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Currently, novel mouse models of melanoma are be-
ing generated that recapitulate the histopathology
and molecular pathogenesis observed in human dis-
ease. Impaired cell-cycle control, which is a hallmark
of both familial and sporadic melanoma, promotes
slowly growing carcinogen-induced melanomas in
the skin of mice carrying a mutated cyclin-dependent
kinase 4 (CDK4R24C). Deregulated receptor tyrosine
kinase signaling, which is another important feature
of human melanoma, leads to spontaneous develop-
ment of metastatic melanoma after a long latency
period in mice overexpressing hepatocyte growth fac-
tor/scatter factor (HGF/SF mice). Here we report that
treatment with 7,12-dimethylbenz[a]anthracene and
12-O-tetradecanoylphorbol-13-acetate induced meta-
static melanomas in all HGF/SF mice on the C57BL/6
background, which histologically resemble human
melanoma. Importantly, mutant CDK4 dramatically
increased the number and the growth kinetics of car-
cinogen-induced primary melanomas in the skin and
promoted the growth of spontaneous metastases in
lymph nodes and lungs in all HGF/SF mice within the
first 3 months of life. Apart from very few skin pap-
illomas, we did not observe tumors of other histology
in carcinogen-treated HGF/SF � CDK4R24C mice. This
new experimental mouse model can now be ex-
ploited to study further the biology of melanoma and

evaluate new treatment modalities. (Am J Pathol 2006,
169:665–672; DOI: 10.2353/ajpath.2006.060017)

Malignant melanoma of the skin poses serious clinical prob-
lems because tumor cells are able to metastasize early in
draining lymph nodes and visceral organs, which leads to
death. Currently the biology of melanoma is only incom-
pletely understood and there are no treatment options to
cure disseminated metastatic disease. The incidence of
cutaneous melanoma is rising in the Caucasian population,
presumably because of increased episodes of excessive
UV exposure with sun burns during childhood.1 During the
last decade, a number of melanoma-associated genetic
alterations have been identified both in hereditary and spo-
radic melanoma.2 Technological advances in the ability to
modify the mouse genome have allowed for the construc-
tion of new mouse models, which mimic in part the etiology,
histopathology, and molecular pathogenesis of melanoma
in patients. These models helped to elucidate the functional
importance of genetic abnormalities observed in humans
and may facilitate the experimental development of new
treatment modalities.3–5

Impaired control of the G1 phase of the cell cycle,
either by a loss of function of the cyclin-dependent kinase
inhibitor p16/INK4a encoded by the CDKN2A gene locus
on chromosome 9p21 or by a gain of function of the
cyclin-dependent kinase 4 (CDK4) is a key genetic event
frequently observed in both hereditary and sporadic mel-
anoma in humans.2,3,6 Deletion of the p16/INK4a protein
using knockout strategies predisposes mice for the de-
velopment of melanoma.7,8 A similar phenotype has been
observed in mice carrying a mutated CDK4R24C gene
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knocked into the germline which renders the CDK4 pro-
tein insensitive to inhibition by p16/INK4a.9 This mutation
acts as a dominant oncogene and was found in rare
cases of both sporadic and hereditary melanoma.10,11

Deregulated receptor tyrosine kinase signaling is an-
other very important feature of human melanoma.4,6 Both
oncogenic mutations in the N-Ras and B-Raf genes as
well as autocrine growth factor signaling loops are fre-
quently observed.4,12–15 Transgenic expression of mu-
tant Ras under the control of a melanocyte-specific pro-
motor supports the development of melanoma in mice.16

Similarly, overexpression of hepatocyte growth factor/
scatter factor (HGF/SF) leading to autocrine and para-
crine growth factor signaling via its receptor tyrosine
kinase c-Met and subsequent activation of ras signal
transduction pathways promotes melanomagenesis in
mice.17 HGF/SF-overexpressing mice represent an at-
tractive model because melanocytes are not confined to
the dermis and the hair follicles but are also present in the
basal layers of the epidermis and the epidermo-dermal
junction similar to human skin. Consequently, melanomas
arising in HGF/SF-overexpressing mice show intraepider-
mal spread that is not observed in most other mouse
melanoma models. Furthermore, melanoma can be in-
duced by neonatal UVB irradiation, which closely mimics
the human situation.18

Our group has been primarily interested in the develop-
ment of melanoma vaccines using the melanocytic protein
tyrosinase-related protein 2 (TRP2) as a model antigen that
is recognized by cytotoxic T cells.19–21 To evaluate the role
of the immune system in the pathogenesis and therapy of
melanoma in a more realistic experimental setting, we
turned to novel genetic mouse models. Mice carrying mu-
tant CDK4 are of particular immunological interest because
the CDK4R24C mutation was initially identified with melano-
ma-specific cytotoxic T cells.10 Because our model antigen
TRP2 is recognized by H2-Kb-restricted cytotoxic T cells,
we used CDK4-mutant mice on the immunologically well-
characterized C57BL/6 background.22 However, cutane-
ous melanomas induced by carcinogen treatment only
grew slowly in CDK4-mutant C57BL/6 mice and did not
spontaneously metastasize. Furthermore, the appearance
of histologically diverse tumors such as sarcomas and lym-
phomas limited the lifespan of CDK4-mutant mice. There-
fore, we sought to improve the CDK4R24C mouse melanoma
model by addition of another cooperating oncogene. Here
we report that carcinogen-treatment also promotes the de-
velopment of metastatic melanoma in C57BL/6 mice with
deregulated receptor tyrosine kinase signaling due to over-
expression of HGF/SF. Importantly, mutant CDK4 strongly
enhances the growth of primary melanoma in the skin and
of spontaneous metastases in the draining lymph nodes
and lungs of carcinogen-treated HGF/SF mice.

Materials and Methods

Mice

C57BL/6 mice (H-2b) were purchased from Charles Riv-
ers (Sulzfeld, Germany). CDK4-mutant mice harboring

the oncogenic mutation (R24C) in the cyclin-dependent
kinase 4 (CDK4R24C) were originally generated on a
mixed 129SvxCD1 background using a knockin strategy
ensuring physiological regulation of the mutant cdk4 pro-
tein during the cell cycle.23 CDK4R24C mice used in the
experiments reported here were crossed back with
C57BL/6 mice for more than eight generations. Mice
overexpressing the hepatocyte growth factor/scatter fac-
tor (HGF/SF mice) as a transgene under the control of the
metallothionein promoter were originally generated on
the FVB background.17 HGF/SF mice used in the exper-
iments here were crossed back with C57BL/6 mice for at
least five generations. All animal experiments were per-
formed at the Central Animal Facility of the University of
Bonn in adherence to the standards of the German law
for the care and use of laboratory animals.

Induction of Melanoma in the Skin Using
Carcinogen Treatment

Newborn mice were painted once at day 4 of life with 200
�g of 7,12-dimethylbenz[a]anthracene (DMBA). Two
weeks later, tumor growth was promoted by treatment
with 5 �g of 12-O-tetradecanoylphorbol-13-acetate (TPA)
two times a week for a total of 5 weeks. Development of
melanocytic neoplasms as well as other skin tumors was
carefully observed on a weekly basis. Nevi and melano-
mas were counted and their size measured in two bisect-
ing diameters using a caliper and expressed as mean
tumor size in mm. Additionally, mice were photographed
with a digital camera. When progressively growing mel-
anomas exceeded 10 mm in diameter, mice were sacri-
ficed. Occasionally, mice also had to be sacrificed be-
cause of weight loss and apparent sickness. Autopsy
was performed in all mice. After excision of melanomas in
the skin, the lymph nodes were harvested, their size
determined by measuring three perpendicular diameters,
and the volume calculated in mm3. Furthermore, lungs
were retrieved and the number of black nodules on their
surface indicating metastatic spread of melanoma
counted. Internal organs (in particular the liver, spleen,
and kidneys) as well as the brain were carefully investi-
gated for the presence of further metastases or other
tumor types both macroscopically and microscopically.

Histopathological and Immunohistochemical
Analyses

Samples of skin, lymph nodes, internal organs (lung,
liver, spleen, kidney) and brain were obtained when mice
were sacrificed. Tissue specimens were in part fixed in
10% buffered formalin, embedded in paraffin, and rou-
tinely stained with hematoxylin and eosin. For further
immunohistopathological investigations, a zinc-based fix-
ative was used as an alternative to formalin (DAKO, Ham-
burg, Germany). To confirm the melanocytic origin of
tumor cells, sections were immunostained with the TRP1-
specific polyclonal rabbit antibody Pep1 (a kind gift from
Vincent Hearing, National Institutes of Health, Bethesda,
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MD) followed by a biotin-conjugated anti-rabbit second-
ary antibody and the LSAB-2 color development system
(both from DAKO). To determine the proliferative activity
of tumor cells, a Ki67-specific polyclonal rabbit antibody
was used.

Statistical Analyses

The significance of differences in the number of melano-
mas in the skin, in the size of lymph nodes, and in the
number of lung metastases was assessed with the non-
parametric Mann-Whitney U-test using the SPSS 11 com-
puter program (SPSS Inc., Chicago, IL).

Results

Induction of Melanoma in C57BL/6 Mice
Overexpressing HGF/SF in Combination with
Wild-Type CDK4, Heterozygous Mutant CDK4,
or Homozygous Mutant CDK4

Initially, we established breeding pairs yielding cohorts of
C57BL/6 mice overexpressing HGF/SF in combination
with wild-type CDK4, heterozygous mutant CDK4, or ho-
mozygous mutant CDK4. We noticed that female HGF/SF
C57BL/6 mice are mostly not fertile attributable to as yet
uncharacterized developmental abnormalities in the re-
productive organs. Thus, the HGF/SF transgene could
only be passed on heterozygously by male C57BL/6
mice. Fortunately, overexpression of HGF/SF on the
C57BL/6 background leads to a chocolate point pheno-
type because of melanocytes in the intraepidermal skin.
Therefore, HGF/SF mice can easily be distinguished from
wild-type littermates by their dark nose, ears, and paws.
HGF/SF mice heterozygous for mutant CDK4 were gen-
erated by mating male HGF/SF mice with female mice
homozygous for mutant CDK4. Backcrossing of male
HGF/SF mice heterozygous for mutant CDK4 with female
mice homozygous for mutant CDK4 yielded male mice
homozygous for mutant CDK4. Homo- or heterozygosity
of the mutant CDK4R24C allele was distinguished using
genomic PCR as previously described.9 Cohorts of
C57BL/6 mice overexpressing HGF/SF in combination
with wild-type CDK4 (HGF/SF � CDK4w/w mice), het-
erozygous mutant CDK4 (HGF/SF � CDK4R24C/wt mice),
or homozygous mutant CDK4 (HGF/SF � CDK4R24C/R24C

mice) were subsequently treated at day 4 of life with 200
�g of DMBA followed 2 weeks later by application of 5 �g
of TPA twice a week for 5 weeks as shown in Figure 1A.
This classical two-stage carcinogen treatment protocol
had a dramatic effect in the cohort of HGF/SF �
CDK4R24C/R24C mice. Sixteen of sixteen mice developed
melanocytic nevi within the first weeks of life while still
under TPA treatment. Every single mouse developed
widespread, rapidly growing melanomas in the skin and
had to be sacrificed by the 12th week of life because
melanomas exceeded 10 mm in diameter. At this time an
average of �48 cutaneous melanomas were counted
(Figure 1, B–D). In the cohort of HGF/SF � CDK4R24C/wt

mice 15 of 15 also developed progressively growing
melanomas. These melanomas grew with a slight delay
and mice had to be sacrificed between the 14th and 16th
weeks of life with an average of 32 melanomas in the skin
(Figure 1, B–D). Carcinogen treatment also promoted
development of melanomas in 18 of 18 HGF/SF �

Figure 1. Mutant CDK4 promotes rapid growth of carcinogen-induced mel-
anoma in C57BL/6 mice overexpressing HGF/SF. A: Cohorts of C57BL/6 mice
overexpressing HGF/SF in combination with wild-type CDK4, heterozygous
mutant CDK4, or homozygous mutant CDK4 were treated with 200 �g of
DMBA at day 4 after birth followed by twice weekly application of 5 �g of
TPA from weeks 3 to 8. B: Representative picture of three HGF/SF mice
homozygous for mutant CDK4 at 12 weeks of age. These mice had to be
sacrificed because of progressive and disseminated growth of melanoma in
the skin and systemic signs of illness. C: Average number of cutaneous
melanocytic neoplasms developing in each of the different cohorts of mice.
Scoring was performed on a weekly basis and grouped by size as indicated.
D: Kaplan-Meier graph indicating the survival of carcinogen-treated mice in
the different cohorts. Routinely, mice were sacrificed when melanomas grew
progressively and the tumor diameter exceeded 10 mm.
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CDK4w/w mice. However, only an average of 12 melano-
mas developed that slowly grew until the age of 30
weeks. The differences in the number of cutaneous mel-
anomas reached statistical significance. Ten of the eigh-
teen HGF/SF � CDK4w/w mice also developed large sub-
cutaneous cystic tumors filled with serous liquid, which
forced us to sacrifice the mice. Of note, 18 of the 18
HGF/SF � CDK4w/w mice displayed on average three
papillomas in the skin whereas only 3 of 16 HGF/SF �
CDK4R24CR24C and 3 of 15 HGF/SF � CDK4R24C/wt mice
showed a single papilloma of the skin. Papillomas ap-
peared early after carcinogenic treatment excluding the
possibility that the differences were simply because of
the longer lifespan of HGF � CDK4w/w mice.

Histopathology of Carcinogen-Induced
Melanoma in the Skin

Extensive histological analyses were performed for mel-
anomas in the skin. All HGF/SF-overexpressing mice
showed nodular melanomas that involved the epidermo-
dermal junction and grew vertically in the underlying
dermis. Vertical tumor thickness was on average largest
in HGF/SF � CDK4R24C/R24C mice that were harvested at
the early age of 12 weeks. A representative histology at
low-power magnification is depicted in Figure 2A. At
higher magnification, heavily pigmented melanoma cells
could be found at the epidermo-dermal junction with

Figure 2. Carcinogen-induced melanoma in the skin of HGF/SF � CDK4R24C mice mimics the histopathology in melanoma patients. A: A representative
H&E-stained section of skin tumor from a HGF � CDK4R24C/R24C mouse shows an overview of a typical nodular melanoma. B: Involvement of the
dermo-epidermal junction and intraepithelial spread of melanoma cells. C: Heavily pigmented epitheloid melanoma cells arranged in bands and nests between
lightly pigmented spindle-shaped melanoma cells. D: Immunohistochemical staining for S100. E: Immunohistochemical staining for the melanosomal protein
TRP1. F: Immunohistochemical staining for Ki67 correlating with occasional mitoses at the invasion front. Original magnifications: �25 (A); �200 (B–E); �400
(F).
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considerable intraepidermal spread (Figure 2B). Tumors
were mainly composed of two types of melanoma cells.
Epitheloid melanocytes were arranged in files and nests
and were separated by thick bundles of much less pig-
mented spindle-shaped melanocytes (Figure 2C). Immu-
nohistochemical staining for S100 and the melanosomal
protein gp75/TRP1 confirmed the melanocytic origin
of tumor cells (Figure 2, D and E). Proliferative activity
could only be observed in the cohort of HGF/SF �
CDK4R24C/R24C mice, in which occasional mitoses
and a low percentage of Ki67 could be found in the
spindle-shaped melanoma cells near the invasion front
(Figure 2E). Ki67 staining was not detectable in HGF/
SF � CDK4w/w mice. These results suggest that mutant
CDK4 supports the proliferative activity of melanoma
cells in HGF/SF mice, which histopathologically resem-
ble the human disease because they involve the epi-
dermis and show vertical invasive growth.

Melanoma Metastases in the Draining Lymph
Nodes and Lungs

At the time of sacrifice, the inguinal and axillary draining
lymph nodes could be easily located and excised in all

cohorts of HGF/SF mice because of their heavy pigmen-
tation. Significant lymph node enlargement because of
growth of melanoma cells was observed in HGF/SF �
CDK4R24C/wt as well as in HGF/SF � CDK4R24C/R24C mice
(Figure 3, A and B). Melanoma cells invaded lymph
nodes from the periphery similar to the histology of sen-
tinel lymph node biopsies from melanoma patients (Fig-
ure 3C). Locoregional metastatic growth of melanoma
cells in the lymph nodes was confirmed by histology in all
cohorts of HGF/SF mice. Melanoma cells primarily dis-
played a spindle-shaped morphology with little or no
melanin but more strongly pigmented melanoma cells
with epitheloid morphology could also be detected. With
increasing lymph node size, spindle-shaped melanoma
cells disrupted lymph node architecture and almost com-
pletely displaced lymphoid cells. Immunohistochemical
staining for TRP1 again confirmed the melanocytic origin
of the melanoma cells. To assess distal metastatic
spread, visceral organs and the brain were investigated
in each individual mouse at the time of sacrifice. A rep-
resentative picture of lung metastases is given in Figure
3D. The number of lung metastases was highest in HGF/
SF � CDK4R24C/R24C mice (Figure 3E). Histopathological
analyses showed numerous melanoma micrometastases

Figure 3. Mutant CDK4 promotes growth of metastatic melanoma in the draining lymph nodes and lungs of HGF/SF-overexpressing mice. A: Representative
macroscopic picture of a heavily pigmented and enlarged draining lymph node from a HGF � CDK4R24C/R24C mouse. B: Average size of draining lymph nodes
represented as tumor volume in mm3 (�SEM) in the indicated cohorts of mice. C: Immunohistological picture of a representative lymph node stained for TRP1
showing metastatic growth of melanoma at low magnification. D: Representative macroscopic picture of melanoma metastases on the surface of the lung of a
HGF � CDK4R24C/R24C mouse. E: Average number of melanoma metastases (�SEM) on the lung surface in the indicated cohorts of mice. F: Immunohistological
picture of a representative lung stained for TRP1 showing metastatic growth of melanoma. Original magnifications: �50 (C); �200 (F).
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in lung tissue in all HGF/SF mice. A representative micro-
scopic picture of HGF/SF � CDK4R24C/R24C mice with
immunohistochemical staining for TRP is shown in Figure
3F. Other internal organs such as liver, spleen, and kid-
neys as well as the brain did not reveal further metasta-
ses or tumors of other histological origin in carcinogen-
treated HGF/SF � CDK4R24C/R24C or in HGF/SF �
CDK4R24C/R24C mice. HGF/SF � CDK4w/w mice that lived
�7 months showed apart from a few papillomas multiple
large subcutaneous tumors filled with serous liquid but no
other macroscopically or microscopically apparent tu-
mors in the organs investigated. Taken together, these
results indicate that mutant CDK4 promoted growth of
metastatic melanoma cells in the regional lymph nodes in
carcinogen-treated HGF/SF mice.

Spontaneous Development of Melanoma

The incidence of spontaneous melanoma was followed in
untreated HGF/SF � CDK4R24C/R24C and HGF/SF �
CDK4w/w C57BL/6 mice. Single, rapidly growing melano-
mas appeared in the skin of individual HGF/SF �
CDK4R24C/R24C mice starting at an age of �30 to 40
weeks. Approximately 20% of untreated HGF/SF �
CDK4R24C/R24C mice had to be sacrificed by the age of 1
year with primary melanomas exceeding 10 mm in diam-
eter (Figure 4A). HGF/SF � CDK4R24C/R24C mice with
large spontaneous primary melanomas arising in the skin
also showed locoregional metastases in the adjacent
draining lymph nodes as well as distal micrometastases
in the lungs (data not shown). Untreated HGF/SF �
CDK4R24C/R24C and HGF/SF � CDK4w/w mice showed
similar numbers of melanocytic nevi in the skin (Figure
4B). However, untreated HGF/SF � CDK4w/w mice were
all alive and healthy at 1 year of age. Untreated
CDK4R24C/R24C mice did not show any melanocytic tu-
mors in the skin and also were healthy at 1 year of age
(data not shown). Tumor growth kinetics of individual
spontaneous melanomas was similar to the largest car-
cinogen-induced melanomas in the skin of HGF/SF �
CDK4R24C/R24C mice (Figure 4C). These observations in-
dicate that mutant CDK4 critically determines tumor
growth and latency but does not significantly affect the
incidence of melanocytic neoplasms in HGF/SF mice.

Discussion

In our experiments we investigated whether impaired
cell-cycle control attributable to mutant CDK4 would syn-
ergize with deregulated receptor tyrosine kinase signal-
ing because of HGF/SF overexpression in melanomagen-
esis. Based on our experience with C57BL/6 CDK4R24C

mice we initially treated newborn litters of HGF/SF �
CDK4R24C mice in pilot experiments either with DMBA
followed by TPA or with UVB. It quickly became clear that
carcinogen treatment had a dramatic effect in HGF �
CDK4R24C mice because large numbers of rapidly grow-
ing melanomas developed in the skin within 10 weeks. In
extended analyses we could confirm that carcinogen
treatment significantly promoted growth of primary mela-

noma in the skin of HGF/SF-overexpressing C57BL/6
mice carrying the CDK4R24C mutation. Carcinogen-in-
duced primary melanomas in the skin histopathologically
involved the epidermis and the dermo-epidermal junc-
tion, showed vertical growth, and locally invaded the
underlying muscle, blood, and lymphatic vessels. This
histological picture was reminiscent of the human dis-
ease. Carcinogen-induced primary cutaneous melano-
mas spontaneously metastasized to the draining lymph
nodes and the lungs. Most importantly, we did not ob-
serve other tumor types in HGF/SF � CDK4w/w mice.

Development of melanoma after DMBA treatment was
reported as a very rare event in C57BL/6 mice by Ber-
kelhammer and Oxenhandler.24 Melanomagenesis after
carcinogen treatment was significantly enhanced in
TPras-transgenic C57BL/6 mice that express mutant H-
Ras under the control of the tyrosinase promotor. These
mice also develop cutaneous melanoma with the ability to
metastasize in lymph nodes and lungs.25 Carcinogen-
induced primary cutaneous melanomas were also ob-

Figure 4. Mutant CDK4 enhances growth of spontaneous melanoma in the
skin of HGF/SF-overexpressing mice. A: Kaplan-Meier graph indicating the
survival of untreated mice in the different cohorts. Routinely, mice were
sacrificed when melanomas grew progressively and the tumor diameter
exceeded 10 mm. B: Average number of melanocytic nevi in the skin of the
different cohorts at an age of 30 weeks (�SEM). C: Size of the largest primary
cutaneous melanoma in individual mice throughout time expressed as tumor
area in mm2.
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served in CDK4R24C knockin or p16/INK4a-deficient
mice. However, melanomas did not metastasize in these
experimental models.7–9,22 Neither melanomas from car-
cinogen-induced TPras-transgenic mice nor from CDK4-
mutant mice showed mutations in Ras genes,9,25 which
have previously been reported in DMBA-treated skin and
are able to promote the induction of papillomas and
squamous cell carcinomas.26 As reported by many in-
vestigators before, we also only occasionally observed
skin papillomas in carcinogen-treated C57BL/6 mice that
are notoriously resistant to carcinogenesis protocols.
Clearly, further studies are necessary to elucidate how
DMBA and TPA promote melanomagenesis in our model.

Both HGF/SF � CDK4w/w and HGF/SF � CDK4R24C/R24C

C57BL/6 mice spontaneously develop melanocytic nevi
throughout time. However, only HGF/SF � CDK4R24C/R24C

mice showed single, rapidly growing melanomas in the skin
starting at approximately weeks 30 to 40 of age that forced
us to sacrifice these mice. Thus, mutated CDK4 also en-
hanced growth and latency but not incidence of spontane-
ous melanoma in the skin of HGF/SF-overexpressing mice.
It is known that HGF supports cellular proliferation via the
Ras, Raf, ERK, and MAPK pathway as well as cellular sur-
vival via the PI3 kinase and Akt pathway.4,27 The effect of
HGF/SF is limited by the induction of p16 leading to cellular
senescence.28 Mutant CDK4, which is insensitive to control
by p16/INK4A, is able to promote cell-cycle progression
and allows cells to escape senescence.29 This may
explain the tumor growth kinetics observed in HGF/SF �
CDK4R24C/R24C mice compared to HGF/SF � CDK4R24C/wt

and HGF/SF � CDK4w/w mice, which suggests a gene
dosage effect. Recent results in humans demonstrating
amplifications of the wild-type CDK4 gene in primary mel-
anomas also support the idea that CDK4 function promotes
melanomagenesis in a dose-dependent manner.6 Further-
more, our results are consistent with observations in mice
expressing transgenic mutant Ras or HGF/SF on the INK4a/
ARF-deficient background.30–33 However, INK4a/ARF-defi-
cient mice also develop tumors of other histologies because
both the Rb and the p53 pathway are disrupted.31,34 Sub-
sequent studies will have to unveil why HGF/SF �
CDK4R24C/R24C mice treated with DMBA are uniquely pre-
disposed to melanoma.

Melanoma cells in all cohorts of HGF/SF � CDK4w/w

mice show a mixture of epitheloid and spindle-shaped
morphology. The epitheloid cells appear to be more fully
differentiated because they express TRP1 much stronger
and show a considerably higher melanin content. The
spindle-shaped cells appeared to be less differentiated
and exhibited significantly higher proliferative activity
with mitoses and Ki67 expression in HGF/SF �
CDK4R24C/R24C mice. These spindle-shaped melanoma
cells are absent in CDK4R24C/R24C C57BL/6 mice (data
not shown). We hypothesize that spindle-shaped mela-
noma cells, which are considerably more pronounced in
enlarged lymph nodes, might be involved in invasion and
metastasis. HGF/SF is known to support motility and in-
vasion of melanocytes during embryonal develop-
ment.35,36 Furthermore, HGF/SF has been shown to
down-regulate E-cadherin and promote the nuclear local-
ization of �-catenin in melanoma cells both of which

promote motility and invasion.37 Preliminary results of
immunohistochemical investigations indeed suggest
that the spindle-shaped melanoma cells in HGF �
CDK4R24C/R24C mice do not express E-cadherin and
show loss of membranous localization of �-catenin. Our
model provides an excellent opportunity to further study
the interactions between growth factors and adhesion
molecules and their role for invasion and metastasis in
the pathogenesis of melanoma in greater detail.

Taken together, our experiments show that deregu-
lated receptor tyrosine kinase signaling because of over-
expression of HGF/SF and impaired cell-cycle control
because of mutant CDK4 synergistically promote the
rapid development of widespread carcinogen-induced
melanomas in the skin of C57BL/6 mice, which sponta-
neously metastasize in lymph nodes and lung. This new
experimental mouse model can now be exploited to fur-
ther study the biology of melanoma. With a few modifica-
tions it may be very attractive for the evaluation of new
treatment modalities because melanomas appear with
high incidence and comparatively short latency.
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