et al., 1998], whereas
ectopic expression of HGF/SF induced the spon-
taneous formation of a number of epithelial and
mesenchymal tumors, among which predomi-
nated cutaneous melanomas [Otsuka et al.,
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1998]. Interestingly enough, some of these
melanomas overexpressed a normal form of c-
met, and were metastatic to the liver. This is in
keeping with our previous ®ndings with the B16
mouse melanoma model system, in which we
described a tight correlation between c-met
overexpression and constitutive activation,
and growth as liver metastasis [Lin et al., 1998;
Rusciano et al., 1995, 1996]. Clearly, c-met
overexpression in liver-selected B16-LS9 cells
resulted in a higher response of these cells to
HGF/SF in terms of growth, motility and inva-
sion [Rusciano et al., 1998a]. Moreover, we have
recently described the involvement of c-met and
HGF/SF in the differentiation process of B16
cells. We found that melanocyte-stimulating
hormone (MSH), the physiological inducer of
differentiation for melanocytes, was also a po-
tent inducer of c-met expression in B16 cells
[Rusciano et al., 1999]. On the other hand, we
showed that HGF/SF treatment of B16 cells led
to a dramatic decrease of tyrosinase expression,
which in turn translated into a diminished syn-
thesis of melanin [Rusciano et al., 1998b].

The question that we address in this work
concerns the mechanisms underlying the over-
expression of c-met in liver-selected B16-LS9
melanoma cells. Results reported here indicate
that both transcriptional and post-transcrip-
tional events regulate the amount of speci®c
messenger found in the cells. We also show that
induction of differentiation by MSH treatment
enhances c-met promoter activity, and present
evidence that an increased activity of the MCR-
1 strongly contributes to c-met overexpression
in B16-LS9 cells.

MATERIALS AND METHODS

Cell Culture

B16 melanoma cell lines were routinely
cultured in DMEM with 10% FCS and anti-
biotics (penicillin and streptomycin) in a humi-
di®ed incubator at 37�C and 10% CO2.
Subculturing was done two to three times per
week, detaching the cells by a short (5 min)
incubation at 37�C in Ca2� - and Mg2� -free PBS
(CMF-PBS) containing 0.02% EDTA. Cell cul-
tures were free of mycoplasma contamination,
as detected by Hoechst staining. MSH (Sigma)
and agouti (a kind gift of Dr. DH Willard) were
added to tissue culture medium at the indicated
concentrations to analyze their effect on c-met
expression.

Cell Extracts and Western Blotting

B16 cells grown as monolayers were extracted
by 20-min incubation with cold CHAPS buffer
(MgCl2 5 mM; EGTA 1 mM; NaCl 100 mM;
glycerol 10%; CHAPS 1% w/v; HEPES 25 mM,
pH 7.4) containing orthovanadate 1 mM and
protease inhibitors (25 mg/ml of both aprotinin
and leupeptin, Sigma; 1 mM AEBSF, Calbio-
chem). Extracts were clari®ed by centrifuga-
tion, diluted with reducing Laemmli's sample
buffer and boiled. Proteins were determined in
separate aliquots by the DC-Lowry assay (Bio
Rad). Similar amounts of proteins were sepa-
rated by SDS-PAGE and immunoblotted onto
PVDF membranes (Immobilon, Millipore) with
speci®c antibodies (anti-phosphotyrosine mono-
clonal antibody 4G10 was a kind gift of Kurt
Ballmer, FMI; rabbit polyclonal antibody
against c-met was obtained from Santa Cruz
Biotechnology). Peroxidase-labeled secondary
antibodies (DAKO) were detected by the lumi-
nol reaction (Amersham) on Hyper®lm (Amer-
sham).

Northern and Southern Blotting

Poly A�RNA was prepared from con¯uent
dishes by using the Micro mRNA puri®cation
kit (Pharmacia) according to the manufac-
turer's instructions. Two micrograms of RNA
was run on a 0.8% formaldehyde/agarose gel,
and blotted to a nylon membrane (Boehringer
Mannheim). Methylene blue staining of the
membrane was used to check loading of the
lanes. High molecular weight genomic DNA was
prepared from con¯uent monolayers of B16 cells
by the procedure of Blin and Stafford [Blin and
Stafford, 1976] as modi®ed by Maniatis [Sam-
brook et al., 1989]. After digestion with Hind III
and Bam HI, 20 mg of DNA was separated on
agarose gel and blotted to the nylon membrane
following the procedure described by Maniatis
[Sambrook et al., 1989]. The murine-speci®c
probe for c-met (2.2 kB) was kindly provided by
Guido Hartmann (MDC, Berlin) and radioac-
tively labeled with a32P-dCTP (Amersham) by
the Random Primed DNA Labeling Kit (Boeh-
ringer Mannheim).

Promoter Activity

Three different lengths (0.3, 0.5 and 1.6 kb) of
the cloned promoter region of c-met [Seol and
Zarnegar, 1998] were inserted into the pCAT
basic reporter vector (Promega). Empty pCAT
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basic and pCAT-3 containing the SV40 promo-
ter were used, respectively, as negative and as
positive control, and the latter also as reference
to check the transfection ef®ciency. Thereafter,
2 mg of pure plasmid DNA was transfected into
sub-con¯uent cells using the lipofectamine-
based method as described by the manufacturer
(Gibco-Life Technologies). Forty-eight hours
after transfection cell lysates were prepared
following the indications of the pCAT-ELISA
reagent kit (Roche Biochemicals), and quantita-
tion of pCAT expression carried out according to
manufacturer's instructions. To detect the effe-
cts of MSH or agouti on c-met promoter activity,
cells were treated with the respective peptide
immediately after the transfection procedure
(which lasted 6 h), and until the end of the
experiment at 48 h.

Transcriptional Run-On Assay

In vitro run-on transcription assay was
performed as follows. Intact nuclei were iso-
lated from 5� 107 B16-F1 and B16-LS9 mouse
melanoma cells grown under identical condi-
tions. Cells were scraped from the monolayer
with a rubber policeman, washed twice with ice-
cold PBS, resuspended in 4 ml lysis buffer (10
mM Tris±HCl pH 7.4, 10 mM NaCl, 3 mM
MgCl2, 0.5% NP40) and kept on ice for 5 min. The
pellets were resuspended in 100 ml of nuclei
storage buffer (50 mM Tris±HCl pH 8.0, 40%
glycerol, 5 mM MgCl2, 0.1 mM EDTA), snap-
frozen in liquid nitrogen and stored at ÿ80�C.
For the transcription reaction, nuclei were tha-
wed by addition of the same volume (100 ml) of a
twofold concentrated reaction mixture contain-
ing 10 mM Tris±HCl pH 8.0, 5 mM MgCl2, 0.3 M
KCl, 1 mM DTT, 0.2 mM EDTA, 4 mM each of
ATP, GTP, CTP and 100 mCi of [32P]UTP
(Amersham, 3000 Ci/mM). Samples were incu-
bated at 37�C for 30 min. Reactions were
stopped by addition of 10 ml of RNAse-free
DNAse I (Amersham, 10,000 units/ml) for 30
min at room temperature. Samples were then
solubilized by the addition of 600 ml of a buffer
containing 10 mM Tris±HCl pH 8.0, 2% SDS, 7
M urea, 0.35 M LiCl, 1 mM EDTA, 100mg carrier
tRNA, and incubated for 2 h at 45�C in the
presence of proteinase K (Sigma, ®nal concen-
tration 1 mg/ml). Nucleic acids were precipi-
tated by adding ice-cold TCA to 10% ®nal
concentration, incubating on ice for 20 min,
and spinning for 20 min at 4�C in an Eppendorf
refrigerated centrifuge at the maximum speed.

Pellets were washed twice in cold ethanol to
remove any trace of TCA and resuspended in
100 ml TES (10 mM Tris±HCl pH 8.0, 1 mM
EDTA, 0.5% SDS). 106 d.p.m. of each radiola-
beled, in vitro transcribed RNA sample was
then hybridized to nylon-immobilized (Hybond-
N� , Amersham) plasmids containing a 2.2-kb
fragment of c-met, a full length c-met, the
glyceraldehyde phosphate dehydrogenase gene
(GAPDH) or the empty vector (BSSK-), for 72 h
at 55�C in a hybridization buffer (50% forma-
mide, 6�SSC, 10�Denhardt's, 0.2% SDS).
After stringency washings, strips were exposed
to X-ray ®lms and the bound radioactivity was
quantitated by molecular dynamics phosphor
imager analysis.

mRNA Stability Assay

Replicas of semi-con¯uent cultures of B16-F1
or B16-LS9 mouse melanoma cells were treated
with actinomycin D (Sigma, ®nal concentration
5 mg/ml). At different times after actinomycin D
addition (0, 2, 4, 6 and 8 h), dishes were washed
twice with ice-cold PBS, and cells collected by
scraping with a rubber policeman. Cells were
then centrifuged and poly-A� mRNA was
puri®ed by the QuickPrep Micro mRNA pur-
i®cation kit (Pharmacia), following the protocol
suggested by the manufacturer. Poly-A�

mRNA molecules were then separated on 0.8%
agarose-formaldehyde gels and blotted to Nylon
membranes (Hybond N� , Amersham) as
above. A digoxygenin-labeled (DIG) c-met spe-
ci®c RNA probe was transcribed by a DIG-RNA
labeling kit (Boehringer) and using a c-met 2.2-
kb fragment-containing, linearized plasmid as a
template. After a 2-h pre-hybridization at 68�C
in 50% formamide, 5�SSC, 10�Denhardt's,
0.1% Na lauryl sarcosinate, 0.02% SDS, mRNA
was hybridized overnight at 68�C in the same
buffer containing 50 ml of the DIG-labeled RNA
probe. Detection of DIG-RNA was performed by
use of an anti-DIG antibody conjugated to alka-
line phosphatase (Boehringer) and Lumigen
PPD chemiluminescence detection kit (Boeh-
ringer), following the manufacturer's instruc-
tion. For normalization of the results, ®lter was
then stripped and re-hybridized to a b-actin
DIG-RNA probe, prepared as above.

Statistical Analysis

The t-test for independent samples has been
applied to results reported in Figure 3. All the
other experiments illustrated in the other ®g-
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ures have been performed at least three times,
and results from an experiment most indicative
of the observed trend are reported in the ®gure.

RESULTS

We have previously shown that liver-selected
B16-LS9 cells express abnormally high amou-
nts of the product of the c-met proto-oncogene,
the cellular receptor for HGF/SF, which then
becomes constitutively active in consequence of
its elevated density on the plasma membrane
[Rusciano et al., 1995, 1996]. Figure 1 illus-
trates a comparison between the parental, unse-
lected B16-F1 cell line, and B16-LS9 cells. From
the Western immunoblot analysis (Fig. 1A) it is
evident that c-met protein is dramatically over-
expressed in B16-LS9 cells (lower panel), and
that it is heavily phosphorylated on tyrosine
(upper panel), which is indicative of constitutive
activation [Bardelli et al., 1992; Ferracini et al.,
1991]. Protein expression clearly correlates
with the amount of mRNA expressed in the
two cell lines (Fig. 1B). However, the pattern
observed after Southern blotting (Fig. 1C) is
identical for B16-F1 and LS9 cells: two main
bands of similar size and intensity are visible in
both cell lines, indicating no further gene

ampli®cation or rearrangements that could exp-
lain the increased amount of speci®c mRNA
detected in B16-LS9 cells.

Transcriptional Regulation

In order to investigate whether the higher
level of c-met mRNA present in B16-LS9 cells
was due to increased transcription of the gene,
we performed a nuclear run-off experiment,
comparing the amount of speci®c transcript in
B16-F1 and B16-LS9 cells. Results reported in
Figure 2 clearly indicate that c-met transcrip-
tion was much more active in liver-selected B16-
LS9 cells than in the parental B16-F1 cell line,
as well as when the values were corrected for the
different intensity of GAPDH, used as internal
standard (see bottom panel). Similar results,
however more quantitative, were provided by
an experiment in which mouse c-met promoter
activity was measured by the CAT reporter gene
assay. Three different lengths of the mouse
c-met promoter [Seol and Zarnegar, 1998] were
subcloned into the pCAT basic vector and
transfected into B16 cell lines. Empty vectors,
or pCAT3 in which CAT transcription is led by
the SV40 promoter, were used as controls.
Results reported in Figure 3 clearly show that
the intermediate promoter length has the high-
est activity in both cell lines, indicating the pre-
sence of repressor elements within the deleted
upstream 1.1 kb sequence, and that the 0.3 kb
promoter has the least activity, which appears
to be similar in both B16-F1 and B16-LS9 cells.
This indicates that the relevant regulatory
elements are present within the distal 1.3 kb
segment. Similar results had already been
reported for the mouse promoter with C33-A
epithelial cells [Seol and Zarnegar, 1998], and
for the human c-met promoter [Gambarotta
et al., 1994]. In B16 cell lines the two longer
elements (1.6 and 0.5 kb) were de®nitely, even
though not dramatically, more active in B16-
LS9 than in B16-F1 cells, thus con®rming that
an enhancement of transcription contributes
toward the increased amount of c-met mRNA
observed in the liver-speci®c B16 cell line.

Post-Transcriptional Regulation

The amount of any speci®c mRNA found any-
time in a cell is the combined result of the
transcriptional activity of the relative gene and
the stability of the message once exported in the
cytoplasm. Therefore, we set out to compare c-
met mRNA stability in B16-F1 and B16-LS9

Fig. 1. C-met analysis in B16-LS9 and B16-F1 cells. A: Western
blot analysis: 30 mg of total cell extracts was separated on a 6%
SDS-PAGE under reducing conditions, blotted to PVDF and
immunostained with anti-phosphotyrosine monoclonal anti-
body (upper panel), or with anti-met polyclonal antibody (lower
panel). The identity of the phosphorylated band at 145 kDa as
the b-chain of c-met was demonstrated previously (Rusciano
et al., 1995). B: Northern blot analysis of 2 mg of poly-A�

mRNA. The lower panel shows GAPDH bands as control for
loading. C: Southern blot analysis of 20 mg of genomic DNA
after digestion with Hind-III and Bam-HI.
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cells. Actinomycin-D treatment to prevent new
mRNA synthesis affected only marginally the
stability of the b-actin mRNA message, known
to be among the most stable in many cells
(Fig. 4B). C-met message appeared to be simi-
larly stable in both B16 cell lines until 4 h of
treatment, beyond which time there was a
sudden drop in B16-F1, while the message
remained fairly stable in B16-LS9, thus indicat-
ing also a contribution of mRNA stability to c-
met overexpression in B16-LS9 cells.

Mechanisms Regulating c-met Expression
in B16-LS9 Cells

Previous evidence indicated that c-met exp-
ression in B16 melanoma cells could be induced
by MSH treatment [Rusciano et al., 1999]. Res-
ults illustrated in Figure 5A clearly show that
MSH has the ability to enhance c-met promoter
transcription ability, at the point that, after 24 h
of treatment, it is comparable to the basal
activity observed in B16-LS9 cells. On the other
hand, results reported in Figure 5B indicate

Fig. 2. Nuclear run-on assay. The left lane reports the
methylene blue staining of the immobilized DNA fragments,
to show the relative loading. Two different lengths of c-met

cDNA have been used. The bottom panel shows a densitometric
analysis of the results, with the respective values for B16-F1 and
B16-LS9 normalized to GAPDH for direct comparison.

Fig. 3. Quantitation of c-met promoter activity in B16 cell
lines. Three different lengths of the mouse promoter for c-met
(1.6, 0.5 and 0.3 kb) in the pCAT reporter plasmid have been
transiently transfected by the lipofectamine method. Empty
pCAT vector and pCAT3 (in which pCAT expression is led by the
SV40 promoter) served as controls. CAT expression values were
measured with an ELISA method, and normalized to the values
obtained in either cell line with pCAT3 (empty pCAT vector
gave negligible optical readings) for direct comparison. Results
from three different representative experiments have been
averaged, and standard deviation is reported. Asterisks on top
of the bars indicate the signi®cance of the data, as evaluated by
the t-test: * P � 0:05; ** P � 0:01.

Regulation of c-met Overexpression in Liver Melanoma Cells 481



that treatment of c-met-overexpressing B16-
LS9 cells with an antagonist of MSH, the agouti
peptide, resulted in a decrease of c-met expres-
sion, to levels comparable to those observed in
B16-F1 cells. This observation raised the intri-
guing possibility that c-met overexpression in
B16-LS9 cells is sustained by an autocrine mec-
hanism, whereby cells produce both the ligand
(MSH) and the receptor (MCR-I). To verify this
hypothesis, we set out ®rst to see whether ago-
uti could effectively prevent c-met induction by
MSH treatment. The experiment was carried
out in B16-F1 cells, in which the induction is
better evident. Results shown in Figure 6A indi-

cate that while a short-term (8 h) treatment
with the agouti peptide alone has no in¯uence
on c-met or tyrosinase expression, the simulta-
neous presence of MSH and agouti results in a
complete block of c-met induction by MSH.
Next, we carried out long term (48 h) treatments
of both B16 cell lines (F1 and LS9) in the cont-
inuous presence of the agouti peptide, but
without any exogenously added MSH. Results
reported in Figure 6B show that there is a prog-
ressive decrease in the amount of active (phos-
phorylated) c-met in the presence of agouti,
even though what remains is still higher in B16-
LS9 than in B16-F1. The total amount of c-met
is drastically decreased in B16-LS9 cells, where-
as no changes are apparent in B16-F1 cells. Int-
erestingly, in the presence of agouti, both B16
cell lines express similar amounts of c-met
protein, which is, however, more phosphory-
lated in B16-LS9 cells. This difference could be
the consequence of a different cell surface distri-
bution of c-met, since we have shown that its
phosphorylation levels depend on its dispersion
over the membrane [Rusciano et al., 1996].
Levels of tyrosinase are also decreased in the
presence of agouti in both B16 cell lines,
although B16-F1 cells seem to be more resistant
to this effect.

Finally, Figure 6C shows that cell morphol-
ogy is also affected by the presence of the agouti
peptide. Normally, the majority of B16-LS9 cells
in culture display a dendritic shape, indicative
of a differentiated phenotype [Rusciano et al.,
1998b]. After 2 days of growth in presence of the
agouti peptide, a more regular, polygonal shape
becomes predominant, as is expected when the
effects of MSH are blocked.

DISCUSSION

Two main relevant conclusions emerge from
the results reported in this paper: ®rst, both
transcriptional and post-transcriptional mech-
anisms contribute to the overexpression of
c-met in B16-LS9 cells; and second, a self-
activation of MCR-1 is at least partially respon-
sible for the sustained activity of c-met and
tyrosinase promoters in B16-LS9 cells.

Regulation of c-met Gene Expression:
Transcriptional Events

Despite its relevance for tumor malignancy,
little is known about the mechanisms control-
ling c-met expression in normal and cancer

Fig. 4. Messenger RNA stability assay. Poly-A� RNAs were
prepared at the indicated times from actinomycin-treated B16
cells and analyzed by Northern blot with speci®c probes for
either c-met or b-actin, and the resulting bands visualized by
chemiluminescence on an autoradiography ®lm. The densito-
metric analysis of the bands visible on the ®lm is reported in A:
for c-met, and in B: for actin.
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cells. Gene ampli®cation of c-met has been
reported, however, only in a minority of human
colorectal and gastric carcinomas [Di Renzo
et al., 1995; Nakajima et al., 1999; Umeki et al.,
1999; Wu et al., 1998]. For all the other cancers
in which overexpression of c-met has been docu-
mented, the regulatory mechanisms remain
unknown. The human c-met promoter has been
sequenced and analyzed [Gambarotta et al.,
1994]. Its pattern of activity suggests the pre-
sence of weak negative and positive regulatory
elements in the region between 300 and 840 bp
upstream to the transcription start site. The
region encompassing the ®rst 300 bp strongly

up-regulates the promoter. Within this region, a
prominent role has been found for ets transcrip-
tion factors [Gambarotta et al., 1996], which
had previously been associated with the gen-
eration of an invasive and metastatic behavior
[Vandenbunder et al., 1994; Wernert et al.,
1994], thus matching the phenotype induced by
c-met overexpression. However, thus far no evi-
dence has been reported for an involvement of
the ets pathway in human malignancies. An ets-
1 consensus sequence (GAGGAAGT) is also
present within the mouse c-met promoter [Seol
and Zarnegar, 1998], but when we measured in
a Western immunoblot the amount of ets-1
transcription factor present in B16-F1 and B16-
LS9 cells, we did not ®nd any difference (not
shown). Moreover, MSH treatment decreased
ets-1 expression in both B16 cells lines, further
suggesting that this transcription factor is not
involved in the different activity of c-met pro-
moter in these two cell lines. As MSH can induce
transcription of both tyrosinase [Englaro et al.,
1995] and c-met [Rusciano et al., 1999];
(Fig. 5A), it is likely that common regulatory
elements shared by c-met and tyrosinase pro-
moters could be involved in the response of B16
melanoma cells to MSH. A recent report impli-
cated AP-1 and Sp-1 as potent regulators of
mouse c-met transcription [Seol et al., 2000].
AP-1 is also activated following MAP kinase
activation during cAMP-induced melanogen-
esis in B16 melanoma cells [Englaro et al.,
1995]. Both PKA and MAP kinase activation
also regulate c-met expression in B16 cells
[Rusciano et al., 1998b, 1999], thus suggesting
that AP-1 could be involved in the higher
activity of c-met promoter in B16-LS9 cells.
Experiments are under way to examine the
respective roles of AP-1 and Sp-1 in B16-LS9
cells, by using speci®c inhibitors of either factor
[Seol et al., 2000]. AP2 is also an interesting
candidate, because it appears to mediate trans-
criptional activation in response to two different
signal-transduction pathways, one involving
PKC, and the other involving PKA [Imagawa
et al., 1987], and we have shown that both PKC
and PKA are required for c-met induction by
MSH treatment [Rusciano et al., 1999]. More-
over, AP2 has been shown to work as a negative
regulator of growth in cancer cells [Zeng et al.,
1997], and one characteristic of B16-LS9 is
indeed a low growth rate, both in vitro and in
vivo [Rusciano et al., 1993]. Other possible
candidates are Oct-1 and GATA-1, for which

Fig. 5. Modulation of c-met promoter activity by MSH and
agouti. B16 melanoma cells were transiently transfected with
pCAT plasmids containing the different lengths of c-met
promoter, or with control vectors, as in Figure 3. Immediately
after transfection, B16-F1 cells were treated with 1 mM MSH for
12 or 24 h (A), while B16-LS9 cells were treated with 1 mM
agouti for 24 or 48 h (fresh agouti was given every 12 h, to keep
a stable active amount of peptide) (B). At the end of each
treatment time, cell extracts were prepared and analyzed by
ELISA for CAT expression. The reported values have been
normalized to the pCAT3 values obtained for either cell line at
each point, to allow a direct comparison.
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Fig. 6. Agouti effects on B16 cells. A: B16-F1 cells were plated at
8�105 per well in six multi-well plates in complete culture
medium, and treated for 8 h with MSH alone at 1 nM, Agouti alone
at 0.1 or 1.0 mM, and a combination of the two. At the end of
treatment, cell extracts were prepared in CHAPS buffer, and 30 mg
of proteins analyzed on a 6% SDS-PAGE under reducing condi-
tions. After blotting to a PVDF membrane, proteins were immuno-
stained with anti-phosphotyrosine antibodies (upper panel), or with
anti-met and anti-tyrosinase antibodies (lower panel). B: B16 cells
(F1 and LS9) were plated at 5� 104 per well in six multi-well plates
in complete medium, and treated for 48 h with the indicated
amounts of agouti (fresh agouti was added every 12 h). At the end of
the treatment 30 mg of cell extract prepared in CHAPS buffer were
analyzed by western immunoblotting with anti-phosphotyrosine
(upper panel), or anti-met and anti-tyrosinase (lower panel). The bar
graph at the bottom illustrates a densitometry of the speci®c bands
visible in the immunoblots (c-met* refers to the phosphorylated
form of c-met visible in the upper panel). C: Phase contrast photo-
graphs of B16-LS9 cells grown for 36 h with or without agouti
(magni®cation 100� ).
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the respective consensus sequences are present
both in tyrosinase and c-met promoters.

Regulation of c-met Gene Expression:
Post-Transcriptional Events

Transcriptional activation, though, is not the
only mechanism behind c-met overexpression in
B16-LS9 cells, and for the ®rst time we also
describe a relevant in¯uence of mRNA stability
(Fig. 4). Not much is known from the literature
about the relative stability of the message for
c-met. A fast decay (half life of about 30 min) of c-
met transcript has been reported in a human
endometrial carcinoma cell line [Moghul et al.,
1994], and no instances have been reported to
our knowledge, in which the stability of the
transcript contributes to the increased expres-
sion of the receptor. In cases where both
transcription ef®ciency and mRNA stability
were considered, the enhancement of c-met
expression (due to either interferon-gamma, or
to cortisol treatment) was found to depend only
on transcription [Blanquaert et al., 2000; Naga-
hori et al., 1999]. It is not clear yet whether the
increased stability of c-met mRNA in B16-LS9
cells is due to modi®cations at the 30 end of the
message, to a change in the relative abundance
of speci®c mRNA binding proteins, or to a diff-
erent translational activity of the message. It is
interesting, however, to note that during liver
regeneration (a process in which the paracrine
interaction between HGF/SF and c-met has a
pivotal role) [Eguchi et al., 1997; Michalopoulos
and DeFrances, 1997]: genes that are transcrip-
tionally activated also exhibit post-transcrip-
tional control at the level of transcript stability
[Kren and Steer, 1996], indicating that, under
certain circumstances, c-met expression can be
regulated in both ways.

Regulation of c-met Gene Expression:
Autocrine Induction

The ®nding that MSH is a potent inducer of c-
met gene expression [Rusciano et al., 1999],
acting at the level of promoter activation (Fig.
5A), coupled with the knowledge that B16 cells
can express both MSH and its receptor (MCR-1)
[Lunec et al., 1990; Zubair et al., 1992], sugg-
ested the possibility that an autocrine mechan-
ism in B16-LS9 melanoma cells may sustain
elevated expression levels of both tyrosinase
and c-met. In support of this idea, we found
evidence that treatment of B16 cells with the
agouti peptide (a potent antagonist of MSH) not

only prevented in B16-F1 cells the induction of
c-met by MSH (Fig. 6A), but also resulted in
B16-LS9 cells in a decrease of c-met promoter
activity (Fig. 5B), and a reduced expression of c-
met and tyrosinase (Fig. 6B, C). On the
contrary, the lesser sensitivity of B16-F1 cells
to the effects of agouti, suggests that their
baseline levels of c-met is maintained by
mechanisms at least partially independent from
the activity of MCR-1. However, when we
evaluated the amounts of MSH and MCR-1
expressed by the two B16 lines, we could not ®nd
any obvious difference that could support the
hypothesis of a classical autocrine loop more
active in B16-LS9 than in B16-F1 cells (not
shown). There are, though, two alternative
explanations to these ®ndings. A ®rst possibility
is that an intracrine mechanism is responsible
for the upregulation of c-met and tyrosinase in
B16-LS9 cells. Intracrine mechanisms have
been described for growth factors and hormones
[Delrieu, 2000; Re, 1999], but not yet for
melanocortins. So, if proved to be real, this
would be the ®rst case involving this type of
receptors. The other possibility is that B16-LS9
cells express a mutated form of the MCR-1,
which is constitutively active. Such mutations
have been described, and reported as being able
to signi®cantly elevate adenyl-cyclase activity
in the absence of ligand [Robbins et al., 1993;
Cone et al., 1996; Vage et al., 1997]. Preliminary
data show indeed that B16-LS9 cells contain
higher amounts of cAMP than parental B16-F1
(not shown). In either case, the presence of
agouti could be expected to decrease signaling
through the receptor. In fact, it has recently
been shown that agouti can also function as an
inverse agonist of MSH, so that its binding to
MCR-1 would transduce an opposite signal to
the one conveyed by binding of MSH [Siegrist
et al., 1997; Ollmann et al., 1998]. We are now in
the process of cloning by PCR the MCR-1 gene
from B16-F1 and -LS9 cells in order to compare
their sequences and see whether there are
changes that might suggest a difference in
activity.

In conclusion, results here reported show
that:

* c-met overexpression in liver-speci®c B16-
LS9 cells depends on both increased promoter
activity and higher transcript stability.

* MSH and agouti have competing effects on c-
met promoter activity in B16 cells, thus
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resulting respectively either in up- or down-
regulation of c-met expression.

* A mechanism based on MCR-1 activation
sustains high tyrosinase and c-met expres-
sion in B16-LS9 cells. It is not clear yet,
however, whether an intracrine mechanism,
or an activating mutation of the melanocortin
receptor could also be involved in the regula-
tion of c-met and tyrosinase expression in
B16-LS9 cells.

Experiments are now under way to establish
the nature of the transcription factor(s) in-
volved in the up-regulation of c-met expression
in B16-LS9 cells to verify their compatibility
with a mechanism that involves an increased
activity of the melanocortin receptor.

REFERENCES

Bardelli A, Basile ML, Audero E, Giordano S, Wennstrom S,
Menard S, Comoglio PM, Ponzetto C. 1999. Concomitant
activation of pathways downstream of Grb2 and PI 3-
kinase is required for MET-mediated metastasis. Onco-
gene 18:1139±1146.

Bardelli A, Maina F, Gout I, Fry MJ, Water®eld MD,
Comoglio PM, Ponzetto C. 1992. Autophosphorylation
promotes complex formation of recombinant hepatocyte
growth factor receptor with cytoplasmic effectors con-
taining SH2 domains. Oncogene 7:1973±1978.

Blanquaert F, Pereira RC, Canalis E. 2000. Cortisol
inhibits hepatocyte growth factor/scatter factor expres-
sion and induces c-met transcripts in osteoblasts. Am J
Physiol Endocrinol Metab 278:E509±E515.

Blin N, Stafford DW. 1976. A general method for isolation of
high molecular weight DNA from eukaryotes. Nucleic
Acids Res 3:2303±2308.

Bottaro DP, Rubin JS, Faletto DL, Chan AM, Kmiecik TE,
Vande Woude GF, Aaronson SA. 1991. Identi®cation of
the hepatocyte growth factor receptor as the c-met proto-
oncogene product. Science 251:802±804.

Cone RD, Lu D, Koppula S, Vage DI, Klungland H,
Boston B, Chen W, Orth DN, Pouton C, Kesterson RA.
1996. The melanocortin receptors: agonists, antagonists,
and the hormonal control of pigmentation. Recent Prog
Horm Res 51:287±317.

Delrieu I. 2000. The high molecular weight isoforms of basic
®broblast growth factor. FGF-2: an insight into an
intracrine mechanism. FEBS Lett 468:6±10.

Di Renzo MF, Olivero M, Giacomini A, et al. 1995.
Overexpression and ampli®cation of the met/HGF recep-
tor gene during the progression of colorectal cancer. Clin
Cancer Res 1:147±154.

Eguchi S, Lilja H, Hewitt WR, Middleton Y, Demetriou AA,
Rozga J. 1997. Loss and recovery of liver regeneration in
rats with fulminant hepatic failure. J Surg Res 72:112±
122.

Englaro W, Rezzonico R, Durand-Clement M, Lallemand D,
Ortonne JP, Ballotti R. 1995. Mitogen-activated protein
kinase pathway and AP-1 are activated during cAMP-

induced melanogenesis in B-16 melanoma cells. J Biol
Chem 270:24315±24320.

Ferracini R, Longati P, Naldini L, Vigna E, Comoglio PM.
1991. Identi®cation of the major autophosphorylation
site of the Met/hepatocyte growth factor receptor tyrosine
kinase. J Biol Chem 266:19558±19564.

Gambarotta G, Boccaccio C, Giordano S, Ando M,
Stella MC, Comoglio PM. 1996. Ets up-regulates MET
transcription. Oncogene 13:1911±1917.

Gambarotta G, Pistoi S, Giordano S, Comoglio PM, Santoro
C. 1994. Structure and inducible regulation of the human
MET promoter. J Biol Chem 269:12852±12857.

Imagawa M, Chiu R, Karin M. 1987. Transcription factor
AP-2 mediates induction by two different signal-trans-
duction pathways: protein kinase C and cAMP. Cell
51:251±260.

Jeffers M, Fiscella M, Webb CP, Anver M, Koochekpour S,
Vande Woude GF. 1998. The mutationally activated Met
receptor mediates motility and metastasis. Proc Natl
Acad Sci U S A 95:14417±14422.

Jeffers M, Rong S, Anver M, Vande Woude GF. 1996.
Autocrine hepatocyte growth factor/scatter factor-Met
signaling induces transformation and the invasive/met-
astastic phenotype in C127 cells. Oncogene 13:853±856.

Kren BT, Steer CJ. 1996. Posttranscriptional regulation of
gene expression in liver regeneration: role of mRNA
stability. Faseb J 10:559±573.

Lin S, Rusciano D, Lorenzoni P, Hartmann G,
Birchmeier W, Giordano S, Comoglio P, Burger MM.
1998. C-met activation is necessary but not suf®cient for
liver colonization by B16 murine melanoma cells. Clin
Exp Metastasis 16:253±265.

Lunec J, Pieron C, Sherbet GV, Thody AJ. 1990. Alpha-
melanocyte-stimulating hormone immunoreactivity in
melanoma cells. Pathobiology 58:193±197.

Meiners S, Brinkmann V, Naundorf H, Birchmeier W.
1998. Role of morphogenetic factors in metastasis of
mammary carcinoma cells. Oncogene 16:9±20.

Michalopoulos GK, DeFrances MC. 1997. Liver regenera-
tion. Science 276:60±66.

Moghul A, Lin L, Beedle A, Kanbour-Shakir A, DeFrances
MC, Liu Y, Zarnegar R. 1994. Modulation of c-MET
proto-oncogene (HGF receptor) mRNA abundance by
cytokines and hormones: evidence for rapid decay of the 8
kb c-MET transcript. Oncogene 9:2045±2052.

Nagahori T, Dohi M, Matsumoto K, Saitoh K, Honda ZI,
Nakamura T, Yamamoto K. 1999. Interferon-gamma
upregulates the c-Met/hepatocyte growth factor receptor
expression in alveolar epithelial cells. Am J Respir Cell
Mol Biol 21:490±497.

Nakajima M, Sawada H, Yamada Y, Watanabe A,
Tatsumi M, Yamashita J, Matsuda M, Sakaguchi T,
Hirao T, Nakano H. 1999. The prognostic signi®cance of
ampli®cation and overexpression of c-met and c-erb B-2
in human gastric carcinomas [see comments]. Cancer
85:1894±1902.

Natali PG, Nicotra MR, Di Renzo MF, Prat M, Bigotti A,
Cavaliere R, Comoglio PM. 1993. Expression of the c-Met/
HGF receptor in human melanocytic neoplasms: demon-
stration of the relationship to malignant melanoma
tumour progression. Br J Cancer 68:746±750.

Ollmann MM, Lamoreux ML, Wilson BD, Barsh GS. 1998.
Interaction of Agouti protein with the melanocortin 1
receptor in vitro and in vivo. Genes Dev 12:316±330.

486 Elia et al.



Otsuka T, Takayama H, Sharp R, Celli G, LaRochelle WJ,
Bottaro DP, Ellmore N, Vieira W, Owens JW, Anver M,
Merlino G. 1998. c-Met autocrine activation induces
development of malignant melanoma and acquisition of
the metastatic phenotype. Cancer Res 58:5157±5167.

Re R. 1999. The nature of intracrine peptide hormone
action. Hypertension 34:534±538.

Robbins LS, Nadeau JH, Johnson KR, Kelly MA, Roselli-
Rehfuss L, Baack E, Mountjoy KG, Cone RD. 1993.
Pigmentation phenotypes of variant extension locus
alleles result from point mutations that alter MSH
receptor function. Cell 72:827±834.

Rong S, Segal S, Anver M, Resau JH, Vande Woude GF.
1994. Invasiveness and metastasis of NIH 3T3 cells
induced by Met-hepatocyte growth factor/scatter factor
autocrine stimulation. Proc Natl Acad Sci U S A 91:4731±
4735.

Rusciano D, Lin S, Lorenzoni P, Casella N, Burger MM.
1998a. In¯uence of hepatocyte growth factor/scatter
factor on the metastatic phenotype of B16 melanoma
cells. Tumour Biol 19:335±345.

Rusciano D, Lorenzoni P, Burger MM. 1993. Paracrine
growth response as a major determinant in liver-speci®c
colonization by in vivo selected B16 murine melanoma
cells. Invasion Metastasis 13:212±224.

Rusciano D, Lorenzoni P, Burger MM. 1995. Expression of
constitutively activated hepatocyte growth factor/scatter
factor receptor (c-met) in B16 melanoma cells selected for
enhanced liver colonization. Oncogene 11:1979±1987.

Rusciano D, Lorenzoni P, Burger MM. 1996. Constitutive
activation of c-Met in liver metastatic B16 melanoma
cells depends on both substrate adhesion and cell density
and is regulated by a cytosolic tyrosine phosphatase
activity. J Biol Chem 271:20763±20769.

Rusciano D, Lorenzoni P, Burger MM. 1999. Regulation of
c-met expression in B16 murine melanoma cells by mela-
nocyte stimulating hormone. J Cell Sci 112:623±630.

Rusciano D, Lorenzoni P, Lin S, Burger MM. 1998b.
Hepatocyte growth factor/scatter factor and hepatocytes
are potent downregulators of tyrosinase expression in
B16 melanoma cells. J Cell Biochem 71:264±276.

Rusciano D, Burger MM. 1993. Mechanisms of metastasis.
In Levine AJS, H.H., editors. Molecular genetics of
nervous system tumors. New York: Wiley-Liss, pp 357±
369.

Sambrook J, Fritsch, E.F., Maniatis, T. 1989. Molecular
cloning: a laboratory manual Cold Spring, Harbor
Laboratory Press.

Seol DW, Chen Q, Zarnegar R. 2000. Transcriptional
activation of the hepatocyte growth factor receptor

(c-met) gene by its ligand (hepatocyte growth factor) is
mediated through AP-1. Oncogene 19:1132±1137.

Seol DW, Zarnegar R. 1998. Structural and functional
characterization of the mouse c-met proto-oncogene
(hepatocyte growth factor receptor) promoter. Biochim
Biophys Acta 1395:252±258.

Siegrist W, Drozdz R, Cotti R, Willard DH, Wilkison WO,
Eberle AN. 1997. Interactions of alpha-melanotropin
and agouti on B16 melanoma cells: evidence for inverse
agonism of agouti. J Recept Signal Transduct Res 17:
75±98.

To CT, Tsao MS. 1998. The roles of hepatocyte growth
factor/scatter factor and met receptor in human cancers
(review). Oncol Rep 5:1013±1024.

Umeki K, Shiota G, Kawasaki H. 1999. Clinical signi®cance
of c-met oncogene alterations in human colorectal cancer.
Oncology 56:314±21.

Vage DI, Lu D, Klungland H, Lien S, Adalsteinsson S,
Cone RD. 1997. A non-epistatic interaction of agouti and
extension in the fox, Vulpes vulpes. Nat Genet 15:311±
315.

Vande Woude G.F. JM, Cortner J., Alvord G., Tsarfaty I.,
Resau J. 1997. Met-HGF/SF: tumorigenesis, invasion
and metastasis. Chchester: Wiley.

Vandenbunder B, Queva C, Desbiens X, Wernert N,
Stehelin D. 1994. Expression of the transcription factor
c-Ets1 correlates with the occurrence of invasive pro-
cesses during normal and pathological development.
Invasion Metastasis 14:198±209.

Weidner KM, Sachs M, Birchmeier W. 1993. The Met
receptor tyrosine kinase transduces motility, prolifera-
tion, and morphogenic signals of scatter factor/hepato-
cyte growth factor in epithelial cells. J Cell Biol 121:
145±154.

Wernert N, Gilles F, Fafeur V, Bouali F, Raes MB, Pyke C,
Dupressoir T, Seitz G, Vandenbunder B, Stehelin D.
1994. Stromal expression of c-Ets1 transcription factor
correlates with tumor invasion. Cancer Res 54:5683±
5688.

Wu CW, Li AFY, Chi CW, Chung WW, Liu TY, Lui WY,
P'Eng F K. 1998. Hepatocyte growth factor and Met/HGF
receptors in patients with gastric adenocarcinoma. Oncol
Rep 5:817±822.

Zeng YX, Somasundaram K, el-Deiry WS. 1997. AP2
inhibits cancer cell growth and activates p21WAF1/
CIP1 expression. Nat Genet 15:78±82.

Zubair A, Lakshmi MS, Sherbet GV. 1992. Expression of
alpha-melanocyte stimulating hormone and the invasive
ability of the B16 murine melanoma. Anticancer Res
12:399±402.

Regulation of c-met Overexpression in Liver Melanoma Cells 487


	MATERIALS AND METHODS
	RESULTS
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6

	DISCUSSION
	REFERENCES

