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ABSTRACT

The two-stage murine skin tumorigenesis model is widely used to study
the development of squamous cell neoplasias. We have investigated
expression of the p53 and retinoblastoma tumor suppressor genes in
eight murine skin tumor cell lines of varied histopathology and malignant
potential, in seven in wvo-derived clones from these cell lines, and in 39
primary short-term cultures of similarly induced skin tumors at various
stages of tumor progression. One squamous cell carcinoma cell line and
three more malignant clones derived from it revealed mutations of the
p53 protein by immunoprecipitation analyses despite normal-sized p53
transcripts. Sequence analysis identified the nature of the point mutations
in these lines, a Gâ€”Â»Ctransversion in codon 132. Mouse retinoblastoma
transcripts and protein were unaltered in all the cell lines examined.
Among short-term cultures of skin tumors, thepSS gene appeared normal
in all papillomas and early well-differentiated carcinomas by Southern
and immunoprecipitation analyses. In contrast, four of eight tumors from
later stages of promotion (50-60 weeks) possessed alterations in p53,
including loss of the p53 product, and loss of Â¡mmunoreactivitywith a
murine-specific antibody recognizing only wild-type pS3 protein. Loss of
heterozygosity at the p53 locus was similarly observed in several more
malignant tumors from later stages of promotion. In contrast retinoblas
toma expression was normal regardless of the stage of promotion or
histolÃ³gica! grade of the tumor. Direct sequence analyses of exons 5
through 8 of the pS3 gene in eight advanced murine skin tumors revealed
a 25% incidence of p53 mutations. These point mutations were located
in codons 245 and 263. Collectively, these data indicate that alterations
in the p53 gene occur in 25 to 50% of murine skin tumors induced by the
two-stage tumorigenesis protocol and are later events in murine skin
tumor progression. Moreover, these alterations are associated with tu
mors possessing a more malignant and/or poorly differentiated
phenotype.

INTRODUCTION

Within the past 10 years evidence has accumulated support
ing the existence of genes that appear to regulate normal and
neoplastic cell proliferation. The homozygous loss or Â¡nactiva-
tion of these tumor suppressor genes by point mutations, dele
tions, or rearrangements plays a role in tumor development (1,
2). The precise physiological function(s) of these gene products
is not known; potential roles in modulating chromosome sta
bility, gene transcription, cellular proliferation, differentiation,
and cellular senescence have been suggested (1,2). To date, the
two tumor suppressor genes most extensively characterized and
studied have been the retinoblastoma susceptibility gene, Rb3
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(3-5), and the p53 gene (6, 7).
The wild-type p53 gene has been found to act as a bona fide

tumor suppressor capable of inhibiting cell transformation in
duced by mutant p53 in collaboration with a variety of activated
oncogenes (8,9). Rearrangements or mutations in the wild-type
p53 gene have been implicated in the development and progres
sion of several human malignancies (10).

Similarly, mutations in both alÃelesof the Rb gene resulting
in functional inactivation of the Rb protein are not limited to
retinoblastomas and their associated secondary malignancy,
osteosarcoma (3). Alterations in Rb have been identified in a
variety of human tumors (11-14) of diverse histopathology,

suggesting that Kb inactivation may be a common theme in
oncogenesis in neoplasms lacking any etiologic or ontogenic
relationship to retinoblastoma (14).

The two-stage murine skin carcinogenesis model has been a

valuable system for investigating the molecular and genetic
events involved in tumor initiation, promotion, and progression
(15). Its utility as an animal model of carcinogenesis lies in its
use in the study of tumor development and progression in a
mammalian system where the genetic and phenotypic variability
has been reduced by using a single carcinogen Â¡na reasonable
genetically homogeneous population (15). Moreover, this ani
mal model for studying the development of squamous cell
carcinomas of the skin has multiple analogies with epithelial
neoplasias of the lung, esophagus, head and neck, and urogen
ital tract (15) and has been widely used to evaluate the carcin-

ogenicity and toxicity of environmental agents. A considerable
body of experimental evidence has demonstrated that over 90%
of murine skin tumors, both papillomas and carcinomas, initi
ated by DMBA and promoted by several types of phorbol esters
possess an activated H-ras oncogene with a point-mutated
codon 61 (16-19). In addition to this initial molecular event,

aneuploidy and progressive dysplasia are hallmarks of mouse
skin papillomas (20, 21). These findings have led to the sugges
tion that skin papillomas bear a high degree of genetic instabil
ity, which may increase the probability of a second relevant
genetic event, i.e., a mutation or chromosomal loss or re
arrangement, which may play a critical role in tumor progres
sion (20, 21).

Despite extensive analyses of tumor suppressor genes in
various human and animal tumors, alterations or loss of known
tumor suppressor genes have not been examined in the two-

stage murine skin carcinogenesis model. It has been hypothe
sized that the loss or inactivation of tumor suppressor genes
may constitute a critical step in murine skin tumor progression,
since the karyotypic changes observed during the later stages
of carcinogenesis may involve the loss or inactivation of such
sequences (see Ref. 22). We sought to investigate these possi
bilities for the p53 and Rb tumor suppressor genes in the murine
skin tumorigenesis model.
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ALTERATIONS OF THE pS3 TUMOR SUPPRESSOR GENE

MATERIALS AND METHODS

Cell Lines

The murine skin tumor cell lines used in these studies are listed in
Table 1. All were maintained in low-calcium (0.05 HIM) minimum
essential medium (Whittaker, Walkersville, MD) supplemented with
1% fetal calf serum and a variety of growth factors as described (23).

Induction of Skin Tumors

Tumors were induced in SENCAR mice initiated with 10 nmol of
DMBA and subjected to twice-weekly promotion with 2 Â¿igPMA as
detailed previously (20, 21) for varying periods extending up to 60
weeks.

Preparation of STCs of Skin Tumors

Tumor sections were characterized histopathologically as described
(21) following hematoxylin-eosin staining. The majority of tumor tissue
was utilized for the preparation of short-term cultures by a modified
cytogenetic technique (24) involving enzymatic dispersion with trypsin,
collagenase type II, and hyaluronidase under aseptic conditions as
previously detailed (25). Cells were plated in low-calcium MEM at 5 x
105-2 x IO6 viable cells/25-cm2 dish at 31Â°C.After 24 h, cells were
gently washed in calcium-free Hank's balanced salt solution with gen-

tamycin (100 Â¿ig/ml)(25) and utilized 24 h later for experimental
analyses.

Tumorigenicity and Spontaneous and Experimental MÃ©tastases

Nude mice of BALB/c background (8-14 weeks old) were whole-
body irradiated (400 rads). Tumor cell lines were resuspended in low-
calcium MEM and injected s.c. at a level of 1 x IO6 cells/mouse. In
order to examine lung colonization potential, 5 x 10s cells/mouse were
injected i.v. into the tail vein. Animals were maintained in microisola-
tors and manipulated aseptically. Upon necropsy at approximately 10
weeks, tumors and lungs were fixed in neutral buffered formalin and
examined histologically.

Southern and Northern Analyses

High-molecular-weight genomic DNA was extracted from cell lines
and STCs by phenol-chloroform extraction and treatment of samples
with RNase A and proteinase K as described (26). Samples were
digested to completion with Xbal, electrophoresed on 0.8% agarose
gels, and blotted to nylon filters (Nytran; Schleicher and Schuell, Keene,
NH). Hybridization and washing conditions were as detailed (25).

Total RNA was prepared by a modified acid guanidinium isothio-
cyanate-phenol-chloroform procedure (27) and electrophoresed on aga-
rose/formaldehyde gels (26). Extraction of polyadenylated RNA was
performed by oligodeoxythymidine cellulose chromatography (26).
Gels were blotted onto pretreated Immobilen N membranes (Millipore,
Bedford, MA). Hybridization and wash conditions were as described
(26).

Southern and Northern blots were hybridized with a 0.93-kilobase
EcoRV-Stul cDNA fragment of murine p53, LTRp53 CG3 (8, 9),
kindly provided by M. Oren (Weizmann Institute, Rehovot, Israel), and
a 4.5-kilobase EcoRl fragment of murine Rb, pmrbllS (5), kindly
provided by R. Bernard (Whitehead Institute, Cambridge, MA). South
erns were hybridized with a cDNA probe, pSMA3.1, for mouse Aprt
as detailed (25). Hybridization with a cDNA probe for /3-actin was done
to evaluate RNA loading. All probes were labeled to high specific
activity with [32P]dCTP (NEN, Wilmington, DE) by the random-primer

technique (28). Densitometric analysis of blots was made as detailed
previously (25).

Cell Labeling and Immunoprecipitation Analyses

Plates (10 cm) of subconfluent murine skin tumor cell lines or STCs
of primary skin tumors were maintained in low-calcium MEM and
washed twice in methionine-free MEM supplemented with 2% dialyzed
fetal calf serum. Cells were subject to methionine deprivation for 2 h

Table 1 Tumorigenicity and mÃ©tastasesdata from parental murine skin tumor
lines and in vivo-derived clones

Lung mÃ©tastases"

CelllineCH72CH72T1CCH72T3CH72T4JWF2JWFT1BB1BB1T1BB1T2BB2BB2T1FBIVT17DTpappll7MT1/2C-50Tumorincidence*9/105/57/79/95/815/152/23/34/44/45/50/161/136/190/50/5HistopathologygradeseenSCC

III-IVsec
ivSCC
IVsec
iSCC
IVSCC
IVsec
ivsec
ivsec
ivsec
ivseci'Papilloma-SCCIPapilloma-SCCIPapilloma^KeratinocytelineSpontaneous6/102/56/75/92/81/152/21/33/44/4NA*0/130/8Lung

colonization0/60/55/73/51/51/83/41/52/22/22/40/180/16

" Metastasis-bearing animals/total number of animals.
* Tumor-bearing animals/total number of animals.
1T, cloned cell line derived from the in vivo passaging of the parental cell line

in nude mice. These lines are phenotypically distinct, although they possess a
common parental origin.

â€¢¿�*NA, not available.
' Line derived from a Stage I SCC.
^ Line derived from a papilloma.

at 37Â°C(31Â°Cfor primary STCs) in a humidified COi atmosphere.
Cultures were labeled with 300 to 600 >iC\of [35S]-L-methionine (Amer-
sham) for 3 h as above in fresh methionine-free media. Labeled cells
were washed twice in cold phosphate-buffered saline, lysed on ice for
20-30 min, precleared with 50% protein A-Sepharose, and subjected
to immunoprecipitation as detailed for murine Rb (29) and p53 (30,
31). Immunoprecipitation was from 1 x 10'cpm of radiolabeled protein

extract per reaction. Immunoprecipitation with preimmune serum
served as an assay control (data not shown). Immune complexes were
washed and resuspended as described (30, 31) and subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (26). Gels were fixed
and processed for fluorography in 20% 2,5-diphenyloxazole in dimethyl
sulfoxide (31) prior to autoradiography at -70Â°C.

Antibodies used in p53 analyses were monoclonal antisera pAb421,
242, and 246, generously provided by A. Levine (Princeton University,
Princeton, NJ), and anti-hsc 70/72 protein (Oncogene Science, Man-
hasset, NY). Analysis of the murine Rb protein was accomplished with
a murine-specific polyclonal antiserum, PRb-mRb (Pharmingen, San
Diego, CA).

PCR Amplification and Sequence Determination of the pSi Gene

Skin Tumor Cell Lines. Messenger RNA from several murine skin
tumor lines was used as a template to obtain cDNA using oligodeoxy
thymidine primers and the cDNA Synthesis Kit (Pharmacia, Piscata-
way, NJ). PCR amplification was carried out using primers PI, 5'-
CTGGGCTTCCTGCAGTCTGG-3' for nucleotides 433-453, and P2,
5'-TTTGGTGAACTACCTCTCA-' for nucleotides 1064-1082 of mu
rine p53 (32). Conditions for PCR were 30 cycles of 92Â°C(1 min), 60Â°C
(1 min), and 72Â°C(1.3 min). Reactions for PCR contained 50 pmol of

each primer, 200 /Â¿Mof each deoxynucleotide triphosphate, a final
concentration of 2 IHMmagnesium chloride, and 2.5 units of Amplitaq
(Perkin Elmer Cetus, Norwalk, CT) DNA polymerase. Following aga-
rose gel electrophoresis, the 600-base pair PCR products were purified
and ligated into PCR 1000 vectors using the TA cloning system
(Invitrogen, San Diego, CA). Following transformation of INVaF'

Escherichia coli cells, plasmids with DNA inserts (white colonies) were
isolated and subject to double-strand sequencing with T7 polymerase
using the Sequenase Kit, Version 2.0 (U.S. Biochemical Corp., Cleve
land, OH), according to the manufacturer's instructions.

Primary Skin Tumors. A total of eight skin tumors induced by DMBA
and exposed to 38-48 weeks of promotion with PMA were subjected
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ALTERATIONS OF THE pS3 TUMOR SUPPRESSOR GENE

to PCR and sequenced for exons 5 through 8 of murine p53 as detailed
(33). Briefly, tumors were microdissected from surrounding connective
tissue, and tumor genomic DNA was subject to 35 cycles of PCR using
primers 5314AS2 ad 53E8AA under the following conditions: 94Â°C
(1.17 min); 62Â°C(I min); and 72Â°C(1.25 min). Amplification primers

are contained within flanking introns to avoid amplification of the
mouse p53 pseudogene. A single PCR-amplified product (approxi
mately 1.4 kilobases) from each tumor was purified by Sephadex G-25
filtration and subjected to direct sequencing of each exon using 32P-

end-labeled primers for exons 5 through 8 as described (33). Tumors
were resequenced using the corresponding sense or antisense sequencing
primers for each exon to verify specific mutations. Sense and antisense
sequencing primers for exons 5 through 8 are described by Goodrow et
al. (33).

PCR primers

5314AS2 (sense) 5'-ACACCTGATCGTTACTCGGCTTGTC-3'

53E8AA (antisense) 5'-AAGAGGTGACTTTGGGGTGAAGCTC-3'

RESULTS

Alterations in pS3 and Kh in Murine Skin Tumor Cell Lines.
We have examined a total of 15 murine skin tumor lines: three
papillomas; four SCCs ranging from Stage I through III in
histopathological grade (20, 21); eight anaplastia carcinomas
(Stage IV); and one immortalized, nontransformed keratinocyte
line serving as a control (Table 1). These lines represent eight
original (parental) cell lines and seven in v/vo-derived clones of
different morphology and malignant potential derived from
these parental lines. All were derived from tumors induced in
mice by initiation with DMBA and twice-weekly promotion
with PMA as described (20, 21). These cell lines and in vivo
clones derived from them represent an in vitro panel of pheno-

types spanning all stages of murine skin tumorigenesis from
benign, well-differentiated papillomas to malignant, poorly dif
ferentiated carcinomas.

Southern and Northern blot analyses were conducted with
cDNA probes for murine Rb (5) and p53 (8, 9) and revealed no
gross rearrangements or transcript abnormalities for either
tumor suppressor gene; however, Rb mRNA levels were reduced
in several lines (data not shown).

As these types of analyses may not discern subtle alterations
such as point or missense mutations of the genes in question
(see Refs. 14, 18, and 34), immunoprecipitation analyses were
conducted to examine the Rb and p53 proteins in these cell
lines. Immunoprecipitation of the Rb protein with a murine-
specific polyclonal antisera (see Ref. 5) revealed a normal-sized
species of M, ~ 105,000 in all cell lines examined (Fig. IA),
suggesting that alterations in the Rb protein are an uncommon
event in the murine skin tumor cell lines examined, regardless
of their tumorigenicity, histopathological grade, or malignant
potential.

Several distinct monoclonal antibodies were used for analysis
of p53, including pAB 421 (35) directed against carboxyl-
terminal residues 370-386 of mammalian p53; pAB 242 (36)
directed against residues 9-25; and pAB 246 (30, 31), a confor
mation-dependent, murine-specific antibody recognizing an ep-
itope between residues 88 and 109 of specifically wild-type p53.
Lastly, antisera against the M, 70,000-72,000 heat-shock pro
tein (hsc 70/72) family were used for p53 analyses. Most mutant
p53 proteins have been shown to form stable complexes with
hsc 70 (8, 30, 31) and to undergo conformational changes
which render them nonimmunoreactive with pAB 246 (30, 31).

â€”¿�o â€¢¿�Â»
*â€” CNJ P>J C\l C\J f^

C X X X X ^
Â»-,- Â«-CM
cococoen
cum mm

B

C 50 VT17DT MT1 2 CH72CH72T3 JWF2 JWFTl Pll7 BBl BB2 BB2Ti

ab ab ab ab ab ab ab ab ab ab a DK I
.
CH72 CH72T1 CH72T3 CH72T4

1.-â€¢-â€¢--

Fig. l. Immunoprecipitation analyses of Rb and p53 in representative parental
murine skin tumor cell lines and in vivo passaged clones. Immunoprecipitation
was from I x 10 cpm of radiolabeled protein lysate per reaction as detailed for
murine Rii (29) and p53 (30. 31). Immunoprecipitation with preimmune serum
served as an assay control (data not shown). C-SO is a keratinocyte cell line
serving as a control. KÃ¬^hrordinate, molecular weight standards (in kD). .1.
immunoprecipitation of Rb from representative murine skin tumor cell lines with
a murine-specific polyclonal antisera. PRb-mRb (Pharmingen). Immunoprecipi-
tates were electrophoresed on an 8% polyacrylamide gel as detailed (30). B-C,
immunoprecipitation of pS3 from representative murine skin tumor cell lines
with anti-p53 monoclonal antisera pAb421 (Lanes a), pAb246 (Lanes b), pAb242
(Lanes c); and anti-hsc 70/72 protein (Lanes </). Immunoprecipitates were elec
trophoresed on a 10% polyacrylamide gel as described (30).

Four of the 15 cell lines examined were nonreactive with pAB
246, despite the presence of normal-sized p53 protein immu-
noprecipitable with pAB 421 and pAB 242 (see Fig. l, B and
C, for representative data) and abundant normal p53 tran
scripts. Of a total of eleven cell lines possessing some degree of
metastatic potential and lung colonization ability, the parental
line, CH72, and three in vivo passaged clones derived from it
were among the 10 most malignant in vivo (30-80% of mice
exhibited lung mÃ©tastasesand/or lung colonization ability after
i.v. inoculation); the remaining was only weakly metastatic
(<10% lung mÃ©tastasesand or lung colonization ability; Table
1). Curiously, none of the cell lines in question displayed
significant hsc 70 binding (Fig. 1).

In order to determine the true nature of the suggested muta-
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ALTERATIONS OF THE p53 TUMOR SUPPRESSOR GENE

CH72T1 CH72T3A CH72T3B CH72T4

A C G T A CGTACGT ACGT

codon 132

L

B SCCI SCCII

G ATCGATC

i

i
codon 263

Fig. 2. Sequence analysis o(p53 gene mutations. A,p53 mutations in the CH72
(SCC Stage II) and CH72T3 and CH72T4 (SCC Stage IV) murine skin tumor
cell lines derived by in vivo passaging of the parental CH72 lines in nude mice.
Messenger RNA from cell lines was used to generate a cDNA template for PCR
amplifications using primers PI, 5'-CTGGGCTTCCTGCAGTCTGG-3' for nu-
cleotides 433-453 and P2, 5'-TTTGGTGAACTACCTCTCA-3' for nucleotides
1064-1082 (32). Conditions for PCR were 30 cycles of 92'C (1 min), 60'C (1
min), and 72'C (1.3 min) and are detailed in "Materials and Methods." PCR

products were purified and ligated into PCR 1000 vectors (Invitrogen). Subcloned
PCR products were subjected to double-strand sequencing with T7 polymerase
using the Sequenase kit (U.S. Biochemical) as described in the manufacturer's

instructions. Mouse spleen DNA served as a normal control (data not shown).
CH72T3Ã‚, CH72T3B, two subclones of the same line. A, Direct sequence analysis
of p53 in murine skin tumors. PCR-amplified genomic DNA from murine SSCs
was subject to direct sequencing with 3!P-end-labeled sequencing primers as
detailed (33). Left, representative mutation in one alÃeleof p53 in codon 263,
exon 8, and the wild-type sequence for this locus. Mutations were verified by
resequencing with the corresponding sense or antisense sequencing primers (see
Ref. 33).

lions in the p53 gene, sequence analysis of PCR-amplified
cDNA products was undertaken on the mutated cell lines. The
CH72 SCC line (Stage II SCC; see Ref. 37) and the malignant
anaplastic cell lines initially derived from it by in vivo passaging
in nude mice were subject to sequence analysis of thep53 gene.
Subcloned PCR products from each cell line were sequenced
(Fig. 2A). Each clone possessed a single point mutation in the
third nucleotide of codon 132, causing a Câ€”*Gtransversion and
resulting in a substitution of a tryptophan residue for cysteine.
This amino acid is highly conserved in human, mouse, Xenopus,
and rainbow trout (6). Moreover, this mutation is located in
one of the four "hot spots" for p53 mutations corresponding to

the four most highly conserved regions of the p53 gene (6, 38).
Alterations in pS3 and Rb in Primary Skin Tumor. While the

data indicating p53 alterations in murine skin tumor lines are

of interest, the limitations and often artefactual results inherent
in the use of long-established cell lines must be considered,
particularly in studying the complex temporal process of tumor
progression. Consequently, we examined primary murine skin
tumors induced by the two-stage carcinogenesis protocol at
various weeks of tumor promotion. A modified cytogenetic
technique was used to prepare STCs (24-48 h) of skin tumors
free of nonepithelial stromal and inflammatory elements and
normal epithelial cells as well (24, 25). Moreover, in vitro
selection among tumor epithelial subpopulations was unlikely,
given their short-term nature. This technique enabled exami
nation of tumor epithelial populations in vitro which closely
reflect their in vivo nature (25).

In an earlier study (25), 13 skin tumors (papillomas through
anaplastic carcinomas) from SENCAR mice subject to 24 to
60 weeks of promotion with PMA were examined. The available
DNA from STCs of these tumors was subject to Southern
analysis with a murine p53 cDNA probe (9), and the data were
analyzed densitometrically (Table 2). Three of the 13 tumors
exhibited heterozygous deletions ofp53 based on their p53:Aprt
ratios. Two tumors were moderately differentiated Stage II
SCCs and one anaplastic carcinoma (Stage IV) from mice
subject to 35, 39, and 60 weeks, respectively, of PMA promo
tion. These same tumors also exhibited reduced ratios of nor-
mal:mutated H-ras (25; data not shown). No alterations were
observed in well-differentiated SCCs (Stage I) or in animals
subject to <35 weeks of promotion. Two additional tumors (44
and 60 weeks of promotion) may have presented hemizygosity
at the/>53 locus, possibly due to the presence of mixed epithelial
subpopulations within their STCs (Table 2). Given the inherent
limitations of Southern analyses in detecting subtle mutations
and this relatively small number of tumors, additional studies
were conducted.

Eighteen tumors [ten papillomas, seven SCC Stage I, and
one anaplastic carcinoma (Stage IV)] from mice subject to <35
weeks of PMA promotion and eight tumors (two SCC Stage I,
three SCC Stage II, and three SCC Stage III) from mice subject
to 50 to 60 weeks of PMA promotion were prepared as STCs,
labeled with [35S]-L-methionine, and subjected to immunopre-

cipitation analyses of p53 and Rb. Among the 18 tumors from
early-intermediate stages of promotion, none exhibited any p53
alterations as manifested by normal-sized p53 protein immu-
noprecipitable with anti-p53 antibodies 421, 242, and 246 (see
Fig. 3). In contrast, among the later or advanced group of
tumors, four of eight (50%) exhibited p53 abnormalities includ
ing no detectable protein (1 SCC I tumor) or loss of immuno-

Table 2 p53 densitometry data from Southern analyses of STCs ofDMBA/PMA-
induced murine skin tumors

Tumor12345678910111213Histopathology(SSCstage)IIIIInnniIViiiiinWeeksofpromotion24273235353637394244606060p5J:Aprtratio"1.101.240.771.200.370.850.980.491.180.66*0.790.70*0.26

Â°A relative value of 1.0 was assigned to the densitometric ratio ofp53 to Aprt

signal intensity as measured in control tissue DNA (spleen DNA). A value of
<0.5 is indicative of a heterozygous deletion ofp53.

* See text for discussion of these ratios.
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ALTERATIONS OF THE p53 TUMOR SUPPRESSOR GENE

pap (32) pap (32) SSC.I (60) SSC.l (32) SSC.lll (60) SSC.l (32) SSC.1V (32)

abc abc abc abc abc abc abc

-

â€”¿�71

â€”¿�44
-p53

1888 1920 9255 1876-B 9257 1877-A 1884

Fig. 3. Immunoprecipitation analyses of p53 in several representative STCs of DMBA/PMA-induced murine skin tumors. Forty-eight-h cultures of skin tumors
were prepared as described (24, 25) and [35S]-L-methionine-labeled and immunoprecipitated as described for Fig. I (30, 31). Anti-p53 antisera pAb421 (a), pAb242
(A), and pAb246 (c) were used in these analyses. Top, histopathological grade of the tumor; parentheses, weeks of promotion with PMA. Right ordinate, molecular
weight standards (in kD).

reactivity with pAB 246 (two SCC II tumors, one SCC III
tumor) (see Fig. 3 for representative data). Collectively, the
Southern and immunoprecipitation data suggest that p53 alter
ations in the majority of murine skin tumors are later events
(>35 weeks promotion) during tumor development. Moreover,
of the seven tumors exhibiting p53 alterations in both studies,
six were Stage II SCCs or greater in their histopathology grade,
suggestive of an association between a more malignant and/or
poorly differentiated phenotype and the presence of p53 alter
ations. Similar to the results obtained with murine skin tumor
cell lines, the Rb protein was not altered in any of the primary
STCs of skin tumors examined (data not shown).

Tissues utilized in these immunoprecipitation analyses were
not available for PCR sequence analysis of p53 mutations. In
order to further investigate the nature and location of p53
mutations in advanced murine skin tumors (38-48 weeks of
promotion), we analyzed eight primary murine skin tumors
(four SCC I, four SCC II) induced by the two-stage protocol
for direct sequence analyses of the mutational hot spot regions
of the p53 gene. These analyses revealed a p53 mutation inci
dence of 25%. Mutations in one alÃeleof murine p53 were
detected in codons 245 and 263, in exons 7 and 8, respectively
(see Fig. 2B). In both cases, the tumors were a Stage II SCC
from 44 and 48 weeks of promotion with PMA. The mutation
in codon 245 was a Gâ€”Â»Ctransversion resulting in an argâ€”>pro
substitution, and that in codon 263 a Gâ€”Â»Atransition resulting
in a glyâ€”Â»glusubstitution (see Ref. 32). Collectively, these data
suggest a p53 mutation frequency of approximately 25 to 50%
in the advanced skin tumors induced by the two-stage tumori-
genesis protocol.

DISCUSSION

Understanding the molecular events underlying tumor pro
gression and the acquisition of the metastatic phenotype has
been a major challenge in cancer research. To date, the most
extensive evidence for multiple cumulative genetic changes in
oncogenes and tumor suppressor genes leading to the full
expression of the malignant phenotype has been in human
colorectal tumorigenesis (38, 39). Mutations in p53 provide a
selective growth advantage, with the loss of the wild-type alÃele
often associated with progression from colonie adenoma to
carcinoma (39). A salient feature of these studies is the fact that
the total accumulation of genetic changes, rather than their
temporal sequence, determines the tumor phenotype. Similarly,
multiple and cumulative genetic alterations may be responsible

for the acquisition of the malignant phenotype in the murine
skin tumorigenesis model as well. In support of this hypothesis
is the observation that murine papillomas are predominantly
heterozygous for wild-type and mutated H-ras, while carcino
mas exhibit a reduction or loss of wild-type H-ras and amplifi
cation of the mutated alÃele(17, 22). More recent cytogenetic
and molecular evidence (25) has demonstrated nonrandom
trisomy of mouse chromosomes 6 and 7 (the latter harboring
the H-ras locus) in advanced papillomas possessing an activated
H-ras gene, suggesting a genetic imbalance in favor of the
mutated H-ras alÃele.In addition, loss of heterozygosity of
other polymorphic markers in chromosome 7 have suggested
that other tumor suppressor genes could be inactivated during
conversion from papilloma to carcinoma (40, 41). Cooperation
between activated ras and fos oncogenes in the malignant con
version of murine keratinocytes to SCC has been demonstrated
previously (42). These events may play a critical role in the
conversion from a papillomatous to carcinomatous state. More
over, at later stages of progression, an increase in mutant ras
gene dosage has been observed to constitute a discrete step in
the progression from SCCs to anaplastic or spindle cell tumors
(25, 43). In this study, we present data which suggest that
alterations in the p53 tumor suppressor gene are absent or rare
in papillomas and early well-differentiated carcinomas and are
later events in the process of murine skin tumor progression.
Furthermore, in established cell lines and to a greater extent in
primary skin tumors these alterations are associated in a ma
jority of cases with a more malignant poorly differentiated
phenotype. Hence, gross chromosomal alterations as well as
subtle genetic changes appear to be important elements in the
multistep process of murine skin tumor progression.

The murine cell lines harboring a mutated p53 did not com
plex significantly with hsc 70 protein. However, several reports
(44, 45) have described mutant variants of p53 in rodent cells
which do not complex with hsc 70 protein yet display nonsup-
pressive or immortalization properties. Furthermore, evidence
has been presented (46) that the wild-type p53 protein may
exist as two allosteric variants, pAb246 immunoreactive and
pAb246 nonimmunoreactive, enabling the protein to exhibit
dual functionality as a growth suppressor and activator of cell
proliferation, respectively. Sequence analysis of the cell lines
harboring p53 mutations confirmed the nature and location of
the mutations in thep53 gene. A Câ€”>Gtransversion in the third
nucleotide of codon 132 was identified in all four cell lines
independent of their malignant properties, suggesting that a
single p53 mutation was not the sole determinant for the
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acquisition of enhanced malignant potential in several of the
more anaplastic cell lines derived from the parental CH72 SCC
line. Mutations in this homologous codon have been identified
in human colorectal cancer (38) and non-small cell lung cancer
(47). The same mutation was likewise identified in a murine
methylcholanthrene-induced fibrosarcoma cell line, Meth A
(31), but in the latter the substitution was cysteineâ€”Â»
phenylalanine.

Sequence analyses of eight advanced skin tumors (38-48
weeks of PMA promotion) identified mutations in codons 245
and 263 of murine p53. In both cases, the missense mutations
were heterozygous, with the tumor possessing only one mutated
p53 alÃele,although hemizygosity of the mutated alÃelecannot
be eliminated as a possible explanation for these findings. At
present, there is little basis in the available literature on p53
mutations in chemically induced murine tumors for compara
tive analysis (see Ref. 31) with our findings. This model awaits
further examination in this regard. The lower frequency of p53
mutations detected by direct sequencing of advanced murine
skin tumors (25%) compared to the results obtained by inumi
noprecipitation analyses (50%) may result from several factors,
including the relatively small sample size in each case (n = 8
tumors) and inherent variability in the p53 mutation frequency
in this model. Second, the immunoprecipitation analyses were
conducted on tumors subject to 50 to 60 weeks of promotion,
while the tumors used for direct sequencing were in the range
of 38 to 48 weeks of promotion. While both groups constitute
later or advanced stages of tumor promotion, it is not incon
ceivable for the former group to possess a higher mutation
frequency. Finally, the possibility that mutations exist in re
gions of the p53 gene not sequenced in our studies, including
the promoter and enhancer regions, must be acknowledged.
Our analyses were focused upon the highly conserved regions
where mutations are predominant (see Ref. 10).

Current studies in our laboratories are investigating the na
ture and location of mutations in hot spot regions of the p53
gene and the exons flanking these conserved regions in murine
skin tumors induced by various carcinogenesis protocols, in
order to elucidate the role of specific carcinogens and tumor
promotion regimens on the frequency and type of mutations in
the murine p53 gene. These studies and additional investiga
tions of tumor suppressor genes in early and later stages of
tumor promotion may provide further insights into the molec
ular events underlying the process of multistage tumorigenesis
in the murine skin tumor model.
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