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ABSTRACT

Allelotype analysis of human tumors has been instrumental in the effort
to discover and clone novel tumor suppressor genes. However, this ap
proach has not been systematically applied to animal models of carcino-

genesis. We describe here the first attempt to allelotype a nonhuman
tumor, i.e., chemically induced mouse skin tumors, using a panel of poly
morphic microsatellite markers. The results indicated that markers on
chromosomes 6 and 7 were imbalanced, consistent with trisomy in both
benign and malignant skin tumors. A proportion of carcinomas also
showed loss of heterozygosity on chromosome 11, where the p53 gene is
located, and more rarely, on chromosomes 4, 6, and 15. The significance of
these alterations is highlighted by the observations of no alleile imbalance
for markers on 12 other chromosomes.

INTRODUCTION

Genes that influence cancer development can be conveniently di
vided into two categories: (a) those which have a positive influence
on tumor growth or development (e.g., oncogenes); and (b) those
which exert an inhibitory effect (e.g., tumor suppressor genes). As
cancer results from the clonal expansion of cells, genetic alterations
which increase the copy number (or activity) of oncogenes or which
inactivate tumor suppressor genes may be selected during tumorigene-

sis and thereby increase the rate of tumor development. This view is
supported by the characteristic genetic alterations, including gene
amplifications, chromosome duplications, deletions, and rearrange
ments which are frequently observed in most types of human cancers
(1). These chromosomal alterations have been instrumental in suc
cessful efforts to identify and clone novel oncogenes and tumor sup
pressor genes (2, 3). However, there are many examples of chromo
somal alterations, the most frequent of these being regional LOH,2 for

which the candidate gene has yet to be identified (3). It is assumed,
based on the Rb and p53 examples, that these regions harbor a gene
or genes with tumor suppressor-like activity, the elimination of which

could contribute to tumor development.
Animal models have proven invaluable for the detection and char

acterization of mutations in positive effector genes such as the ras
oncogenes (4-6). The constant genetic background, controlled etiol

ogy, and well defined stages of tumor development permit experi
ments and conclusions not possible in human studies. Also, there is a
large degree of synteny, or conservation of gene order, between the
mouse and human which facilitates comparative genetic mapping (7).
We have recently described the use of interstrain and interspecific Fj
hybrid mice as a model system for assessing the involvement of tumor
suppressor genes in multistage carcinogenesis (8, 9). Allelic imbal
ance or LOH can easily be detected in tumors derived from F, mice
at any given marker which is polymorphic between the parental
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strains. In the most informative cross between Mus musculus and Mus
spretus, a useful polymorphism can be found at most loci (10, 11).

We have used the multistage skin carcinogenesis model because the
stages of initiation, promotion and progression are well characterized.
Treatment of mouse skin with a single dose of an initiating agent such
as DMBA or MNNG followed by twice weekly application of the
tumor promoter TPA results in papilloma formation after 7-15 weeks.
A small percentage of the papillomas (â€”5-10%) can progress to

become malignant squamous cell carcinomas. An additional progres
sion step is the conversion to undifferentiated spindle cell carcinomas
(12).

Several stage-specific genetic alterations have already been identi

fied in mouse skin tumors. Nearly 100% of both papillomas and
carcinomas induced by DMBA/TPA have the same A to T mutation in
codon 61 of the tia-ras gene (13). This, together with other results
reviewed in Ref. 4, indicates that mutational activation of the Ha-ras

gene can function as an initiating event in this system. Additional
changes are observed during tumor progression. Cytogenetic analysis
revealed frequent trisomy of chromosomes 6 and 7 in both papillomas
and carcinomas (14). By molecular analysis, the majority of carcino
mas showed a 2- or 3-fold increase in the copy number of mutant
Ha-ras alÃeles(8, 13, 15) while the more malignant spindle cell

carcinomas had frequently lost the normal alÃele(16). Recent studies
have demonstrated LOH at the p53 locus on chromosome 11 and
mutational inactivation of the remaining p53 alÃelein a significant
percentage of carcinomas (9, 17). However, additional genetic
changes are likely to be involved in tumor progression. We describe
here the first extensive use of polymorphic microsatellites in the
analysis of a nonhuman tumor. We provide molecular evidence con
sistent with trisomy of chromosomes 6 and 7 in both papillomas and
carcinomas and show complete loss of chromosome 11 in some car
cinomas as a mechanism for losing wild type p53. The significance of
these changes is indicated by the absence of alterations for markers on
12 other chromosomes.

MATERIALS AND METHODS

Mice and Tumor Induction. All procedures on animals were carrried out
under UK home office regulations. BALB/c and outbred NIH/Swiss mice were
obtained from HarÃanOlac (Oxon, United Kingdom), Outbred SENCAR mice

from A. Kinselea at the Paterson Institute for Cancer Research, 129/Ola mice
from J. Peters at the MRC Radiobiology Unit, Harwell, M. spretus mice from
S. D. Brown (London), and M. spretus X CBA/J hybrids from G. Bulfield at
the AFRC, Edinburgh, Scotland. All mice were bred in-house and fed CRMX

diet (Special Diet Services, Oxon, United Kingdom) and tap water ad libitum.
The backs of 7- to 10-week-old mice were shaved and skin tumors were

induced with a single application of DMBA (25 fig/mouse in 200 fu acetone)
followed by twice weekly applications of TPA (10~4 M in 200 Â¡JL\acetone) as

described (8). Alternatively, some tumors were induced with twice weekly
applications of DMBA (25 fig/mouse) or MNNG (600 fig/mouse). Carcinomas
were removed from the mice as they appeared, usually after 30-50 weeks. Any

papillomas present were also taken and frozen. DNA was isolated from tumors
and tissues as described (18). Restriction enzyme digestion, electrophoresis,
and Southern blotting were performed using various probes as described (8) in
addition to retinoblastoma (pMRB102) (19), fos, (pVMM'(A)n) (20), and cyl-1

(p287) (kindly provided by Drs. Gordon Peters and Clive Dickson). Inserts
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were isolated from low melting point SeaPlaque agarose (ICN Biochemicals)
and labeled by the random primer method (21).

Cell Lines. Expiants were made from some tumors and resulting cell lines
were cultured in Dulbecco's modified Eagle's medium with 10% fetal calf

serum.
PCR Analysis of Polymorphic Microsatellites. Microsatellites were se

lected based on information from a series of papers (22-25). Primers were

synthesized using an Applied Biosystems 381A or 392 DNA synthesizer. One
hundred Â¡j.\of deprotected primers were extracted with 1 ml 1-butanol for 5

min, pelleted by centrifugation, dried, and resuspended in dH20 at a concen
tration of 140 fig/ml. To prevent primer degradation, only small aliquots were
purified and all primers were kept at -20Â°C. Alternatively, some primers were

obtained from the Human Genome Mapping Project Resource Centre, Harrow
or from Research Genetics, Huntsville, AL, and used without further purifi
cation. Standard PCR reactions were done in 50 Â¡j.\with 200 ng genomic DNA,
2.5 units of Taq polymerase (from a variety of suppliers), reaction buffer
specific to each supplier of Taq, 7 /ig/ml each primer, 200 fÂ¿Mof each nucleo-
tide, and 0.2 piCi [a-12P]dCTP (3000 Ci/mmol; Amersham). In our hands,

adding extra Mg2-t- rarely increased product yield or specificity. Amplifica

tions were done in Perkin/Elmer DNA thermal cycler model 480 consisting of
an initial denaturation step at 94Â°Cfor 2 min, followed by 30 cycles at 94Â°C
for 1 min, 55Â°Cfor 1 min, and 72Â°Cfor 0.5 min. For some primers, the
annealing temperature was varied from 50 to 60Â°Cin order to increase product

and/or specificity. The products were electrophoresed on agarose gels (3%
NuSieve/1% agarose) in Tris borate EDTA buffer with 0.5 mg/ml ethidium
bromide and photographed or on nondenaturing 6% acrylamide gels (20 x 45
cm vertical gel apparatus, Cambridge Electrophoresis) and visualized by au-

toradiography.

RESULTS

Microsatellite Analysis. Microsatellites are simple sequence re
peats, often runs of (CA)n (where n = 10-20) present in very large
numbers (>105 copies) and scattered widely throughout the mouse and

other mammalian genomes (22, 23, 26). Importantly, these repeats and
often vary in length between inbred strains of mice or individuals and
are amenable to PCR analysis making them very useful genetic mark
ers in mapping studies. There are now over 400 polymorphic micro-

satellites characterized and mapped in the mouse (22, 23). Over 90
microsatellite sequences were examined for length polymorphisms
between the strains of mice used in this study: SENCAR; BALB/c;
129; NIH/Swiss; CBA/J; and M. spretus. The degree of polymorphism
between M. spretus and M. musculus was the highest (â€”70%), with
lower rates for Sencar versus BALB (~20%) and 129 versus NIH
(~30%). The SENCAR, NIH/Swiss, and M. spretus mice were poly

morphic within themselves for several markers which was expected as
these animals were not fully inbred. New alÃelesnever appeared in
tumors demonstrating the somatic stability of the microsatellites. For
several microsatellites, the two alÃelesdid not amplify equally from
control spleen DNA; usually the smaller alÃelewas preferentially
amplified. However, the amplification of DNA from several spleens or
repeated amplification from the same DNA sample were consistent
and this permitted reliable identification of allelic imbalance in most
tumor DNA samples.

Allelic Imbalances. Microsatellites which were polymorphic are
listed in Table 1 along with their approximate chromosomal map
position. Also listed are DNA probes which were used for RFLP
analysis. At least one marker on 17 of the 19 mouse autosomes was
examined for allelic imbalance in a series of papillomas and carcino
mas which were induced in SENCAR X BALB F, (SB) (15 tumors),
129 X NIH F, (SN) (28 tumors), NIH X M. spretus F, (SpN) (19
tumors), or CBA X M. spretus FÂ¡(MsC) (4 tumors) mice. Tumor
multiplicity varied greatly for these cases according to the following
order: SB ~ SN Â» SpN ~ MsC. Not all mice were informative for

a given marker so the number of tumors examined varies from marker
to marker (Table 2). The majority of tumors examined were induced

Table 1 Microsatellite and RFLP markers used for allelotype analysis

Chromosome(cM)1(0)1(29)1

(40)1
(40)1(41)1(54)1

(82)2(40)2(47)3(15)3(15)3(65)3(84)4(38)4(45)4(53)4(72)6(~0)6(32)6(32)6

(-30)6
(-50)7(4)7(37)7(49)7(72)7(74)7(74)8(35)9(28)9(28)11

(10)11(30)1

1(29)11(29)11(30)11

(54)11
(62)11
(62)12

(65)12
(35)13

(19)13
(44)14

(27)15

(18)15
(35)15
(45)15
(45)16

(37)17(19)18(57)19(0)Locus"D1MIT4D1MIT19AcrgAcrgBcl-2DlNds2D1M1T15CasIl-lb11-2D3MIT3D3MIT11D3MIT18Onn-1D4ndslD4nds2D4SMH6bD6MIT1Ly-3D6nds6D6MIT9D6MIT10CkmmFesHbbCyl-1Int-2Int-2Mt2Cypla-2Cypla-2Gins11-3II-4II-5CsfgmHox-2GfapMylaIgHFosD13MIT14D13MIT13RbMycGdc-1Krt-2D16MIT4D16MIT7TnfbMbpD19MITI.D.*T50TillT24T2RFLPT49T138T81T8T9T223T45T35T105RFLPRFLPRFLPRFLPT9noT33T34T4RFLPT42T48T3T5139T7T161RFLPRFLPT13T44T109T22T36

" Locus refers to DNA sequence or gene where microsatcUitc is located. Mapped

positions given are approximate. The MIT loci are described (23).
h Microsatcllite primer pairs numbered according to nomenclature in Refs. 22, 24, 25.

with DMBA/TPA (58) with fewer multiple MNNG-induced tumors

(12) or multiple DMBA tumors (2).
Chromosomes Which Show No Allelic Imbalance. Fig. 1 shows

several examples of tumors which showed no allelic imbalance using
both polymorphic microsatellite and RFLP markers. In the top panel
the PCR product from a microsatellite located near the Cypla-2 gene

(on chromosome 9) was radiolabeled and run on a 6% acrylamide gel
and the bottom panel shows a standard RFLP analysis using the mouse
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Table 2 Alleile imbalance in murine skin tumors"

Chromosome12346789111214141516171819Papillomas0/20

(0)0/6(0)0/1

1(0)0/23(0)5/24

(21)22/30
(73)0/1

1(0)0/9
(0)0/30

(0)0/5
(0)0/10
(0)0/18
(0)0/14

(0)0/7

(0)Carcinomas0/31(0)0/22(0)0/27(0)2/31

(6)13/46(28)18/22

(82)0/17(0)0/14

(0)5/23
(22)0/11(0)0/24

(0)0/17(0)1/27(4)0/22(0)0/23

(0)0/21
(0)0/8

(0)Jjâ€¢â€¢;

S1o

nEâ€¢Â£1
.ii"â€¢ilBO

-r70
Y60r150

-T40

1M!20-10-'

" Numbers of tumors showing allelic imbalance/number of informative cases (precent)

at one or more marker(s) on each chromosome. The percent is plotted in Fig. 2.

Chromosome

Fig. 2. Allelotype of papillomas and carcinomas. The percentage of tumors showing
;illcltc imbalance for each chromosome is plotted from Table 2.

retinoblastoma gene (on chromosome 14) as a probe. In these ex
amples, both parental alÃelescan be detected in both spleen and all
tumor DNA samples and no significant allelic imbalances are ob
served. Extension of this type of analysis to at least one, and in most
cases several, markers on 17 of the 19 mouse autosomes showed that
100% of both papillomas and carcinomas retained heterozygosity for
markers on chromosomes 1, 2, 3, 8, 9, 12, 13, 14, 16, 17, 18, and 19
(Fig. 2; Table 2). These results indicate that wholesale chromosomal
gain or loss is quite rare in mouse skin tumors, increasing the signifi
cance of any alterations which might be detected.

Early Events: Irisoni v of Chromosome 7 in Papillomas. Previ
ous cytogenetic (14) and molecular studies (8, 15) have revealed that
chromosome 7 is imbalanced and probably trisomie in the majority of
skin carcinomas. However, it is not clear at what stage these alter
ations arise. First, to demonstrate the sensitivity of PCR analysis of
microsatellites, the same series of carcinomas which had previously
been studied using RFLPs (8) was investigated for allelic imbalance
using microsatellite markers on chromosome 7. Markers at both the
proximal locus Ckmm (4cM) and the distal locus Int-2 (74cM) showed

allelic imbalance (Fig. 3) in the same tumors which showed allelic
imbalance by Southern blot RFLP analysis (8) with 100% allelic
concordance. These encouraging results demonstrated that PCR am
plification of polymorphic microsatellites was accurate and sensitive

S N Cu Fa Ca Pa Pa Pa Spl Ca Ca

Cypla2

C
OÃ

Ba Pa Pa Pa Pa Pa Pa Pa Pa

Kb

Fig. 1. Examples of allelotype analysis of mouse skin tumors. Top, the products of a
PCR-amplified microsatellitc near the Cypla-2 locus radiolabeled and electrophoresed on
a 6% acrylamide gel and visualized by autoradiography. Bottom, a standard RFLP analysis
by Southern blotting using the mouse retinoblastoma complementary DNA as a probe. N,
NIH spleen DNA; S, M. Sprelus spleen DNA; Spl, SpN spleen; Pa, papilloma; Ca,
carcinoma; Ba, BALB/c alÃele;Se. SENCAR alÃele.
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Fig. 3. Allelic imbalance on chromosome 7. Microsatellites near Ckmm and Int-2 were
PCR amplified, radiolabelled and run on 6% acrylamide gels as described. 129, 129 spleen
DNA; N1H, NIH spleen DNA; Spleen, 129 X NIH Fl spleen DNA. Carcinomas SN97 and
SN98 are imbalanced in favor of the NIH alÃeleat both Ckmm and lnt-2 whereas the 129
alÃeleis favored in SN132 and SN152. SN158 is balanced at Ckmm but imbalanced at Int-2
indicating this tumor has undergone mitotic recombination. See Ref. 8 for corresponding
RFLP analysis.

enough to detect allelic imbalance in a tumor DNA sample. In total 18
of 22 DMBA/TPA-induced carcinomas showed allelic imbalance for

at least 1 marker on chromosome 7 and the majority of these tumors
were imbalanced at all markers examined (Fig. 2). Ckmm maps close
to the centromere (4 cM) whereas Int-2 is quite distal (74 cM); thus

the imbalance observed at these loci confirms previous propositions
that the whole of chromosome 7 is imbalanced (8, 14). Tumors in
duced with other carcinogen protocols, e.g., multiple treatments with
DMBA or MNNG, showed a lower frequency of alterations on chro
mosome 7 and are not included here.3

To determine if this chromosome 7 imbalance occurs in benign
stage papillomas, a similar analysis was done for a series of DMBA/
TPA-induced papillomas. Twenty-two of 30 papillomas were imbal-

1 R. Bremner, C. J. Kemp, and A. Balmain, unpublished results.
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A.

abod fghi

D6MIT9

j k l m n o
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B.

D6MIT1

Ly-3

Fig. 4. Allelic imbalance on chromosome 6. A, microsatellites near Ly-3 at 6(32) and
D6MIT9 at 6(~30) amplified from papillomas and cell lines from NIH X M. spretus F]

mice. A cell line, carcinoma, and papilloma (Lanes e, h, and /) all show allclic imbalance
in favor of the NIH alÃele,a, M. spretus spleen; b. NIH spleen: e, FI spleen; d, carcinoma;
e, cell line; f-h, papillomas; /, carcinoma. B, microsatellites D6MIT1, at 6 (~-0), and Ly-3

at 6 (32) amplified from a papilloma (Lane o), carcinoma (Lane m). and a cell line derived
from this carcinoma (Lane Â«)â€¢Allelic imbalance is concordant at both markers and is
maintained in the cell line. j. BALB/c spleen; k, SENCAR spleen; /, FI spleen; m, SB1
carcinoma; n, SB I cell line; o, SB38 papilloma.

anced at the informative markers examined: either lnt-2 or both Ckmm
and lnt-2, again with 100% allelic concordance (Fig. 2). Additionally,

4 of 5 of the earliest papillomas examined, which were taken at 10
weeks postinitiation, showed allelic imbalance at the cyl-1 locus on
chromosome 7 (â€”72cm) (27) (Table 2). These results indicate that

trisomy of chromosome 7 is a very early event in the history of these
tumors.

Trisomy of Chromosome 6 Â¡nPapillomas and Carcinomas. Five
of 24 (21%) papillomas and 13 of 46 (28%) carcinomas had obvious
allelic imbalance at the Ly-3 locus on chromosome 6 (at 32 cM) (Figs.

2 and 4). To confirm this observation, at least one, and in some cases
four, additional markers ranging from near the centromere (D6MIT1)
to 50cM (D6MIT10) were examined (see examples in Fig. 4). These
markers also showed allelic imbalance with allelic concordance. DNA
prepared from primary tumors can contain variable amounts of con
taminating normal DNA contributed by stromal or inflammatory cells
within the tumor sample. This contribution is usually less than 25%
but could significantly alter alÃeleratios resulting in false negatives.
To confirm that the allelic imbalance observed on chromosome 6 was
not complete LOH obscured by such contamination, DNA from 5 cell
lines derived from these primary tumors was examined. Four of five
of these lines also maintained the allelic imbalance seen in the primary
tumor (Fig. 4). Together these results are consistent with trisomy of
chromosome 6 in approximately 25% of both papillomas and carci
nomas. One cell line from carcinoma SpN 6-1, derived from multiple

MNNG treatment of an NIH X M. spretus F, mouse, showed loss of
the M. spretus alÃeleat all 4 markers examined, from near the cen
tromere (DÃ’MITI) to DÃ’MITIO (~50 cM), indicating that this tumor

had lost the entire M. spretus chromosome 6 (data not shown). This
tumor was one of the largest observed in this study and was one of
only three which had a spindle cell morphology.

Late Events: LOH on Chromosome 11 in Carcinomas but not
Papillomas. We had previously reported LOH at the 11-3 locus on

chromosome 11 (30 cM) in 4/13 carcinomas (8, 9). Here, a larger
number of tumors were examined for LOH using multiple polymor
phic microsatellites. In total, 5 of 23 DMBA/TPA-induced carcinomas

showed LOH at at least 1 marker on chromosome 11 (Fig. 2). As with
chromosome 7, tumors induced with multiple MNNG showed a lower
frequency of alterations on chromosome 11 and are not included
here.3 Two tumors showed LOH at all four chromosome 11 loci

examined, from 10 to 62 cM (Table 1) with 100% allelic concordance;
i.e., the M. spretus alÃelewas lost or underrepresented at all loci in
both tumors (data not shown). Thus both of these tumors appeared to
have lost the entire M. spretus chromosome 11. Unlike the situation in
carcinomas, LOH for chromosome 11 markers was not seen in any of
the 30 papillomas examined (Fig. 2).

Other Chromosomes. Two carcinomas induced in M. musculus X
M. spretus F, mice by multiple treatments with DMBA or MNNG
showed loss or underepresentation of M. spretus alÃeleson chromo
some 4 at all three informative markers examined (at 38, 45, and 72
cM) indicating that these tumors had lost most or all of the M. spretus
chromosome 4 (Fig. 5). Interestingly, one of these (SpN 6-1) was the

same tumor with the spindle cell phenotype which had lost M. spretus
chromosome 6, while the other tumor had both squamous and spindle
cell components (9). One carcinoma with a squamous cell phenotype
showed LOH for the one informative marker, Gdc-1, on chromosome

15.

DISCUSSION

We have demonstrated in this report that the application of micro-

satellite allelotype analysis to rodent tumors can reveal subtle genetic
alterations such as trisomy, in addition to loss of heterozygosity.
Apparent trisomy of chromosomes 6 and 7 was seen in benign and
malignant tumors, and LOH on chromosomes 4, 6, 11, or 15 only at
the benign to malignant transition or later. Comparison of genetic
changes in mouse and human tumors suggests that similar genetic
events may contribute to tumorigenesis in both systems (Table 3).

Early Genetic Changes. Imbalance of markers on chromosome 7
was seen in the great majority of papillomas examined and as early as

a b c d e

Orm-1

D4SMH6b

Fig. 5. LOH on chromosome 4. Microsatellite near Orm-I at 4(38) and D4SMH6b
at 4(72) amplified from spindle cell carcinoma SpN6-l (Lane e) and cell line derived
from SpN6-l (Lane d). Loss of M. spretus alÃelecan be clearly seen, a, NIH spleen;
b, M. spretus spleen; e, FI spleen; d, SpN6-l cell line; e, SpN6-l carcinoma.
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Table 3 Chromosomal alterations in human and mouse carcinomas"

Humanchromosome3p

(LOH)7
(trisomy)llpIS
(LOH)Ilql3
(amplificationl7p(LOH)9qIPMouse

chromosome66771144CandidalelocusNDmet,raf-\Ha-ras,

NDprad-l/bct-1p53Gorlin

syndromeND

" ND. noi determined.

10 weeks postinitiation. Previous analysis of carcinomas has shown
that the chromosome bearing the mutant Ha-ras alÃeleis always that

which is overrepresented and it is thought that increasing the dosage
of mutant Ha-ras is the driving force behind this chromosomal change

(8, 15). The very high frequency of allelic imbalance detected in even
the earliest papillomas therefore suggests that a single alÃeleof mutant
Ha-ras is insufficient for the propagation of the militated cell. This

may provide a molecular explanation for the requirement of a com
plete tumor promoter such as TPA during the conversion step (or stage
I) of tumor promotion. It has been suggested that chromosomal alter
ations induced by TPA are an important component of the promotion
process (28, 29). Aneuploidy induced by TPA (30) may lead to the
early trisomy of chromosome 7 which would duplicate the mutant
Ha-ras alÃeleand confer a selective advantage to the initiated cell.

However, chromosome 7 trisomy will also lead to duplication of the
cyl-1 locus which maps to distal chromosome 7 (27). The equivalent
gene in humans, prad-1, shows low level amplification in a substantial

proportion of human squamous tumors (31). Although very strong
overexpression of the cyl-1 mRNA has been seen in several murine

carcinoma cell lines, this does not appear to correlate with tumor
morphology or with gene copy number.4 A recent report (32) has

documented the elevated expression of the cyl-1 in a proportion of

primary mouse skin tumors, but the precise role of this cyclin gene in
either human or mouse carcinogenesis has yet to be determined

Another important feature of mouse chromosome 7 alterations is
the loss of alÃeles,including the normal Ha-ras, which is seen pri
marily in undifferentiated spindle cell carcinomas (16). Loss of Ha-ras

alÃeleson human chromosome lip is also seen in a variety of human
tumors (3) and several groups are currently searching for potential
tumor suppressor genes in this region (33).

Cytogenetic analysis has previously shown that chromosome 6 is
trisomie in many mouse skin tumors (14). We have now provided
molecular evidence for trisomy of chromosome 6 in both papillomas
and carcinomas and in addition shown that LOH can also be detected
on this chromosome. As with chromosome 7, it is possible that dif
ferent genetic events on this chromosome may occur during tumor
progression, possibly indicating the involvement of more than one
locus. Trisomy suggests gain of an important growth stimulatory gene
rather than loss of a tumor suppressor gene. There is an interesting
parallel with human tumors of the colon and ovary which show
trisomies of human chromosomes 7 (34) and 12 (35), respectively.
Both of these human chromosomes show regions of synteny with
mouse chromosome 6 (36). The region of homology shared between
mouse 6 and human 7 includes the met protooncogene which acts as
the receptor for hepatocyte growth factor HGF (37, 38). HGF itself
also maps to human chromosome 7 (39), suggesting that duplicating
this chromosome could have the synergistic effect of increasing the
expression of both ligand and receptor. Other candidate genes on
mouse chromosome 6 could also contribute to the early enhanced
growth of initiated cells, including the li-ras and raf-1 protoonco-

genes. The latter possibility is particularly intriguing in view of the
recent demonstration that raf-1 is part of the kinase cascade which acts

downstream of ras in the signaling pathway (40, 41). One hypothesis
is that trisomy of chromosome 7, which serves to duplicate the mutant
Ha-ras alÃele,requires a concomitant increase in raf-1 expression to

maximise the signal output. Evidence in favor of such synergism has
recently been obtained from in vitro experiments showing cooperation
between ras and raf in cell transformation (42).

One of three spindle cell carcinomas in our series had lost most or
all of chromosome 6. This chromosome also shares homology with
human chromosome 3p (36) which shows LOH in a substantial pro
portion of carcinomas of the lung and breast (3) and squamous cell
carcinomas of the head and neck (43).5 It is currently thought that

more than one locus on human 3p may be involved in different tumor
types, and further mapping will be required to determine which of
these candidate loci, if any, may be lost in murine squamous carci
nomas.

Genetic Changes at the Benign-Malignant Transition. In addi
tion to trisomy of chromosomes 6 and 7, some carcinomas showed
LOH on chromosomes 4, 6, 11, and 15. The markers on chromosome
11 which had been reduced to homozygosity (11-3 at 30 cM and Myla

at 53 cM) are a great distance from p53 (at 43 cM). Two tumors
examined in detail had LOH at all markers examined (from 10 to 62
cM), consistent with nondisjunction and loss of the entire chromo
some. All five of these tumors had homozygous p53 mutations (9),6

indicating that, as in human tumors, wild type p53 can be eliminated
by large scale chromosomal alterations (deletions, mitotic recombi
nations, or nondisjunction). LOH for markers on chromosome 11 was
not observed in any of the papillomas examined suggesting that loss
and mutation of p53 may be important for the conversion of benign
papillomas to malignant carcinomas. These results are reminiscent of
several well characterized human malignancies (Table 3). LOH on
human 17p and mutation of p53 are more frequently seen in the more
malignant stages of astrocytomas (44) and colon cancers (45) com
pared with their benign counterparts and in these cases it is also
argued that p53 may be important for malignant progression.

Conversion of squamous cell carcinomas to a spindle cell pheno-

type may represent an additional progression event. Out of three such
spindle cell carcinomas examined, one had lost chromosomes six and
four. The other tumor (Mscll) which had imbalance on chromosome
4 had both squamous and spindle cell components (9). Although this
number is low, other studies have suggested chromosome 4 may
harbor a tumor suppressor gene (46). Also, chromosome 4 is syntenic
with a large part of human chromosome 9q (47). Recently, LOH has
been reported at 9q31 in basal cell carcinomas (48). In addition,
Gorlin syndrome (48) and Ferguson-Smith syndrome (49), which are

inherited genetic diseases profoundly affecting epithelial morphology,
have been mapped to the same region of 9q31. Thus there is compel
ling circumstantial evidence for an epithelial specific tumor suppres
sor gene in this region and it would be of interest to determine if a
similar gene is involved in mouse skin carcinogenesis.

Perhaps the most surprising result of this study was the lack of large
scale alterations seen on most chromosomes in nearly all tumors. This
situation contrasts with allelotype analysis of human tumors where the
majority of chromosome arms show loss in a small proportion (~5â€”

20%) of the tumors examined (45, 50, 51). Whether this reflects an
intrinsic difference in chromosomal stability between human and mu
rine tumor cells or is due to the shorter latency period for mouse tumor
development or the use of specific carcinogenic agents is open to
debate. However, the sequential genetic alterations observed during

1S. Haddow, C. J. Kemp, G. Peters, C. Dickson, and A. Balmain. unpublished results.
5 K. Ah-See and A. Balmain, unpublished results.
6 P. A. Burns, unpublished results.
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mouse skin carcinogenesis are reminiscent of those observed in
several types of human cancers, both in terms of the types of genes
involved, e.g., ras and p53, and the timing and mechanisms of alter
ations in these genes. It is hoped that further studies using this model
will identify new genes which will be relevant to human carcino
genesis.
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