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The frequent loss of both INK4a and ARF in melanoma raises the question of which INK4a-ARF gene
product functions to suppress melanoma genesis in vivo. Moreover, the high incidence of INK4a-ARF inacti-
vation in transformed melanocytes, along with the lack of p53 mutation, implies a cell type-specific role for
INK4a-ARF that may not be complemented by other lesions of the RB and p53 pathways. A mouse model of
cutaneous melanoma has been generated previously through the combined effects of INK4aD2/3 deficiency (null
for INK4a and ARF) and melanocyte-specific expression of activated RAS (tyrosinase-driven H-RASV12G,
Tyr-RAS). In this study, we made use of this Tyr-RAS allele to determine whether activated RAS can cooperate
with p53 loss in melanoma genesis, whether such melanomas are biologically comparable to those arising in
INK4aD2/32/2 mice, and whether tumor-associated mutations emerge in the p16INK4a-RB pathway in such
melanomas. Here, we report that p53 inactivation can cooperate with activated RAS to promote the develop-
ment of cutaneous melanomas that are clinically indistinguishable from those arisen on the INK4aD2/3 null
background. Genomewide analysis of RAS-induced p53 mutant melanomas by comparative genomic hybrid-
ization and candidate gene surveys revealed alterations of key components governing RB-regulated G1/S
transition, including c-Myc, cyclin D1, cdc25a, and p21CIP1. Consistent with the profile of c-Myc dysregulation,
the reintroduction of p16INK4a profoundly reduced the growth of Tyr-RAS INK4aD2/32/2 tumor cells but had no
effect on tumor cells derived from Tyr-RAS p532/2 melanomas. Together, these data validate a role for p53
inactivation in melanomagenesis and suggest that both the RB and p53 pathways function to suppress
melanocyte transformation in vivo in the mouse.

Melanocyte-specific H-RASV12G (Tyr-RAS) transgene ex-
pression in mice homozygous for the INK4aD2/3 mutant allele
(null for both INK4a and ARF) generates a melanoma-prone
condition (8). Tyr-RAS-induced melanomas arising in
INK4aD2/3 heterozygotes invariably sustain deletions in the
wild-type INK4a allele, and all such deletions cripple both
p16INK4a and p19ARF coding sequences (8). Importantly, de-
spite the high incidence of p53 mutations associated with the
development of many different cancers, the p53 gene remains
intact in these murine melanomas, a genetic profile that ap-
pears to hold true for human melanomas as well (see below).
Indeed, it was the lack of p53 mutations in these INK4a-ARF-
deficient melanomas and in spontaneously immortalized
INK4a-ARF-deficient fibroblasts, coupled with high levels of
p19ARF in p53 null cells (40), that suggested a genetic link
between INK4a-ARF (specifically, p19ARF) and p53 (8, 27). In
line with this genetic relationship, a clear biochemical link has
been forged between p19ARF (p14ARF in humans) and p53
through the ability of p19ARF to block MDM2-induced degra-
dation of p53 (26, 39, 54, 61). Correspondingly, tumors arising
in p53 mutant mice maintain an intact INK4a-ARF locus (27),
thus fortifying the view that p19ARF-MDM2-p53 constitutes a
tumor suppressor pathway. This concept follows from the par-

adigm first proposed to explain the reciprocal pattern of INK4a
and RB mutations in human cancers (reviewed in reference
44).

Evidence supporting a tumor suppression role for p19ARF is
exceedingly clear in the mouse and derives from the cancer-
prone phenotype of an ARF-specific knockout (11, 27) and
from the antioncogenic effect of p19ARF on Myc and Ela trans-
formation (39). In addition, p19ARF promotes p53-dependent
apoptosis in the setting of aberrant cell proliferation brought
about by loss of RB function in vivo (39) or by activation of
numerous oncoproteins in primary cultured cells (10, 41, 62)
and in vivo (11, 48). Evidence for a tumor suppressor role of
p14ARF in humans has been mounting but will remain indirect
in the absence of germ line ARF-specific mutations in cancer-
prone kindreds (50). While the role of p14ARF in human can-
cer susceptibility remains unclear, the role of p16INK4a as a
human tumor suppressor is irrefutable. Most compelling is the
presence of germline mutations that compromise p16INK4a but
preserve p14ARF function and confer hereditary susceptibility
to melanoma and pancreatic adenocarcinoma (44). Curiously,
a role of p16INK4a in tumor suppression may not be as prom-
inent in the mouse, since the ARF-specific and INK4aD2/3 (null
for INK4a and ARF) knockouts show similar phenotypes with
respect to cellular immortalization and cancer susceptibility
(24, 27, 49). However, a separate line of evidence has raised
the possibility that p16INK4a is relevant in some murine cancer
types, such as plasmacytoma (60). Together, these species dif-
ferences imply that while p16INK4a has a critical tumor sup-
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pressor function in humans, its role may be less prominent in
the mouse, where tumor suppression appears to be dominated
by the p19ARF-p53 axis.

Mutation or deletion of p53 has been linked to .55% of all
human cancers (17); however, the role of p53 in melanoma
remains controversial. Mutational analyses by many groups
have shown a very low incidence of point mutation or allelic
loss of p53 in surgical specimens of primary and metastatic
melanomas (2, 7, 32, 38), while others have estimated the
incidence of p53 mutation to be 15 to 25% of primary and
metastatic samples (1, 51, 59). Moreover, expression analysis
by immunohistochemistry has revealed a significantly higher
incidence of p53 overexpression, implying stabilizing point mu-
tations, in metastatic melanomas than in primary melanomas
(15), suggesting that loss of p53 function promotes disease
progression. In contrast, other groups have reported a lack of
correlation between p53 overexpression and stages of mela-
noma development (12, 43). Indeed, Zerp and colleagues had
reported a lower frequency of p53 mutation in metastasis com-
pared with primary melanoma lesions, implying that p53 mu-
tation, although associated with human cutaneous melanoma
arising in sun-exposed sites, does not contribute to melanoma
pathogenesis and progression (59).

In this report, we sought to validate a role for functional p53
pathway inactivation in the pathogenesis of melanomas. We
demonstrated that RAS activation and p53 loss cooperate to
generate melanomas that are clinically indistinguishable from
those arising on an INK4a-ARF null background. Furthermore,
identification of alterations in key components of the RB path-
way by comparative genomic hybridization (CGH) and candi-
date gene surveys supports a role for both the RB and p53
pathways in melanoma suppression in vivo.

MATERIALS AND METHODS

Mouse strains. Tyrosinase enhancer-promoter-driven H-RASV12G transgenic
mice (8) were crossed onto the p53 mutant background (Jackson Laboratory)
and the INK4aD2/32/2 background (49) and observed for tumor development or
apparent ill health. The Tyr-RAS p53 mutant mice analyzed in this study were of
mixed genetic background (;80% C57BL/6, 20% 129Sv) or N1 generation FVB
backcross (50% FVB, 40% C57BL/6). The Tyr-RAS INK4aD2/3 null mice ana-
lyzed were of either mixed genetic background (65% C57BL/6, 25% CBA, 10%
129Sv) or N3 generation FVB backcross (83% FVB). No consistent difference
was noted with respect to tumor latency and CGH profiles in either the mixed
genetic background or the FVB backcross generation.

Mouse tumor surveillance and characterization. Mice were observed biweekly
for development of tumors or appearance of ill health. Premorbid animals or
animals with significant tumor burdens were sacrificed, and detailed autopsies
were performed. Tumor specimens were fixed in 10% formalin and embedded in
paraffin for histological and immunological analysis as previously described (8).
In cases in which sufficient specimens were available, primary tumors were
adapted to culture to establish derivative cell lines.

Comparative genomic hybridization. DNA was extracted from microdissected
tumor tissue from paraffin-embedded tumor blocks by standard methods (4).
Reference and test DNAs labeled with Alexa 594 dUTP (Molecular Bioprobes)
and fluorescein-12-dUTP (NEN), respectively, were hybridized to normal meta-
phase chromosome spreads; chromosomes were identified by 49,69-diamidino-2-
phenylindole (DAPI) counterstaining, and green-red fluorescence intensity pro-
files were obtained as previously described (4). Regions were called amplified if
the tumor/reference ratio of a chromosomal arm exceeded 1.5 or if the ratio
elevation involved a sharply demarcated segment of a chromosomal segment.
For the amplification involving chromosome 15, both criteria were met, but in
tumors that had focused amplifications involving chromosome 2 or 12, the am-
plified chromosomal segment was too small to yield a ratio of .1.5.

DNA and RNA analysis. DNA was isolated from snap-frozen tumor specimens
or from cell lines derived from primary tumors using the Puregene DNA isola-

tion system (Gentra) according to manufacturer’s protocol. Loss of heterozygos-
ity (LOH) analysis of the p53 locus was done by allele-specific PCR using
oligonucleotide primers directed against the wild-type and knockout p53 alleles
(22). The wild-type p53 allele was amplified using primers 59P53 (59-ACAGCG
TGGTGGTACCTTAT-39) and 39P53WT (59-TATACTCAGAGCCGGCCT-
39), whereas the mutant allele was amplified by using primers 59P53 and
39P53KO (59-CTATCAGGACATAGCGTTGG-39). PCRs were performed in a
50-ml volume in 13 PCR buffer (Perkin-Elmer) in the presence of 4 mM MgCl2,
0.8 mM deoxynucleoside triphosphate mix, 1.25 U of AmpliTaq DNA polymer-
ase (Perkin-Elmer), 200 ng of 59P53, 150 ng of 39P53KO, 75 ng of 39P53WT, and
250 ng of genomic DNA. Samples were incubated at 94°C for 2 min, followed by
40 cycles of 94°C for 1 min, 62°C for 2 min, and 72°C for 2 min. PCR products
were visualized by agarose gel electrophoresis and ethidium bromide staining.

For sequence analysis of the ARF coding sequence, total RNA was isolated
from cultured melanoma cell lines using the Trizol reagent (Gibco BRL) ac-
cording to manufacturer’s protocol. A 2-mg RNA sample was used as a template
in a reverse transcription reaction using Superscript II polymerase (Gibco BRL)
primed with oligo(dT). The coding region of the ARF cDNA was amplified by
PCR using oligonucleotide primers p19-1 (59-GTCACAGTGAGGCCGCCGC
TGAGGGA-39) and p19-2 (59-CTCTTGGGATTGGCCGCGAAGTTCCA-39).
The PCR product was subjected to direct DNA sequencing in both directions
using the same primers as above.

To measure changes in gene copy number, genomic DNA was isolated from
both primary tumor samples and derivative cell lines by the Puregene DNA
isolation system (Gentra) according to manufacturer’s protocol and analyzed by
slot blot analysis. Blots were hybridized with random primed cDNA probes, and
signals were quantitated by PhosphorImager analysis (Fuji BAS). DNA quanti-
ties were normalized to hybridization signals of at least two control probes in
genomic regions without CGH-detected alteration. The ratio of normalized
hybridization intensities on tumor DNA relative to diploid control DNA allowed
copy number designations. The control probes used included a 400-bp BamHI/
EcoRI fragment of mTERT (16), a 750-bp fragment of c-Myc exon 2, a 270-bp
SalI/SphI fragment of cyclin D1, full-length ID2 from pID2k (55), and a 560-bp
fragment of N-Myc exon 3.

Protein analysis. Cell extracts were prepared from early-passage melanoma
cell lines by lysis in radioimmunoprecipitation assay (RIPA) buffer in the pres-
ence of protease and phosphatase inhibitors. Lysates were sonicated briefly and
clarified by centrifugation. All manipulations of the protein extracts were per-
formed at 4°C. Proteins were quantitated by Bradford assay (Bio-Rad). For
immunoprecipitation of p16INK4a complexes, 1 mg of cell extract was precleared
by incubation with protein A-Sepharose (Sigma) and preimmune serum and then
incubated for 1 h in the presence of anti-p16INK4a antibody M-16 (Santa Cruz).
Following addition of protein A-Sepharose, extracts were incubated for an ad-
ditional 3 h. Precipitated complexes were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and then transferred to polyvinylidene diflu-
oride filters. The blots were probed with either the p16INK4a antibody used for
immunoprecipitation or anti-CDK4 antibody C22 (Santa Cruz). For other West-
ern blot analyses, 50 mg of cell lysates was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis or by the NuPAGE Bis Tris gel system
(Novex) and transferred to polyvinylidene difluoride filters. The antibodies used
in this study included the following: for c-Myc, 06-340 (UBI); for p19ARF, AEC40
(39); for RB, 14001A (Pharmingen). The following antibodies were from Santa
Cruz Biotechnology: for p16INK4a, M-156; for p15INK4b, M-20; for p27KIP1, C-19;
for p21CIP1, M-19; for Cdc25a, F-6; for cyclin D1, HD-11 and 72-13G; for cyclin
D2, M-20; for cyclin D3, C-16; for b-catenin, C-18; for CDK6, C-21.

Production of retroviruses and infection of melanoma cell lines. cDNAs for
human p16INK4a and p27KIP1 were cloned into the pBABE puro retrovirus
vector. The retrovirus vectors were transfected into the 293GPG packaging cell
line (37) using the Lipofectamine 2000 reagent (Gibco BRL). Supernatants
containing the retrovirus were filtered and applied to the melanoma cell lines in
the presence of 4 mg of Polybrene per ml. Transduced cells were selected 24 h
postinfection using 2.5 mg of puromycin per ml. Efficiency of selection was
monitored by puromycin treatment of nontransduced cells. Following 48 h of
selection, the selected cells were assayed for growth rates and colony formation
after low-density seeding. Expression of the exogenous proteins was confirmed
by Western blot analyses. Proliferation was assessed by seeding 8,000 cells/well in
12-well plates, followed by counting of viable cells in duplicate on consecutive
days. For colony formation, 2,000 transduced cells were seeded on 10-cm-diam-
eter dishes. After approximately 2 weeks, colonies were counted following trypan
blue staining.
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RESULTS

Loss of p53 can cooperate with activated H-RASV12G to
promote melanoma development. In our previous study, over a
period of greater than 1 year of observation, only 1 of 49

Tyr-RAS INK4a1/1 p531/1 mice developed melanoma that
sustained a homozygous deletion of the INK4a locus (8). In
contrast, Tyr-RAS mice of similar genetic background and
harboring mutant p53 alleles readily developed melanomas,
i.e., 2 of 17 Tyr-RAS p531/2 mice and 7 of 27 Tyr-RAS p532/2

FIG. 1. p53 deficiency and oncogenic RAS expression cooperate to induce melanoma. (A) Summary of tumor incidence in Tyr-RAS mice in
relation to p53 status. (B) Part a, photograph of a nonpigmented cutaneous melanoma arising on the flank of animal 3. Part b, hematoxylin-and-
eosin-stained tumor from animal 3 displaying nuclear pleomorphism and hyperchromasia. Part c, TRP1 immunopositivity demonstrating the
melanocytic origin of the tumor. Histology and immunohistochemistry were performed as previously described (8). (C) LOH of p53 in primary
melanoma specimens arising in Tyr-RAS p531/2 mice. DNA was isolated from melanomas arising in Tyr-RAS p531/2 mice (mice 1 and 2) was
analyzed by multiplex PCR using primers specific for the wild-type and mutant p53 alleles. Allelotyping of normal DNA from mice of all three
genotypes (p531/1, p531/2, and p532/2) are presented as controls. The bands corresponding to the wild-type (WT) and knockout (KO) p53 alleles
are indicated. (D) Immunoblot analysis of p53 in lysates from tumor cell lines that were either untreated (minus sign) or exposed to UV radiation
at 100 J/m2 (plus sign). Cells were harvested 6 h following irradiation. Tumor A, a melanoma cell line arising in a Tyr-RAS INK4aD2/32/2 mouse,
retains p53 function, while no p53 is induced in melanoma cell lines from Tyr-RAS p531/2 mice (mice 1 and 2). Tumor 4 is derived from a Tyr-RAS
p532/2 mouse. (E) Immunoblot analyses of cell lysates from early-passage melanoma cell lines probed with specific antisera show that Tyr-RAS
p532/2 melanomas retain expression of p15INK4b, p16INK4a, and p19ARF. (F) Coimmunoprecipitation analysis of melanoma cell lysates using an
anti-p16INK4a antibody demonstrates that the p16INK4a expressed in the Tyr-RAS p532/2 melanomas is capable of binding to CDK4. At the top
is an immunoblot analysis of melanoma cell lysates probed with antibodies to CDK4 and p16INK4A. At the bottom is an immunoblot of complexes
immunoprecipitated (IP) with an anti-p16INK4a antibody and probed with antibodies to CDK4 and p16INK4a.
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mice, with average latencies of 65 and 17 weeks, respectively
(Fig. 1A). As expected, additional tumor types (sarcoma and
lymphoma) known to be associated with germline p53 muta-
tion were observed and their early onset (average latency, 17
weeks) likely masked the development of additional melano-
mas in the p53-null cohort.

On the p53 mutant background, Tyr-RAS transgenic ani-
mals developed melanomas that were primarily cutaneous
(Fig. 1B, a), with one exception that was ocular in origin
(tumor 9). Compared to those arising in Tyr-RAS INK4aD2/32/2

mice, the RAS-induced p53 mutant melanomas were similarly
amelanotic, highly vascular, and locally invasive but not meta-
static (8). Microscopically, these dermal tumors were com-
posed of highly pleomorphic, anaplastic cells with characteris-
tic vacuolated nuclei (Fig. 1B, b). The melanocytic origin was
confirmed by strong immunoreactivity to the melanocyte-spe-
cific marker tyrosinase-related protein 1 (TRP1) (Fig. 1B, c).
Together, these data suggest that p53 mutation can cooperate
with activated H-RASV12G to promote development of non-
metastatic melanomas that are clinically and histologically sim-
ilar to those observed in Tyr-RAS INK4aD2/32/2 mice.

In the two cutaneous melanomas derived from Tyr-RAS

p531/2 mice, allele-specific PCR revealed reduction to ho-
mozygosity for p53 (Fig. 1C). That the wild-type p53 allele was
indeed lost was confirmed further by the lack of p53 stabiliza-
tion following UVB irradiation of early-passage cell lines de-
rived from these primary tumors, in contrast to the intact p53
response to UVB in Tyr-RAS INK4aD2/32/2 tumor cell lines
(Fig. 1D). These findings, coupled with the decrease in mela-
noma latency observed on the p532/2 background (Fig. 1A),
support a causal role for p53 loss in the genesis of melanoma
in this Tyr-RAS model.

Status of INK4a-ARF in melanomas arising in Tyr-RAS p53
mutant mice. The development of melanoma in p53 mutant
mice provides an opportunity to assess whether loss of INK4a-
ARF, particularly p16INK4a, is essential for melanomagenesis in
mice. In human melanoma, p16INK4a function can be compro-
mised on one of several levels, including deletion or point
mutations of the ankyrin repeats of p16INK4a (44), a domain
required for interaction with CDK4 and -6 (45), germ line
CDK4 mutations that disrupt binding to p16INK4a (57), or
cyclin D1 amplifications (20). Here, Western and Southern
blot analyses of these mouse melanomas failed to detect gross
deletion-rearrangement of INK4a-ARF sequences or a de-

FIG. 1—Continued.
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crease in the levels of all three gene products encoded by this
locus: p15INK4b, p16INK4a, and p19ARF (Fig. 1E; Southern blot
not shown). The robust p19ARF expression displayed by the
p53 mutant melanomas is consistent with the loss of a p53-
mediated feedback loop in these tumors (27, 54). The func-
tional integrity of the p16INK4a and CDK4 proteins was also
substantiated by their mutual coimmunoprecipitation (Fig.
1F). Finally, the p19ARF transcripts from these melanomas
were reverse transcription-PCR amplified for direct sequence
analysis and found to be free of point mutations (data not
shown). Thus, the products of the INK4a-ARF locus are ex-
pressed and remain structurally intact in melanomas arising in
p53 mutant mice.

Comparative genomic hybridization of RAS-induced mela-
nomas on INK4aD2/3 and p53 mutant backgrounds. The lack of
INK4a mutations in Tyr-RAS p53 mutant melanomas does not
exclude the presence of mutations that target other compo-
nents governing exit from the G1 phase of the cell cycle. CGH,
a technique that permits analysis of the entire tumor genome
for alterations in DNA copy number of chromosomal regions
(23), was employed as a broad genomic screen to search for
tumor-associated changes, particularly those involving loci en-
coding components that govern the G1/S transition. A total of

19 Tyr-RAS INK4aD2/32/2 and 9 Tyr-RAS p53 mutant mela-
nomas were analyzed (Fig. 2 and Table 1).

The p53 mutant melanomas possessed a greater degree of
chromosomal gains and losses compared with the more eu-
ploid profile of the INK4aD2/32/2 melanomas (2.7 CGH-de-
tected genomic events per tumor versus 0.16 event per tumor,
respectively; P , 0.001; Fig. 2 and Table 1). The less aneuploid
profile of INK4aD2/32/2, relative to p53 mutant, melanomas is
reminiscent of the benign cytogenetic profiles observed in a
murine ARF2/2 lymphoma model (48) and in ARF2/2 fibro-
blasts (27). These findings are consistent with the concept that
p19ARF is dispensable for p53-dependent control of genomic
stability (25).

Overexpression of c-Myc in p53 mutant melanomas. The
most common chromosomal abnormality detected by CGH
analysis in the p53 mutant melanomas was gain of chromosome
15 (four of nine mice; Table 1). Collectively, these alterations
overlap in the central portion of chromosome 15, a region that
encodes the c-Myc oncoprotein, a critical regulator of cellular
proliferation (reviewed in reference 9). In dot blot analyses of
genomic DNA isolated from primary tumors or their derivative
cell lines, hybridization to c-Myc confirmed an increase in c-
Myc gene copy number in these p53 mutant melanomas (Fig.

FIG. 2. Chromosomal locations of DNA sequence copy number alterations detected by CGH in RAS-induced melanomas from 9 p53 mutant
mice (red) and 19 INK4a-ARF mutant mice (blue). Gains are indicated by lines to the right of the chromosome ideograms, and losses are indicated
by lines to the left. Amplifications are indicated by thick lines. A highly amplified focal region at chromosome 12A3 was detected in one Tyr-RAS
p532/2 melanoma and one Tyr-RAS INK4a2/2 melanoma. The N-myc gene is located in the proximity of these amplicons but was present in
normal copy number (data not shown).
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3B), relative to the signal of two internal control probes (see
Materials and Methods). These conventional dot blot assays
also revealed one additional tumor (no. 6) whose c-Myc gene
dosage increase eluded detection by CGH (Fig. 3B), suggesting
the presence of more focal gain. These five tumors possessed 1
to 24 extra copies of the c-Myc gene, as determined by quan-
titation of hybridization intensity (Fig. 3B; data not shown).
Furthermore, by Western blot analysis, robust c-Myc protein
expression can be detected in all six derivative cell lines of
Tyr-RAS p53 mutant melanomas (Fig. 3A and B), at levels that
greatly exceed that observed in Tyr-RAS INK4aD2/32/2 sam-
ples. The presence of Myc-S, measuring approximately 46 kDa,
in tumors 2 and 6 is notable given that this N-terminally trun-
cated c-Myc isoform is oncogenically -competent and often
detected in transformed cells (52, 58).

That c-Myc protein expression was found to be elevated in
all Tyr-RAS p53 mutant melanomas, regardless of c-Myc gene
amplification status, indicates that mechanisms other than in-
creased gene dosage also contribute to deregulated c-Myc ex-
pression. Previous cell culture-based studies have demon-
strated that high levels of p53 can negatively regulate c-Myc
expression (30, 42), raising the possibility that loss of p53-
dependent repression accounts for elevated c-Myc expression
in Tyr-RAS p53 mutant tumors. On the other hand, Tyr-RAS
INK4aD2/32/2 melanomas display low levels of c-Myc (Fig. 3A)

despite having undetectable levels of p53 (Fig. 1D, sample A,
and data not shown), arguing against the existence of p53-
mediated repression of c-Myc in transformed melanocytes.
The up-regulation of c-Myc expression in all of the tumors
tested, together with amplification of the c-Myc locus in a
majority of tumors, is consistent with c-Myc dysregulation be-
ing an acquired oncogenic event in p53 mutant melanomas.
These observations gain added significance in light of studies
showing that c-Myc can bypass the G1 block conferred by
p16INK4a due, in part, to c-Myc’s ability to regulate G1 mole-
cules operating parallel to and downstream from p16INK4a

(reviewed in reference 9). The overexpression of Myc may also
contribute to the karyotypic abnormalities detected in the p53
mutant tumors (13).

Alterations in expression of G1 regulators in p53 mutant
melanomas. Gains in the distal region of chromosome 7 were

FIG. 3. Tyr-RAS p532/2 melanomas show elevated c-Myc expres-
sion and frequent amplification of the c-Myc locus. (A) Top, immuno-
blot showing that c-Myc expression is strongly elevated in p53 mutant
melanoma cells relative to melanocytes (M) and INK4-ARF mutant
melanomas (A to G). Note the expression of the ;46-kDa short c-Myc
isoform (Myc-S) in tumors 2 and 6. The migration of the molecular size
markers is indicated to the right. Bottom, immunoblot showing expres-
sion of tubulin as a loading control. (B) Summary of genomic alter-
ations at the c-Myc locus in p53 mutant melanomas. Hybridization
analysis of melanoma DNA using c-Myc and control probes was used
to determine the c-Myc gene copy number (see Materials and Meth-
ods). Note that tumor 6 harbored an amplification of c-Myc which was
not detected by CGH. c-Myc expression levels (see panel A) are
summarized in the rightmost column (Mod, moderate increase in
expression). The expression of Myc-S is also indicated. Chr, chromo-
some.

TABLE 1. Summary of chromosomal changes detected by CGH in
melanomas in relation to p53 and INK4a-ARF genotypea

Tumor
no.

p53
status

INK4a
status

CGH-detected
genomic event(s)

1 1/2 enh (6D-G, 7F, 9B-D, 11B-E,
15D3-F), dim (3A-E), amp
(2B)

2 1/2 enh (5E-G, 13A5-B), amp
(15B3-E)

3 2/2 None
4 2/2 enh (7F, 8C-E, 11C-E, 13A5-B,

14, 15D3-F, 17) dim (12, 18)
5 2/2 None
6 2/2 amp (12A3)
7 2/2 None
8 2/2 enh (12D-F, 15)
9 2/2 enh (8, 12)
A 2/2 None
A2 2/2 None
A3 2/2 None
A4 2/2 enh (15)
A5 2/2 None
A6 2/2 None
A7 2/2 None
A8 2/2 None
A9 2/2 None
A10 2/2 None
A11 2/2 None
A12 2/2 None
A13 2/2 None
A14 2/2 None
A15 2/2 None
A16 2/2 amp (12A3)
A17 2/2 None
A18 2/2 None
A19 2/2 enh (11)

a Losses (dim), gains (enh), and amplifications (amp) are indicated (see Ma-
terials and Methods).
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detected by CGH in two of nine Tyr-RAS p532/2 melanomas
examined (Fig. 2). This region encodes cyclin D1, a G1 cyclin
that activates CDK4 and -6 kinase activity that, in turn, phos-
phorylates and inactivates RB. All p53 mutant melanomas
were shown to express elevated cyclin D1 relative to those
present in all of the Tyr-RAS INK4aD2/32/2 melanomas
examined (Fig. 4A). Cyclins D2 and D3 were expressed at
modest levels in both INK4aD2/32/2 and p53 mutant samples
(data not shown). Given the equivalent levels of CDK4 and
CDK6 kinase activity in all of the samples tested (data not
shown), it is tempting to speculate that the increased cyclin
D1 expression associated with loss of p53 is a functional equiv-
alent to p16INK4a loss in the Tyr-RAS INK4aD2/32/2 melano-
mas.

These CGH data prompted expression analysis of factors
playing prominent roles in regulating G1 exit, including
p21CIP1, p27KIP1, and Cdc25a. Levels of the general CDK
inhibitor p21CIP1 were reduced in the p53 mutant tumors rel-
ative to those in INK4aD2/32/2 melanomas (Fig. 4A). This low
level of p21CIP1 expression may act to enhance the assembly of
active CDK4-D1 complexes (28). The Cdc25a phosphatase, a
rate-limiting activator of the CDK2-cyclin E complex, showed
higher levels of expression in all p53 mutant melanomas (Fig.

4A). Since Cdc25a can collaborate with activated RAS to effect
cellular transformation and has been reported to be transcrip-
tionally regulated by c-Myc (14, 47), it is possible that en-
hanced Cdc25a expression reflects elevated c-Myc activity in
these p53 mutant tumors. Alternatively, since the levels of
c-Myc and Cdc25a are not tightly correlated in the p53 mutant
tumors, the increased Cdc25a expression may represent an
independently acquired event that further facilitates G1 exit in
melanomas with intact p16INK4a function.

RB-mediated G1/S transition is dysregulated in p53 mutant
melanomas. The finding of c-Myc and cyclin D1 overexpres-
sion, coupled with genetic and functional data linking c-Myc to
the G1 cell cycle machinery, suggests that c-Myc and cyclin D1
dysregulation provides an alternative route to RB inactivation,
a route that is functionally equivalent to p16INK4a loss in mel-
anoma. Along these lines, the INK4aD2/3 -null and p53 mutant
tumors have similar overall RB and E2F activity profiles. Spe-
cifically, Western blot analysis showed no differences in RB
phosphorylation status between p53 mutant and INK4aD2/3 null
melanomas during exponential growth under high- and low-
serum conditions or during of confluence (Fig. 4B and data not
shown). Correspondingly, E2F transcriptional activity levels
assessed by transfection of an E2F reporter construct revealed
highly variable, yet overlapping, trends between these p53 mu-
tant and INK4aD2/3 null tumors (data not shown). Together,
these data imply that dysregulation of the G1/S transition—
either by p16INK4a loss in an INK4aD2/3-null background or by
upregulation of c-Myc, cyclin D1, and/or Cdc25a in a p53
mutant background—is required for melanomagenesis.

To further substantiate that overcoming RB-mediated G1

arrest is important in the growth of mouse melanomas and to
provide evidence that the RAS-induced p53 mutant melano-
mas have acquired lesions that bypass this cell cycle block, we
assessed the effect of p16INK4a and p27KIP1 expression on
growth and low-density colony formation in four indepen-
dently derived INK4aD2/3 null and three independently derived
p53 mutant melanoma cell lines. These cell lines were trans-
duced with retroviruses encoding the empty vector, p16INK4a,
or p27KIP1. Levels of protein expression were comparable
among the cell lines, as determined by Western blot analysis
(data not shown). In RAS-induced INK4aD2/3 null melanoma
cells, the expression of p16INK4a or p27KIP1 strongly inhibited
growth and colony formation, relative to those transduced with
the empty vector (Fig. 5A and B and data not shown). In
contrast, p16INK4a did not substantially affect the growth and
colony formation of the RAS-induced p53 mutant melanoma
cell lines, although these cells were was strongly growth inhib-
ited by p27KIP1 expression (Fig. 5A and B and data not shown).
Given the high levels of c-Myc in the Tyr-RAS p53 mutant
melanoma cell lines, these observations are in accord with
several lines of evidence positioning the actions of c-Myc
downstream of p16INK4a and at the level of the cyclin E-CDK2
complex (9). It is also possible that these differential responses
are dictated, in part, by differences in the levels of Cdc25a
and/or p21CIP1.

DISCUSSION

In summary, while p53 deficiency cooperates with oncogenic
RAS to confer susceptibility to melanoma development, col-

FIG. 4. Expression analysis of G1/S regulators in RAS-induced
melanomas. (A) Top, immunoblot analysis of cyclin D1 levels in mel-
anoma cell lysates from INK4a-ARF2/2 and p532/2 tumors. Below is
an immunoblot probed with a-tubulin as a loading control. Bottom,
immunoblot of p21CIP1, Cdc25a, and CDK4 levels. (B) Western blot
analysis of RB phosphorylation status in INK4aD2/3-and p53-null mel-
anomas. Tumor 7 was grown in 0% fetal calf serum (FCS; rightmost
lane) to show that RB is responsive by shifting to a hypophosphory-
lated state.
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lateral somatic alterations in components known to impinge
upon the RB-regulated G1/S transition are acquired to facili-
tate G1 exit. Oncogenic RAS contributes to malignant growth
on a number of levels, including alteration of cell motility, cell
survival, cell growth, and direct signaling to the G1 cell cycle
machinery (reviewed in reference in 33). With respect to the
cell cycle, RAS has been shown to increase assembly of active
CDK4-cyclin D complexes. Sustained RAS expression can also
induce antiproliferative signals, including up-regulation of
p16INK4a and p21CIP1 (31). These consequences of RAS acti-
vation must be abrogated if a cell is to progress to malignancy.
Since the p53 mutant melanomas sustain alterations in com-
ponents regulating G1 exit, it follows that the proliferative
signals induced by RAS are insufficient to drive malignant cell
proliferation. Indeed, the frequent concurrence of RAS muta-
tions and RB pathway defects in human cancers (34, 46) sug-
gests that the oncogenic actions of RAS extend beyond the
regulation of the RB restriction point.

The integral role of c-Myc in driving cellular proliferation is
demonstrated by its ability to stimulate S-phase entry and
shorten the cell cycle. c-Myc triggers G1 exit by both promoting
an increase in cell mass (21) and modulating expression of
genes that control the cell cycle (9). Most of these c-Myc gene
targets regulate the activity of G1 CDKs. c-Myc expression in
quiescent cells leads to a rapid induction of cyclin E-CDK2
kinase activity (53), whereas the expression of dominant-neg-
ative c-Myc or somatic deletion of c-Myc suppresses cyclin
E-CDK2 activity (5, 35). c-Myc also activates the expression of
cyclins D1 and D2 (6, 19) and CDK4 (18), leading to type D
cyclin sequestration of p27KIP1 from CDK2 complexes. CDK2
activity is also promoted by the ability of c-Myc to repress the
expression of p27KIP1 (56) and to induce expression of the
CDK2 activator Cdc25a (14). Collectively, these genetic and
functional data support a model in which c-Myc stimulates
transition through G1/S (Fig. 6). Expression of either c-Myc or
cyclin E allows cells to bypass p16INK4a-induced growth arrest,
and it is likely that cyclin E-CDK2 is the key functional target
of Myc. The resistance of the p53-null melanomas to growth
inhibition by 16INK4a is consistent with a role for c-Myc in
inactivating the RB-mediated restriction point. These results
are also analogous to previous studies showing that p16INK4a

functions upstream of Myc (3). However, definitive proof that
c-Myc amplification or overexpression indeed plays a causal
role in the genesis of RAS-induced p53 mutant melanomas
requires further genetic studies of the type reported here for
p53 and previously for RAS and INK4a (8). The studies de-
scribed here establish that inactivation of the p53 pathway can
play a causal role in the pathogenesis of melanoma. This,
coupled with the functional link between p19ARF and p53 and
the fact that INK4a-ARF loss typically occurs early in the de-
velopment of human melanomas provides a rational explana-
tion for the rare involvement of direct p53 mutations in this
cancer type—presumably reflecting a diminished need for p53
inactivation in the face of ARF loss. Furthermore, the consis-

FIG. 5. Effects of exogenous p16INK4a and p27KIP1 on the growth of
Tyr-RAS melanoma cells on an INK4aD2/3-null or p53 mutant back-
ground. (A) Melanoma cell populations transduced with the indicated
retroviruses were selected with puromycin for 2 days and then assayed
for proliferation rates (see Materials and Methods). Data from two
representative cell lines from each genotype are shown. Error bars
indicate ranges of variability in duplicate samples assayed. (B) The
relative colony-forming ability of the transduced cell lines was deter-
mined following low-density seeding (see Materials and Methods). The
graph plots the number of colonies as a ratio compared to the number
of colonies seen for transduction with the empty vector.

FIG. 6. c-Myc and G1/S transition. The schematics show sequential
phosphorylation of RB during the G1/S transition. RB phosphorylation
is initiated by the activity of CDK4-cyclin D complexes and maintained
by that of CDK2-cyclin E complexes. p16INK4a negatively regulates the
activity of CDK4, and p27KIP1 inhibits the activity of cyclin E-CDK2,
although it is also required for assembly of the active CDK4-cyclin D
complex. c-Myc can activate the expression of cyclins D1 and D2 (6,
19) and CDK4 (18), leading to type cyclin sequestration of p27KIP1

from CDK2 complexes. CDK2 activity is also promoted by the abilities
of c-Myc to repress the expression of p27KIP1 (29, 56), to downregulate
p27KIP1 indirectly via upregulation of Cul1 (the SCF complex respon-
sible for its degradation by ubiquitination [36]), and to induce expres-
sion of the CDK2 activator Cdc25a (14).
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tent finding of dysregulation of components governing G1 exit
in these p53 mutant melanomas supports the dual importance
of both the RB and p53 pathways in melanoma suppression in
vivo. Finally, these results should motivate detailed analyses of
c-Myc, cyclin D1, and cdc25a expression in human melanomas
harboring p53 mutations, thereby providing additional targets
for rational therapeutic intervention.
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