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The familial melanoma gene (INK4a/MTS1/CDKN2) encodes potent tumor suppressor activity. Although
mice null for the ink4a homolog develop a cancer-prone condition, a pathogenetic link to melanoma
susceptibility has yet to be established. Here we report that mice with melanocyte-specific expression of
activated H-rasG12V on an ink4a-deficient background develop spontaneous cutaneous melanomas after a
short latency and with high penetrance. Consistent loss of the wild-type ink4a allele was observed in tumors
arising in ink4a heterozygous transgenic mice. No homozygous deletion of the neighboring ink4b gene was
detected. Moreover, as in human melanomas, the p53 gene remained in a wild-type configuration with no
observed mutation or allelic loss. These results show that loss of ink4a and activation of Ras can cooperate to
accelerate the development of melanoma and provide the first in vivo experimental evidence for a causal
relationship between ink4a deficiency and the pathogenesis of melanoma. In addition, this mouse model
affords a system in which to identify and analyze pathways involved in tumor progression against the
backdrop of genetic alterations encountered in human melanomas.
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Efforts to elucidate the genetic program governing the
genesis and progression of melanoma have been fueled
by the rapid rise in its incidence (Rigel et al. 1996), its
high metastatic propensity and its poor clinical response
to existing therapeutic modalities (Herlyn 1993).
Whereas several epigenetic factors, such as exposure to
UV irradiation, seem to contribute to the development of
this disease, predisposition to melanoma appears to have
a strong genetic component, distinct from determinants
of skin type and melanin composition (Herlyn 1993 and
references therein). In the search for genetic loci respon-
sible for melanoma susceptibility, several potential chro-
mosomal hot spots have been uncovered, including fre-
quent loss of 6q and 10q and nonrandom karyotypic al-
terations of chromosome 1 (for review, see Herlyn 1993).
By far, the most compelling etiological link to melanoma
has mapped to 9p21. An exhaustive series of cytogenetic,
linkage, and molecular analyses have documented a high
incidence of 9p21 germ-line and somatic mutations in
familial and sporadic melanomas (see below), arguing

strongly for the presence of a melanoma susceptibility
gene within this locus.

In mouse and man, the genomic organization of the
9p21 locus is quite complex. This region contains the
closely linked INK4a and INK4b genes that encode the
highly related G1 cyclin-dependent kinase inhibitors,
p16Ink4a and p15Ink4b, respectively (Serrano et al. 1993;
Hannon and Beach 1994; Kamb et al. 1994; Quelle et al.
1995a). In addition to p16Ink4a, the mouse and human
INK4a genes, through alternative first exon usage and
reading frames, also encode a novel growth inhibitor pro-
tein, known as p19ARF (alternative reading frame)
(Quelle et al. 1995b). Thus, the 9p21 locus has the ca-
pacity to encode at least three potent growth inhibitors,
all within a relatively short genomic distance. This ge-
nomic organization and the common occurrence of large
homozygous 9p21 codeletions (Jen et al. 1994; Kamb et
al. 1994; Orlow et al. 1995; Flores et al. 1996) hampered
initial efforts to evaluate the role of each gene product in
melanoma suppression and to assign definitively a mela-
noma susceptibility gene. A partial resolution of this is-
sue has come from the more recent genetic and biologi-
cal data pointing to ink4a, as opposed to ink4b, as the
key tumor suppressor gene. Most noteworthy are the ob-
servations of germ-line mutations that exclusively tar-
geted the INK4a gene in susceptible individuals (Hussus-
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sian et al. 1994; Gruis et al. 1995) and of the cancer-prone
phenotype resulting from deletion of ink4a (p16Ink4a and
p19ARF) in the mouse genome (Serrano et al. 1996). In
contrast, ink4b-deficient mice do not develop cancer
with high frequency (E. Latres, C. Cordon-Cardo, and M.
Barbacid, unpubl.). The striking difference in phenotypes
between the ink4a and ink4b knockout mice is quite
remarkable given the high degree of functional and bio-
chemical similarity between p16Ink4a and p15Ink4b. This
raised the possibility that the second ink4a gene product
may contribute to the anti-neoplastic activity of this
gene (see below). Although this view is conceptually at-
tractive, germ-line mutations exclusively targeting the
p16Ink4a reading frame have been identified in a few
melanoma-prone individuals (FitzGerald et al. 1996). Al-
though this observation confirms the importance of
p16Ink4a, it does not disprove a potential contribution by
p19ARF to ink4a tumor suppressor activity in some set-
tings.

In addition to loss of tumor suppressor loci (e.g., 9p21),
the stepwise phenotypic progression from normal mela-
nocyte to metastatic malignant melanoma is thought to
require the activation of various oncogenes, particularly
those encoding components of the receptor tyrosine ki-
nase (RTK)–Ras–mitogen-associated protein kinase
(MAPK) pathway. For example, transgenic studies
showed that overexpression of activated RTKs in mela-
nocytes resulted in the generation of melanoma in mice
(Iwamoto et al. 1991; Takayama et al. 1997). An etiologi-
cal role for activation of the Xmrk receptor [another RTK
with epidermal growth factor (EGF) receptor homology]
in melanoma formation has been firmly established in a
fish melanoma model (Wittbrodt et al. 1992). In addition,
the human EGF receptor gene has been mapped to 7p11–
13 (Davies et al. 1980), a chromosomal region frequently
rearranged in melanomas (for review, see Herlyn 1993),
and EGF receptor overexpression has been shown in a
human melanoma cell line (Huang et al. 1996). Although
activating ras mutations themselves do not occur with
high frequency in human melanomas (see below), these
genetic clues underscore the importance of the Ras sig-
naling pathway in the development of melanoma.

Historically, activating ras mutations have been
among the most common genetic lesions in human can-
cers. That activating ras mutations are indeed oncogenic
in vivo has been well documented by tumor phenotypes
resulting from its cell-type-specific expression in trans-
genic mouse models [e.g., breast carcinoma (Tremblay et
al. 1989; Mangues et al. 1990)]. Although N- and H-ras
gene mutations have been observed in melanomas, a
causal role for activated Ras in melanocyte transforma-
tion has yet to be definitively established in vivo. A pre-
vious transgenic mouse study in which activated H-ras
was overexpressed in melanocytes yielded a hyperprolif-
erative phenotype without evidence of transformation
(Powell et al. 1995). On the other hand, stable transfec-
tion of activated H-ras in cultured mouse (Wilson et al.
1989; Ramon y Cajal et al. 1991) and human (Albino et
al. 1992) melanocytes was shown to induce phenotypic
characteristics of fully transformed melanoma cells

(such as growth inhibition by protein kinase C activator,
anchorage independence, tumorigenicity in nude mice,
and chromosomal instability). A number of groups have
examined the mutational status of ras family genes in
primary melanoma tissues and melanoma cell lines;
however, conflicting results have served to fuel the de-
bate surrounding the pathogenetic relevance of ras mu-
tations. For instance, Albino et al. (1989) reported that
the frequency of activating ras mutations (predomi-
nantly N-ras) was significantly higher in cultured mela-
noma cell lines (24%) than in noncultured melanoma
cell lines (5%–6%), raising the possibility that ras mu-
tations may be a consequence of the inherent genomic
instability of transformed cells further accentuated by
adaptation to culture. In contrast, van’t Veer et al. (1989)
have observed a high frequency of N-ras mutations in
primary melanomas approaching 20%. Moreover, sev-
eral other groups (Ball et al. 1994; Jafari et al. 1995; Wag-
ner et al. 1995) have investigated noncultured melanoma
samples at different stages and found a higher frequency
of ras mutations (N-ras more than H-ras) in metastatic
and recurrent tumors, suggesting a role for Ras activa-
tion in disease progression rather than initiation. These
data correlate well with expression studies showing in-
creased Ras immunoreactivity in late stage melanomas
(Yasuda et al. 1989). In addition, activating N-ras and
H-ras mutations have been documented in metastatic
melanoma cell lines through use of the NIH-3T3 trans-
formation assay (Albino et al. 1984). Taken together, the
consensus view would favor a role for N- and H-ras mu-
tations in promoting progression toward a more ad-
vanced stage of melanoma, although no formal genetic
proof exists to support this hypothesis.

A curious genetic feature of human melanoma is the
low incidence of p53 mutations. Both single-strand con-
formation polymorphism (SSCP) and direct sequence
analysis have revealed an absence of point mutation (ex-
ons 5–8) or allelic loss of p53 gene in >50 surgical speci-
mens of primary (superficial spreading or nodular) and
metastatic melanomas (Lubbe et al. 1994; Papp et al.
1996). This finding is striking in light of the fact that loss
of p53 function is observed in >55% of human cancers
overall (Hollstein et al. 1991). The basis for the low fre-
quency of p53 mutation in melanoma is not understood,
but could relate to overlapping tumor suppressor func-
tions of INK4a and p53 genes, thereby reducing the bio-
logical requirement for p53 elimination in the INK4a
deficient state (see Discussion).

In this study, we assess in vivo the roles of ink4a and
Ras in the development of melanoma. We show that me-
lanocyte-specific expression of mutant H-Ras in trans-
genic mice that are null for ink4a leads to the spontane-
ous development of multiple cutaneous melanomas
with high penetrance. This faithful mouse model of hu-
man melanoma enabled us to address a number of key
issues including whether ink4a deletions consistently
eliminate both p19ARF and p16Ink4a coding sequences,
whether loss of ink4b is an obligate causal event, and
whether the lack of p53 mutations remains an evolution-
arily conserved feature of this cancer type.

Mouse model of malignant melanoma
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Results

Tyr–ras transgenic mice

In previous studies, melanocyte-specific transgene ex-
pression has been achieved with the aid of the mouse
tyrosinase gene promoter (5.5 kb of 58-flanking se-
quences), albeit with variable expressivity possibly re-
sulting from position effects (Ganss et al. 1994 and ref-
erences therein). More recent efforts have identified a
strong melanocyte-specific enhancer far upstream of the
tyrosinase promoter region that confers enhanced and
copy number-related expression of a tyrosinase trans-
gene in melanocytes (Ganss et al. 1994). Here, both the

proximal promoter and upstream enhancer element were
used to direct melanocyte-specific expression of acti-
vated H-Ras (G12V) in transgenic mice.

An unusually low frequency of founder production (3
founders from a total of 420 pronuclear injections and 74
surviving offspring) raised suspicion of biological selec-
tion against high level tyr–ras transgene expression. This
explanation is supported by the compromised clinical
presentation of one founder mouse (TR59) that appeared
runted, displayed hyperpigmentation of paws and pin-
nae, and suffered from an unstable gait (Fig. 1A). The
unstable gait may relate to disturbances in the develop-
ment of the stria vascularis of the inner ear, a process

Figure 1. Tyr–Ras transgenics developed multiple primary cutaneous and ocular melanomas. (A) Photomicrograph depicting founder
TR59; note focal hyperpigmentation evident on paws and pinnae (arrows). (B) Photomicrograph of eroded cutaneous tumor (arrow)
developing on pinna, early stage, line TR60. (C) Photomicrograph of late stage cutaneous tumors of pinnae with destruction of local
structure. Also note hemorrhagic exophthalmus (arrow) representing an ocular melanoma, line TR39. (D) Photomicrograph of an early
lesion on the abdomen, line TR60. Note the well-circumscribed pink dermal nodule with superficial telangiectasia (arrow). (E–H)
Photomicrographs of histological sections of the cutaneous tumor in B. (E) Hematoxylin and eosin (H&E) 100×. Dermal proliferation
of spindle-shape cells with varying degrees of pigmentation. (e) epidermis; (d) dermis. (F) H&E, 400×. Note the prominent cellular
atypia at higher magnification. (G) S100 immunoperoxidase reaction, 400×. Nuclear as well as cytoplasmic immunoreactivity is
present. (H) TRP1 immunoperoxidase reaction, 400×. Strong cytoplasmic immunoreactivity is detected. (I–L) Photomicrographs of
histologic sections of the ocular tumor in C. (I) H&E, 50×. At this power, note the remnant of the sensory retina (r) destroyed by
adjacent proliferating spindle cell mass. Distinct transition from melanotic (T1) to amelanotic (T2) tumors clearly visible at this power.
(J) H&E, 400×. At higher power, heavy melanization present in T1 region of I. (K) S100 immunoperoxidase, 400×. Positive S100
immunoreactivity detected in T1 region of I. (L) S100 immunoperoxidase, 400×. S100 immunoreactivity is lost as tumor progresses
beyond the transition zone to the amelanotic portion, T2 region of I.
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known to be dependent on normal melanocyte function
(Steel and Barkway 1989) or may reflect growth of a me-
lanocytic hamartoma in the cochlea space (Powell et al.
1995). Although early postnatal death of TR59 precluded
the establishment of transgenic offspring and a morpho-
logical analysis of the inner ear, antemortem skin biop-
sies revealed a marked increase in melanization of su-
prabasal keratinocytes without obvious melanocytic
proliferation (data not shown). The two remaining tyr–
ras transgenic founders (TR39 and TR60) possessed low
transgene copy number and H-rasG12V expression level
(see below), appeared grossly normal, and transmitted
the transgene to their offspring. In the case of TR60, all
transgenic offspring were male, indicating transgene in-
tegration onto the Y chromosome. TR60 developed left
exophthalmos early in life (8 weeks); on enucleation, a
proliferating melanocytic mass was detected arising
from the pigmented retinal epithelium (data not shown).
TR39 and TR60 founders were crossed with mice har-
boring a targeted deletion of ink4a exons 2 and 3 that
contribute to the open reading frame (ORF) of both
p16Ink4a and p19ARF. The mice analyzed in this study
were of a mixed genetic background that consisted pri-
marily of C57BL/6 (∼65%), CBA (∼25%), and 129Sv
(∼10%).

Characterization of tyr–ras tumors and transgene
expression

TR39- and TR60-derived tyr–ras transgenic mice placed
on all three ink4a genotypes developed cutaneous or
ocular tumors spontaneously. They presented with ei-
ther amelanotic dermal nodules with marked telangiec-
tasia that eventually ulcerated or exophthalmos result-
ing from enlarging retro-orbital mass. The most common
anatomical site of tumor formation was the pinna of the
ears (30%), followed by the torso (23%), tail (20%), eye
(20%), perineum (3%), and periorbital area (3%) (Fig. 1).
Although the incidence and latency of Ras-induced tu-
mors differed depending on the presence or absence of
ink4a mutation (see below), the clinical behavior and
histological characteristics of established tumors were
similar regardless of baseline ink4a status. The tumors
were locally invasive but without evidence of macrome-
tastasis at autopsy in all tumor-bearing mice. Microme-
tastases were not detected on full histological survey of
four advanced tumor-bearing mice (data not shown).

The cutaneous tumors originated in the dermis with
no apparent epidermal involvement, except for moderate
epidermal hyperplasia in early lesions (Fig. 1E). As the
tumor expanded, epidermal atrophy and ulceration en-
sued (data not shown). Histologically, all cutaneous tu-
mors were composed predominantly of spindle cells
with prominent epithelioid features and contained vary-
ing degrees of melanization within the specimens (Fig.
1E,F). Cellular atypia was frequently present, as evi-
denced by nuclear pleomorphism and hyperchromasia.
The melanocytic origin of these tumors was established
by their positive immunoreactivity for S100 as well as
for tyrosinase-related protein (TRP) 1, a melanocyte-spe-

cific marker (Thomson et al. 1988) (Fig. 1G, S100, and H,
TRP1). The ocular melanomas appeared to emerge from
the pigmented retinal epithelium (Fig. 1I). In early stages
of tumorigenesis, these ocular neoplasms consisted of
proliferating spindle and epithelioid cells that were heav-
ily pigmented and exhibited strong S100 immunoreac-
tivity (Fig. 1J, H&E, and K, S100). These lesions subse-
quently underwent a distinct morphological transition
characterized by loss of pigmentation and S100 immu-
noreactivity (Fig. 1I, cf. I with K and H for pigmentation
and S100 stain). Interestingly, this transition was present
in tumors arising in the ink4a+/− and ink4a−/− mice, in-
dicating that the underlying genetic event occurred at
loci other than those of ink4a or ras.

Total cellular RNAs derived from both nontransgenic
and TR39 and TR60 adult eyes and skin, TR39 and TR60
primary tumors, and tyr–ras tumor cell lines were as-
sayed by Northern blot analysis for specific hybridiza-
tion to a human ras probe. This tyr–ras transcript was
not detected in nontransgenic or normal transgenic eye
and skin (Fig. 2A, lanes 1,2; skin not shown). In contrast,
a strong hybridization signal was obtained in all tumor
RNA samples (for representative samples, see lanes 3–5)
as well as their derivative cell lines (data not shown),
with levels comparable to those detected in myc/ras-
transformed fibroblasts (Fig. 2, lane 6). Because the lack
of detectable H-rasG12V transcripts in nontumor trans-
genic skins is likely caused by both the low level of
transgene expression and the low number of melano-
cytes relative to other cell types, tyr–ras expression was
also examined on the protein level by immunohisto-
chemistry. As shown in Figure 2B, transgenic (a), but not
nontransgenic (b), samples exhibited scattered immuno-
reactivity to anti-H-Ras-specific antisera in the base of
hair follicles and in dermal dendritic cells, representing
melanocytes from which the cutaneous tumors likely
originate. Strong Ras immunoreactivity was evident in
primary tumor samples (Fig. 2B, c) as well as in early
passage tumor cell cultures (e). In these cultures, the
dendritic nature of the melanocytes is better appreciated
and further highlighted with anti-Ras immunostaining.
No signal was obtained when anti-Ras antibody was
omitted from the incubations (d and f).

Consistent loss of ink4a, but not ink4b, in tyr–ras
tumors

The frequent mutation/deletion of the ink4a/ink4b
genes in human melanoma (Hayward 1996 and refer-
ences therein) prompted an assessment of the status of
their mouse homologs in the tyr–ras melanomas. South-
ern blot analysis of DNA derived from a tumor arising in
TR60 founder mouse revealed diminished hybridization
signal to both ink4a and ink4b probes compared with the
signal obtained with normal tail DNA from the same
mouse (e.g., Fig. 3B, cf. lane 2 and lane 1). This hybrid-
ization pattern was consistent with a large homozygous
codeletion. To further assess for loss of heterozygosity
(LOH) of ink4a and ink4b in these melanomas, Ras-in-
duced melanomas from both transgenic lines on ink4a

Mouse model of malignant melanoma
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heterozygous background were analyzed by Southern
blot and multiplex PCR assays.

In the Southern blot analysis, the restriction fragment
length polymorphism of the knockout allele permits a
clear view of the integrity of the remaining wild-type
ink4a allele following tumor development. In such
analyses, the knockout allele not only serves as a loading
control with which to monitor possible reduction to ho-
mozygosity for ink4a, but also enables one to address
whether homozygous loss of ink4b is a required or inci-
dental event. Stated differently, because the knockout
allele is functionally inert with respect to ink4a only,
one would anticipate that its neighboring ink4b gene
would not be deleted unless loss of ink4b function was
also an essential pathogenetic event. As shown in Figure
3B, with the exception of tumor 4b (see PCR below),
Southern blot analysis of DNA derived from dissected

tyr–ras ink4a+/− tumors showed a marked reduction in
hybridization intensity of the wild-type allele compared
with the knockout allele when assayed with a 38-flank-
ing probe (probe A, lanes 1–9). When the same blot was
hybridized to an ink4a exon 2/3 probe that recognizes
the wild-type allele only, an equivalent decrease in sig-
nal intensity in tumor-derived DNAs was observed
(probe B, lanes 1–9). These analyses suggested that re-
duction to homozygosity at ink4a is a consistent event
coincident with the development of Ras-induced mela-
noma in vivo. In contrast, reduction in hybridization sig-
nal for ink4b was not observed in all of the tail/tumor
DNA samples (probe C, lanes 1–9); when present, the
decrease was more modest than that observed for the
ink4a gene.

Semiquantitative multiplex PCR assays allowed us to
examine with greater precision tumor-associated dele-
tions of ink4a exons 2 and 3 (p16Ink4a/p19ARF) and ink4b
(p15Ink4b) exon 2 sequences. Analysis of ink4a revealed a
reduction to homozygosity in all six tumors examined
for exon 2 (Fig. 3C) and in five of six examined for exon
3 (data not shown). These multiplex PCR results
matched those obtained by Southern blot analysis for
tumors 3a, 3b, and 4a. For tumor 4b, which did not show
LOH by Southern blot analysis (Fig. 3B, lane 10), the
multiplex PCR assay revealed a decreased amplification
signal of the ink4a allele consistent with a reduction to
homozygosity (see Fig. 3C). Two ocular tumors (tumors
1b and 2b) were analyzed by multiplex PCR alone be-
cause of their small size and low DNA yield. Tumor 2a
sustained a barely detectable exon 2/3 deletion by South-
ern blot analysis (Fig. 3B, lane 4) and was excluded from
the multiplex PCR analysis as a noninformative case,
because this specimen contained a proportionally greater
amount of normal epidermal and dermal components in-
termingled with tumor cells than did the other speci-
mens. In such a sample, the amplification of normal
DNA precludes the detection of a deletion by this semi-
quantitative PCR method.

By multiplex PCR, a modest decrease in the amplifi-
cation signal for ink4b was observed in tumors 2b, 4a,
and 4b (data not shown). As these tumors also sustained
a deletion of ink4a, the more modest reduction in ink4b
hybridization signals may be caused by the presence of a
large deletion of the wild-type allele and the retention of
ink4b sequences on the ink4a knockout allele. Sequence
analyses of exons 1 and 2 of the remaining ink4b alleles
from these three tumors revealed only wild-type se-
quences, providing evidence for a functionally intact
ink4b in these tumors.

Lack of ink4b deletion in tyr–ras tumors arising in
mice homozygous null for ink4a

One interpretation of the codeletion of ink4a and ink4b
in tumors analyzed above, as well as in published studies
of cell lines and clinical tumor samples (Jen et al. 1994;
Kamb et al. 1994; Orlow et al. 1995; Flores et al. 1996),
may be that the loss of ink4b is a result of ink4a dele-
tional events that randomly extend to surrounding se-

Figure 2. Cutaneous melanoma expressed high level of the
transgene, H-rasG12V. (A) Northern blot analysis of nontumor
and tumor tissue assaying activated H-rasG12V transgene expres-
sion. (Lane 1) Normal nontransgenic eye RNA; (lane 2) normal
transgenic eye RNA; (lanes 3–5) RNA isolated from cutaneous
tumors arising from transgenic line TR39 (lane 3) and TR60
(lanes 4,5); (lane 6) Myc/RAS-transformed rat embryo fibro-
blasts. (B) Photomicrographs of anti-Ras immunohistochemis-
try, 400×. (a) Normal skin from line TR60. (e) epidermis; (d)
dermis. (b) Normal skin from a nontransgenic mouse. (c–d) Cu-
taneous melanoma sections, line TR60. (e–f) derivative cell line
of c grown in tissue culture chamber slides.
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quences rather than the result of a biological scenario
favoring codeletion of both genes. To provide support for
this innocent bystander concept, the integrity of the
ink4b gene was ascertained in tyr–ras tumors arising in
mice homozygous null for ink4a, where tumor-associ-
ated deletion of ink4a would not be genetically required.
In seven melanomas examined, no loss in ink4b signal
was detected compared with that obtained in non-tumor
tail DNAs (Fig. 3D, top) or with an internal loading con-
trol (Fig. 3D, bottom; see legend for quantitation ratios).
Together, these multilevel analyses strongly suggest that
ink4a is the principal target for tumor-associated chro-
mosomal loss and that the occasional involvement of

ink4b likely reflects its status as a bystander in deletions
extending beyond the ink4a gene. These results do not
exclude a tumor suppressor role for p15Ink4b under some
circumstances, however, and a final resolution of this
issue will require an analysis of tumor incidence in tyr–
ras mice harboring ink4b deletions.

ink4a deficiency cooperates with activated RAS to
induce melanoma in vivo

In previous studies, we showed that homozygous null
ink4a mice spontaneously develop highly aggressive ma-
lignancies with tumor formation first apparent at 4–5

Figure 3. LOH of ink4a in ras-induced malignant
melanoma. (A) Targeting strategy of ink4a locus. Re-
striction map of the wild-type and knockout ink4a
alleles and probes used. (B) Southern blot analysis of
tumor DNAs extracted from a panel of Ras-induced
cutaneous melanomas and their respective normal
DNAs extracted from tails. (Top) Hybridization to
the 38-flanking probe (probe A), which distinguishes
the wild-type and knockout alleles. Note consistent
reduction in hybridization signal from the remain-
ing wild-type allele in tumor samples examined
when compared with that in the corresponding tail
DNA samples. The strength of the residual wild-
type signals correlates well with the amount of nor-
mal tissue composition within the corresponding
tumor. More importantly, the derivative cell line of
tumor 4a (lane 9) reveals a complete loss of wild-
type signal by Southern blot analysis (data not
shown). The signal ratios of wild-type to knockout
alleles, calculated as described (see Materials and
Methods), are as follows: (Lanes 3,4) 1.0/0.76; (lanes
5–7) 1.0/0.63/0.43; (lanes 8–10) 1.0/0.40/0.83.
(Middle) Hybridization to an internal probe (probe B)
that corresponds to the deleted region in the knock-
out allele. (Bottom) Hybridization to exon 2 probe of
ink4b (probe C). (C) Multiplex PCR analysis. (Top)
Generation of standard curve; (left) autoradiograph
of ink4a exon 2 signal; (right) linear regression per-
formed on exon 2 signals, as determined by Phos-
phoImager quantitation, plotted against amount of
wild-type DNA. (Bottom) Amplification of exon 2
signal and determination of reduction to homozy-

gosity in tumor samples. (D) Southern blot analysis of normal and tumor DNAs from melanomas arising in ink4a−/− background.
Loading is normalized against hybridization to control, an irrelevant single copy gene probe (see Materials and Methods). ink4b
hybridization signal intensities, calculated as described (see Materials and Methods), are as followes: (Lanes 1,2) 1.0/1.2; (lanes 3,4)
1.0/1.0; (lanes 5,6) 1.0/1.1; (lanes 7,8) 1.0/0.87; (lanes 9,10) 1.0/0.84; (lanes 11,12) 1.0/1.2; (lanes 13,14) 1.0/1.0.
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months and with an average latency of 7–8 months for
50% tumor incidence (Serrano et al. 1996). Fibrosarco-
mas and B cell lymphomas were the predominant tumor
types and melanomas were not observed (L. Chin and
R.A. DePinho, unpubl.). Notwithstanding these species
differences, the above LOH studies strongly implicated
the loss of ink4a function as an important pathogenetic
event in Ras-induced melanomas. Thus, a more direct
assessment for the role of ink4a was performed by com-
paring the incidence of melanoma development in the
TR60 line in the presence or absence of ink4a for a period
of 6.5 months (Fig. 4; +/+, n = 41; +/−, n = 50; −/−,
n = 35).

During this period of observation, only 1 of the 41
tyr–ras ink4a+/+ mice developed a primary melanoma at
an ocular site. Among the 50 tyr–ras ink4a+/− mice, 2
animals developed 4 primary melanomas, all at cutane-
ous sites. In the tyr–ras ink4a−/− cohort, seven mice died
suddenly of unknown causes without obvious tumors on
autopsy, similar to our previous observations (Serrano et
al. 1996). Among the remaining 28 mice, a total of 21
tumors developed in 17 mice; 16 of those were melano-
mas arising at both cutaneous and ocular sites. Of these
17 tumor mice, 12 developed melanomas only, 2 devel-
oped fibrosarcomas only, and 3 developed both melano-
mas and fibrosarcomas. Fifty percent of mice succumbed
to tumors by 5.5 months. In summary, tyr–ras mice are
particularly susceptible to the development of melano-
mas in the absence of ink4a gene function.

Lack of p53 gene mutation/deletion in ink4a-deficient
tyr–ras tumors

Deletion or mutation of the p53 gene is common in
many different tumor types but is strikingly rare in hu-
man melanoma as presented above. To determine
whether a similar genetic profile exists in our animal
model, the integrity of the p53 gene and level of p53
protein were examined in the tyr–ras tumors and deriva-
tive cell lines. First, tumor and control DNAs, when as-
sayed for hybridization to a mouse p53 cDNA probe
spanning the ORF, showed no gross deletions or rear-
rangments by Southern blot analysis (Fig. 5A). Second,
Western blot analysis and immunohistochemistry on tu-
mor tissues were performed to measure the steady-state
amount of p53 protein. Typically, p53 levels are very low
in normal cells. In tumors bearing dominant-negative
mutants of p53, stabilization of the mutant protein leads
to a dramatic accumulation of the protein in the nucleus
(Levine 1997). In all tyr–ras melanomas and their derived
cell lines, low, or undetectable levels of p53 protein were
detected by Western blotting and immunohistochemis-
try, respectively (Fig. 5B, Western data not shown). In
addition, no immunoreactivity was observed with the

Figure 5. Status of p53 gene in Ras-induced malignant mela-
nomas. (A) Southern blot analysis of tumors arising in ink4a+/−

background (lanes 1–10) and ink4a−/− background (lanes 11–20).
(B) Anti-p53 immunoperoxidase reaction, 1000×. (+ control)
SVT2 cell line. (Tumor 1a) Cutaneous melanoma. (Tumor 2b)
Ocular melanoma. Note negative immunoreactivity to anti-p53
antibody Ab-7, which recognizes both mutant and wild-type
products.

Figure 4. ink4a deficiency accelerates development of Ras-in-
duced malignant melanomas. Time course of incidence and la-
tency of tumor development in ink4a−/− transgenic (n = 28),
ink4a+/− transgenic (n = 50), and ink4a+/+ transgenic (n = 41)
animals. In the ink4a−/− transgenic cohort, a total of 21 tumors
developed in 17 animals, 16 of which were melanomas. Fifty
percent of these animals developed tumors by 5.5 months. In
the ink4a+/− transgenic cohort, four primary melanomas devel-
oped in two mice. In the ink4a+/+ transgenic cohort, one pri-
mary melanoma developed in one mouse. Mice used in this
study were derived from intercrosses between ink4a knockout
and tyr–ras transgenic mice. The genetic composition of the
knockout consists of 80% C57BL/6J, 18.7% 129/Sv, and 1.25%
SJL/J. The composition of the transgenic consists of 50%
C57BL/6J and 50% CBA/J. The final genetic composition of
mice utilized in this study is complex and consists of 65%
C57BL/6J, 25% CBA/J, 9.4% 129/Sv, and 0.6% SJL/J.
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use of anti-p53 antibodies that are capable of recognizing
p53 in its mutant conformation (data not shown). Fi-
nally, DNAs extracted from seven independently derived
melanomas were amplified by PCR and gel-purified
products were subjected to automated bidirectional
nucleotide sequence analysis. These analyses focused on
exons 4–8 for six tumors and exons 5 and 7 for one small
tumor sample with a limited amount of DNA. Exons 4–8
were selected for examination because these exons en-
code mutational hot spots comprising >90% of the p53
mutations catalogued in human cancers (Levine 1997).
As anticipated from the immunohistochemical and
Western blot data above, all exons examined in these
seven tumor samples were found to be free of mutations.
Thus, similar to the human condition, the wild-type sta-
tus of the p53 gene is maintained in mouse melanomas.

Discussion

The ink4a gene and melanoma suppression in vivo

We have previously reported that mice carrying a tar-
geted deletion of the ink4a gene that eliminates both
p16Ink4a and p19ARF are viable and spontaneously de-
velop a cancer-prone condition at an early age. Moreover,
ink4a-deficient primary fibroblasts exhibited increased
proliferative potential, high rate of spontaneous immor-
talization, and efficient transformation by H-Ras alone.
These findings clearly established a role for ink4a as a
potent and important tumor suppressor gene (Serrano et
al. 1996). Unlike humans with germ-line ink4a muta-
tions, however, melanomas were not observed in either
spontaneous or carcinogen-induced tumors arising in
mice harboring one or two copies of the null ink4a allele
(L. Chin and R.A. DePinho, unpubl.). Species-specific dif-
ferences in tumor spectrum have been reported for other
tumor suppressor genes as well, most notably retinoblas-
toma (Rb) (Clarke et al. 1992; Jacks et al. 1992; Lee et al.
1992), and the mechanistic basis for these differences is
not understood at present. The absence of melanoma in
the ink4a-deficient mouse could relate to a number of
factors, including the presence or absence of important
genetic modifiers and/or differences in the tissue micro-
environment (e.g., most mouse melanocytes reside in
the follicular epithelium rather than the epidermis). As
previous studies have shown that mice can develop
melanoma (Bradl et al. 1991; Iwamoto et al. 1991;
Takayama et al. 1997), we reasoned that the genetic con-
text (i.e., susceptibility modifiers or need for cooperating
oncogene mutations) was a critical parameter influenc-
ing the tumor spectrum in the ink4a-deficient mice.

This line of reasoning provided the conceptual basis
for the experimental approach used in this study. The
selection of H-rasG12V as the cooperating oncogene in
vivo was based on (1) the capacity of ink4a-deficient fi-
broblasts to be transformed efficiently by activated H-
Ras alone in vitro (Serrano et al. 1996), in contrast to
normal fibroblasts that require an additional immortal-
izing event [e.g., myc overexpression (Land et al. 1983),
loss of ink4a or p53 function (Serrano et al. 1997)], and (2)
the presence of H-rasG12V mutations in some human

melanomas (see introductory section). Mutant H-rasG12V

expression directed to the melanocytes of mice leads to
the spontaneous development of multiple primary cuta-
neous melanomas with the highest penetrance observed
in the ink4a−/− cohort. In accord with these findings,
detailed molecular analyses of the Ras-induced melano-
mas arising in ink4a+/− mice revealed consistent dele-
tion of the remaining wild-type ink4a allele. In contrast,
a very different mutational profile was obtained for the
ink4b gene. Although some deletions of ink4b did take
place in ink4a+/− tumors, the loss of ink4b sequences
was always accompanied by the reduction to homozy-
gosity of the ink4a gene. Most importantly, in the tu-
mors arising in the ink4a−/− mice, there was a complete
absence of ink4b deletion/mutation. Based on these
data, we conclude that loss of ink4a in cooperation with
activated H-Ras represent powerful initiating factors in
the induction of melanoma and that codeletion of ink4b
is not an essential genetic event in the development of
these tumors. This study, therefore, provides the most
direct in vivo experimental evidence to date that ink4a is
a melanoma suppressor gene. It does not exclude the
possibility, however, that the ink4b gene may play a role
in melanoma susceptibility and/or progression under
some circumstances. In this regard, an examination of
whether ink4b deficiency can cooperate with the tyr–ras
transgene to generate melanomas in vivo will be highly
informative.

The distinctively strong connection between tumori-
genesis and mutation of the ink4a gene is unique among
all of the cyclin-dependent kinase inhibitors, such as
p21Cip1, p27Kip1, p57Kip2, and other Ink4 family proteins
(Kamb 1995; Elledge et al. 1996). Specifically, mice lack-
ing p21Cip1 do not exhibit an increased rate of spontane-
ous tumor formation (Deng et al. 1995), and although
p27Kip1-deficient mice can develop intermediate lobe pi-
tuitary hyperplasia or adenoma, these neoplasms rarely
progress to malignant pituitary tumors (Fero et al. 1996;
Kiyokawa et al. 1996; Nakayama et al. 1996). Similarly,
in human cancers, the frequent alteration of INK4a con-
trasts sharply with an overall lower rate of INK4b mu-
tation/deletion (Hirama and Keoffler 1995; Stone et al.
1995), infrequent mutation in p21Cip1 and p27Kip1

(Bathia et al. 1995; Gao et al. 1995; Vidal et al. 1995;
Spirin et al. 1996; Lancombe et al. 1997), and lack of
reported genetic lesions for p57Kip2 (Orlow et al. 1996).
Such biological correlates would not have been antici-
pated in light of the highly similar biochemical profiles
and cell culture activities of these inhibitors. These ob-
servations raise the possibility that the prominent role of
the ink4a gene in tumor suppression may relate to its
remarkable capacity to encode a second, structurally un-
related, growth-inhibitory product, p19ARF (Quelle et al.
1995b). A potential anti-oncogenic role for p19ARF is sup-
ported by its capacity to inhibit cell cycle progression
(Quelle et al. 1995b, 1997) and to block cellular transfor-
mation by Myc/Ras or E1a/Ras (N. Liegeois and R.A.
DePinho, in prep.).

The theoretical requirement for elimination of both
p16Ink4a and p19ARF during tumorigenesis can also ex-
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plain the high incidence of ink4a gene mutations that
dually affected both reading frames (Newcomb et al.
1995; Brenner et al. 1996; FitzGerald et al. 1996; Hangai-
shi et al. 1996; Heinzel et al. 1996; Kinoshita et al. 1996)
and the frequent occurrence of 9p21 homozygous dele-
tions (Jen et al. 1994; Kamb et al. 1994; Orlow et al. 1995;
Flores et al. 1996; Quesnel et al. 1996). This concept is
consistent with the existence of cancer cell lines that
have sustained a p19ARF-specific exon 1b deletion while
remaining wild type for p16Ink4a but have deleted the
related cyclin-dependent kinase inhibitor gene ink4b in-
stead (Glendening et al. 1995; Flores et al. 1996). Homo-
zygous deletions are common for the ink4a locus but
represent an unusual loss-of-function mechanism for a
tumor suppressor that classically presents with inacti-
vating point mutations on the remaining wild-type allele
after sustaining deletion of the other allele (Cordon-
Cardo 1995; Levine 1997). Based on the above observa-
tions, it is tempting to speculate that the genetic mecha-
nisms leading to the development of these cancers re-
quire disruption of two functionally distinct tumor
suppressors, achieved through the elimination of a cyc-
lin-dependent kinase inhibitor (e.g., p16Ink4a or p15Ink4b)
and p19ARF. It is important to note, however, that several
ink4a mutations have been described that target only
p16Ink4a and spare p19ARF sequences (FitzGerald et al.
1996). In such tumors, it is possible that another genetic
component positioned along a putative p19ARF tumor
suppressor pathway (see below) has been targeted.

Role for the RAS pathway in malignant melanoma

Although activating ras mutations have an established
role in the genesis of many different cancers, the results
reported here provide strong support for its oncogenic
role in malignant melanoma as well. Our findings stand
in contrast to previous studies suggesting a role for Ras
activation in more advanced stages of melanoma (pro-
gression rather than initiation), particularly in promot-
ing a metastatic phenotype (see introductory section).
Here, the development of multiple, locally invasive pri-
mary melanomas without evidence of metastatic spread
clearly indicates that additional genetic events beyond
Ras activation and ink4a deficiency are required for pro-
gression to metastatic disease.

The initiator role served by Ras is undoubtedly a nec-
essary molecular step in our model. The prolonged tu-
mor latency in the absence of ink4a deficiency, however,
suggests that it is not, by itself, a potent inducer of mela-
noma. The weak oncogenic activity of mutant H-ras in
melanocytes in vivo was also evident in another trans-
genic study in which melanocyte-expression of mutant
H-ras resulted in melanocytic hyperplasia and no mela-
nomas (Powell et al. 1995). The lack of melanomas in
this previous study contrasts with that reported here and
could relate to our use of the far upstream tyrosinase
enhancer element (Ganss et al. 1994), our utilization of
germ-line ink4a mutations, and variability in genetic
background. With regard to the last parameter, an in-
crease in the C57BL/6 composition appears to prolong

the tumor latency when the tyr–ras transgene is placed
on the ink4a+/+ genotype (L. Chin, J. Pomerantz, and
R.A. DePinho, unpubl.). On another level, the modest
oncogenic actions of Ras in melanocyte transformation
may be in accord with recent studies showing that over-
expression of activated H-ras in primary fibroblasts in-
duces a G1 arrest and premature cellular senescence, and
that H-Ras-induced mitogenesis or oncogenesis requires
an accompanying immortalizing event such as ink4a or
p53 deficiency (Serrano et al. 1997). This requirement of
antecedent or concomitant immortalization events to
elicit Ras-induced transformation of cultured cells
matches well with the synergistic actions of Ras activa-
tion and ink4a deficiency in melanocyte transformation
observed in this study.

Absence of p53 mutations in melanoma

Although p53 mutations represent the most common
genetic abnormality in human cancers (Hollstein et al.
1991; Harris and Hollstein 1993), human melanomas and
those generated in the tyr–ras model are remarkably free
of p53 mutations and deletions. A possible explanation
for this phenomenon is that some other component of
the p53 pathway renders melanomas functionally defi-
cient for p53, for example, mdm-2 gene amplification
(Gelsleichter et al. 1995; Poremba et al. 1995). Alterna-
tively, it is possible that some degree of functional over-
lap in tumor suppressor activity exists between p53 and
ink4a. If such scenarios are indeed the case, then the
very high frequency of ink4a deletion could obviate the
need for p53 elimination in such tumors. Along these
lines, both p53 and ink4a encode potent growth and tu-
mor suppressive activities and their loss of function cor-
relates with cellular immortalization and transforma-
tion by activated Ras (Serrano et al. 1997). Although a
direct mechanistic link between p53 and ink4a path-
ways has yet to be established, it is intriguing that high
levels of p19ARF have been observed in p53-deficient
cells (Quelle et al. 1995b), leaving open the possibility of
a regulatory feedback loop. Moreover, whereas p19ARF

can block transformation by Myc/Ras or E1a/Ras, it has
no effect on the capacity of SV40 Large T-antigen to co-
operate with Ras to transform primary cells (N. Liegeois
and R.A. DePinho, in prep.). This result gains signifi-
cance in light of the ability of SV40 Large T antigen to
render cells functionally deficient for p53 (Van Dyke
1994 and references therein). Although the actions of
p19ARF have yet to be positioned along a known tumor
suppressor pathway, it is tempting to speculate that a
functional link between p19ARF and p53 could account
for the reciprocal relationship of mutations in these
genes in human (N. Liegeois and R.A. DePinho, in prep.)
and mouse (this study) melanomas; that is, ink4a-defi-
cient (p16Ink4a + p19ARF) cancers rarely exhibit p53 mu-
tant products.

A new mouse model for malignant melanoma

The tyr–ras mouse bears several potentially useful at-
tributes that distinguish it from existing mouse models
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of melanoma. First and foremost, the tyr–ras model is
built on the use of endogenous proto-oncogenes (ras) and
tumor suppressor genes (ink4a) strongly implicated in
the genesis of human melanoma. As such, it may provide
a more appropriate genetic context in which to identify
new cooperating genes/pathways required for disease
progression or resistance. Second, the lack of metastatic
disease in the tyr–ras model could be exploited to evalu-
ate candidate metastatic genes through transgenesis. Fi-
nally, tyr–ras induces nonmetastatic, locally invasive
cutaneous melanomas, making it a potential system in
which to assess therapeutic modalities for early disease
processes.

Materials and methods

Production of transgenic mice

The tyr–ras transgene consists of a 1.8-kb SalI/NotI genomic
fragment isolated from pRIPI–cH–Ras (kind gift of Shimon Efrat,
Albert Einstein College of Medicine, Bronx, NY) encoding the
mutant human H-Ras (G12V) placed under the control of the
previously described tyrosinase promoter element (5.5 kb of 58-
flanking sequences) and the newly identified distal enhancer
element (3.6 kb located 12 kb upstream of the promoter region)
(Ganss et al. 1994) and followed by the SV40 splice and poly-
adenylation sequences (Gorman et al. 1982). Gel-purified trans-
genic inserts were introduced into the germ line of C57Bl/
6 × CBA (B6/CBA) F1 mice (JAX) by pronuclear microinjection,
and genomic DNA was prepared from tail tips as described pre-
viously (Hogan et al. 1994) and assayed for the presence of the
transgene by Southern blotting or DNA slot blot with trans-
gene-specific probes (Sambrook et al. 1989).

RNA and DNA isolation, Southern and Northern blot
analyses, and multiplex PCR and PCR–SSCP assays of
microdissected tumor samples

Total RNA was prepared by the LiCl method (Auffray and Rou-
geon 1980). RNAs were checked to be evenly loaded and intact
by ethidium bromide staining. Genomic DNA was extracted
from either fresh-frozen tumor samples (only for Southern blots)
or from deparaffinized tissue sections by use of the Qiamp Tis-
sue Kit (Qiagen). For the LOH studies, Southern blot analysis of
PstI-digested tail and tumor DNA samples from the same ani-
mal was performed as described previously (Serrano et al. 1996)
with an ink4a 38-flanking genomic probe and an ink4a exon 2/3
cDNA probe defined previously (Serrano et al. 1996) and graphi-
cally illustrated in Figure 3A. To determine the status of the
ink4b gene in these same tumors, an ink4b exon 2 AccI-digested
470-bp fragment (Fig. 3A) was used for hybridization to the same
nitrocellulose filter probed previously with ink4a. To examine
the integrity of the p53 gene, PstI-digested, Southern blotted
DNAs from normal or tumor tissues were assayed for hybrid-
ization to the mouse p53 cDNA spanning the entire ORF (Tan
et al. 1986). Quantitation of signals was performed with Phos-
phorQuant software (Bas 1000-Mac, Bio-Imaging System Fujix,
Fuji). To determine LOH in tumors arising in ink4a heterozy-
gous animals, the signal intensity of the knockout alleles was
used as a loading control, and ratio of wild-type/knockout
bands from tail DNA was taken as 1.0. For ink4b hybridization
in tumors arising in ink4a homozygous animals, the polycystic
kidney disease gene (pdk2) exon 1 probe, 192-bp EcoRI fragment,
was used as a single copy loading control (Mochizuki et al.

1996). Signal intensity of the corresponding tail DNA was taken
as 1.0.

DNA amplification was performed by use of two sets of prim-
ers. One set of primers corresponded to specific ink4a or ink4b
exon sequences (ink4a-2, F, GTGATGATGATGGGCAACGT-
TC; R, GGGCGTGCTTGAGCTGAAGC. ink4a-3, F, AGGG-
CCCTGGAACTTCGCGGC; R, GCTAGACACGCTAGCATC-
GC. ink4b-2, F, AGGTCATGATGATGGGCAGC; R, ATACC-
TCGCAATGTCACGG). The other set of primers was directed to
murine GAPDH. Three primer pairs were used to generate frag-
ments of 452 bp (F, ACCACAGTCCATGCCATCAC; R, TC-
CACCACCCTGTTGCTGTA) (Clontech), 313 bp (F, CAGTC-
CATGCCATCACTGC; R, ACCTGGTCCTCAGTGTAGCC), or
180 bp (F, CAGAAGACTGTGGATGGCC; R, ATCCACGACG-
GACACATTGG); these primers were used as internal controls in
coamplification with the ink4a or ink4b primers. PCR products
were mixed with 1 µl of a nondenaturing loading buffer and 5 µl of
each sample was loaded in a 6% nondenaturing acrylamide gel.
After drying, the gels were exposed to an X-ray film and then to a
phosphorimage plate for 30 min. The image plate was analyzed by
a PhosphorImager as described above. The intensity of the ink4a
and ink4b, and control bands was determined and expressed as a
ratio of target/control.

To validate the quantitative nature of the multiplex PCR as-
says, varying mixtures of tail DNAs extracted from either
ink4a+/+ or ink4b+/+ and ink4a−/− and ink4b−/− mice were used
to generate standard curves for each PCR assay. ink4a−/− DNA
contains 0% exon 2/3 content, whereas ink4b−/− DNA contains
0% exon 2 content. Mixtures of vayring amounts of ink4a+/+ or
ink4b+/+ and ink4a−/− and ink4b−/− DNAs represent the range of
exon 2/3 or exon 2 contents, respectively. The signal intensity
of PCR products from tail DNA of +/+ mice alone represents the
positive control and was normalized to a value of 100%. The
validity of these curves was further assessed by assaying tail
DNA extracted from ink4a+/− or ink4b+/− mice. Samples pre-
senting <20% of the control signal were considered completely
deleted for the ink4a DNA fragment (reduction to homozygos-
ity); those presenting <40% of control were considered to have
LOH for ink4b.

For PCR, 10–15 ng of DNA was amplified in the presence of
1–3.75 mM MgCl2, 80–160 µM dNTP mix, 5% DMSO, 1 µl of
10× buffer, 5 units of Taq polymerase (Promega), and 4.5–8
pmole of each primer in a final volume of 10 µl. For the radio-
labeled reactions, 1 µCi of [a-33P]dCTP (NEN) was added into
each reaction tube. Samples were incubated at 95°C for 3 min.
This was followed immediately by primer-specific cycling, pa-
rameters as follows: ink4a–E2 and GAPDH (452 bp) (95°C–
61°C–72°C) × 30 cycles; ink4a–E3 and GAPDH (180 bp) (95°C–
64°C–72°C) × 3 cycles (95°C–59°C–72°C) × 25 cycles; ink4b–E2
and GAPDH (313 bp) (95°C–60°C–72°C) × 3 cycles (95°C–57°C–
72°C) × 23 cycles. All products were extended at 72°C for 5 min
after cycling.

Exons 4–8 of p53 were analyzed by direct automated fluores-
cent sequencing of gel purified (Qiagen) PCR products with a
Perkin Elmer/Applied Biosystems Model 373 DNA Stretch Se-
quence. Primer pairs spanned intron-exon boundaries in all
cases except exon 6 in which the last 6 nucleotides at the 38 end
were not amplified. Primer sequences used were as follows.
p53–Exon 4, 4F, CCATCCACAGCCATCACCTC; 4R, CCA-
CTCACCGTGCACATAAC; p53–Exon 5, 5F, TCTCTTCCAG-
TACTCTCCTCCC; 5R, TTACCATCACCATCGGAGC; p53–
Exon 6, 6F, TCTTAGGCCTGGCTCCTCC; 6R, TGGCTCA-
TAAGGTACCACCAC; p53–Exon 7, 7F, GCCGCCTCTGAG-
TATACCAC; 7R, CCTTCCTACCTGGAGTCTTCC; p53–Ex-
on 8, 8F, TCCCGGATAGTGGGAACCTTC; 8R, CCTGCG-
TACCTCTCTTTGCG. PCR amplification conditions for p53
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exons 5–7 were 95°C × 3 min followed by 95°C × 30 sec,
60°C × 30 sec, and 72°C × 1 min for 30 cycles. The conditions
for exons 4 and 8 were 95°C × 3 min followed by 95°C × 30 sec,
64°C × 30 sec, and 72°C × 1 min for 3 cycles, then 95°C × 30 sec,
60°C × 30 sec, and 72°C × 1 min for 25 cycles. In both cases, the
PCR reactions were extended at 72°C for 5 min after cycling.

Histological analysis and immunohistochemistry

Samples were fixed in 10% buffered formalin and processed
through paraffin embedding by standard procedures as described
previously (Serrano et al. 1996). For p53 studies, a pellet of cells
from line SVT2 (American Type Culture Collection, Rockville,
MD) was fixed and processed as above to serve as a positive
control. For immunohistochemistry, 3 µM paraffin-embedded
sections were rehydrated, rinsed in PBS, and blocked in 3% BSA
in PBS at room temperature for 20 min. Affinity-purified poly-
clonal antisera or monoclonal antibodies against H-Ras, protein
S100, TRP-1 (clone TA99, kind gift of A. Houghton, Memorial
Sloan-Kettering Cancer Center, New York, NY), and p53
(pAb240 and Ab-7, Oncogene Science) were diluted in 3% BSA/
PBS, incubated on tissue sections overnight at 4°C, and washed
in PBS. Secondary biotinylated antibodies included goat anti-
rabbit (1:1000 dilution), rabbit anti-sheep (1:1000 dilution), and
horse anti-mouse (1:500 dilution) (Vector Laboratories, Burlin-
game, CA), and were incubated for 1 hr at room temperature.
Avidin–biotin peroxidase complexes were then incubated for 30
min (Vector Laboratories, 1:25 dilution). Diaminobenzidine was
used as the final chromogen and hematoxylin was used as the
nuclear counterstain.

Tumor-derived cell lines were seeded in chamber slides (Lab-
Tek) at a density of 20,000–50,000 cells per well and fixed with
methanol/acetone (1:1) at −20°C for 10 min followed by immu-
nohistochemical protocol as above.
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