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Mutations of the p53 tumor suppressor gene are the most prevalent genetic alteration observed in
a wide variety of human cancers. In this study we examined 63 methylcholanthrene (MCA)-
induced sarcomas from C57BL/6M*C3H/HeN F, (BCF,) or C3H/HeNxC57BL/6N F, (CBF,) mice

for p53 gene mutations and loss of heterozygosity (LOH) of chromosome 11. Mutation analysis
was done on exons 5 to 8 of thgs3 gene by polymerase chain reaction-single strand conformation
polymorphism analysis. This identified 53 potential mutations in 45 sarcomas. Mutations were fur-
ther confirmed by direct sequencing of the region. Forty-nine of the 53 cases (94%) were missense
mutations, while the rest included two nonsense mutations, one silent mutation and one insertional
mutation. Spectra of base substitutions were: 25 cases (47%) of G«d:A transversion, 13 cases
(25%) of G:C - A:T transition (CpG site 15%), 13 cases (24%) of G:C, C:G transversion, a case
(2%) of A:T - T:A transversion and a case (2%) of insertion. In addition, analysis of 5 polymor-
phic markers of mouse chromosome 11 revealed LOH in ten cases (22%) among those carrying
p53 mutations. In nine of these 10 cases, the loss involved all 5 markers. In addition, the loss was
biased toward the C57BL allele (9 cases). The present study establishes the pattern of mutation of
the p53gene in MCA-induced mouse sarcomas.

Key words: p53— LOH — MCA — Mouse sarcoma

The p53 tumor suppressor gene has been implicated irrevealed thatp53 gene mutation is quite common in
the pathogenesis of a wide variety of human caricgrs. MCA-induced mouse sarcomas.
Functions of p53 protein include induction of G1 arrest of
the cell cycle and apoptosis after DNA dama@ieMuta-  MATERIALS AND METHODS
tions of thep53 gene reported thus far seem to cluster
predominantly around five highly conserved amino acidSarcoma induction MCA-induced sarcomas analyzed in
domains which are coded for by exons 5 to®Numer-  this study were described previou¥lyBriefly, BCF, or
ous studies have been conducted on mutation analysis @3H/HeNxC57BL/6N (CBF) mice were injected subcu-
the p53 gene in rodents with chemically induced tumof8.  taneously at several regions on the back with 0.5-1 mg of
These analyses revealed that the frequencg58falter- MCA dissolved in olive oil. When tumors had grown to 1
ations in rodent experimental tumors varied greatlycm in diameter, they were excised and examined histolog-
depending on the chemical agents and tumor types. ically. Sixty-three independent tumors were obtained, of

Analysis ofp53 mutations in experimental tumors may which five were from CBFmice (tumors numbered CB),
offer interesting and important information to elucidate and 26 from BCEF mice (tumors numbered BC). A por-
the mechanism of mutagenesis and the biological signifition of each tumor was minced with scissors and trans-
cance of the mutation in carcinogenesis. We established farred to a 3-cm culture dish. The samples were grown for
series of methylcholanthrene (MCA)-induced sarcomas inlO days in order to minimize contamination with stromal
C57BL/6NxC3H/HeN F (BCF,) mice!® MCA is a well-  cells. All of the tumors of the present study were trans-
defined carcinogen that binds to the Ah receptor and actiplantable to syngeneic mice.
vates cytochrome P45 Polymerase chain reaction-single strand conformation

In this study, we analyzed the spectrump®3 gene  polymorphism (PCR-SSCP) analysisDNA was isolated
mutations in MCA-induced mouse sarcomas. In contrasaccording to the procedure described previotisi§).Oli-
to the results of earlier studies, the present analysigonucleotide primers for exons 5 to 8 of §h&3 tumor
suppressor gene were synthesiZédlhe sequences are
®To whom correspondence should be addressed. shown in Table I. All primers included a portion of intron
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Table I.  Oligonucleotide Primers Used for PCR-SSCP and Direct Sequengibg of

Exons 5-8
Primer sequence Product size

Exon (sense/antisense) (bp)

5 5-TCT CTT CCA GTA CTC TCC TC-3 204
5-GAG GGC TTA CCA TCA CCT TC-3

6 5-TTG CTC TTA GGC CTG GCT C-3 133
5-AAT TAC AGA CCT CGG GTG GC-3

7 5-TCT TCC CCA GGC CGG CTC TG-3 130
5-GCC TTC CTA CCT GGA GTC TT-3

8 5-TCC CGG ATA GTG GGA ACC TT-3 155

5-GCC TGC GTA CCT CTC TTT GC-3

Table Il.  PCR Primers for Polymorphic Markers on Chromosorde 11

Primer sequenée

Locus cW (sense/antisense) Allele size)
D11Mit229 10.9 5TGT TTG CTT GGT TTT GTT TTG-3 C>B
5-ATC CCG GTT TTA CAT CAG ACA-3
D11Mit349 27.3 5AGT ATC AGA TCC AGT TGG AGG-3 B>C
5-GTA GAA AAA GAT ACC CAG TGT CAG C-3

D11Mit320 39.3 5CCC ATA TAG TGA AGC AAG AAA CG-3 C>B
5-TTA TAG TGT ATG CAT CCA GGT GTG-3

D11Mit41 48.1 5CTG CTA AAG TGG GGT TAA ATG C-3 C>B
5-CGA CTG AGC AAG TTG TAT TTC TG-3

D11Mit258 65.6 5AAA CAG AGA TAA ACC ACG GGG-3 C>B

5-TGT GGA ACT AAC TCT CAG AAG GC-3

a) p53locus: 38.4 centiMorgans (cM) from centromere of chromosome 11, Integrated MIT SSLP and Copeland/
Jenkins RFLP Genetic Maps.

b) Distance from centromere of chromosome 11 in centiMorgans (cM).

c) DNA sequence: Whitehead Institute, MIT Center for Genome Research, Genetic and Physical Maps of the
Mouse Genome.

d) Abbreviations: B, C57BL/6N; C, C3H/HeN.

in order to avoid amplification of the@53 pseudogene. of 95% formamide, 20 M EDTA, 0.05% bromophenol
PCR-SSCP analysis was done according to the standatdue and 0.05% xylene cyanol, then denatured at 90°C for
procedure® Briefly, primers were end-labeled witty-[ 2 min. An aliquot (1ul/lane) was applied to a 6% non-
%2p] ATP using T4 polynucleotide kinase. Genomic DNA denaturing polyacrylamide gel containing 5% glycerol,
was amplified for 30 cycles in 1@ of a reaction mixture and electrophoresed at 30—40 Watts for 2—3 h at room
containing 100 ng of template DNA, AM end-labeled temperature with fan cooling. The gel was dried and
primers, 200uM each of dNTPs (dATP, dCTP, dGTP, exposed to X-ray film.

dTTP) and 0.05 units of Tag DNA polymerase. EachDirect sequencing of p53 mutations Putative mutant
cycle consisted of 94°C for 1 min, 52°C for 1 min and bands of thep53 gene detected by PCR-SSCP analysis
72°C for 30 s. Reaction mixtures were treated withullO were eluted from the dried gel and used for re-amplifica-
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tion. PCR-amplified products were cycle-sequenced byRESULTS

the dye terminator method (373 DNA Sequencer, Applied

Biosystems; Dye Terminator Cycle Sequence FS Reactiofpectrum of p53 mutations Genomic DNAs from 63

Kit, Perkin-Elmer Cetus, Norwalk, CT). Primers for DNA MCA-induced mouse sarcomas were examined by PCR-

sequencing were the same as those for PCR-SSCP. SSCP analysis of exons 5 to 8 of &3 gene (Fig. 1).

Loss of heterozygosity (LOH) analysis of chromosome PCR products showing mobility shifts on SSCP gel were

11 Allelic losses of chromosome 11 in tumor DNAs were €luted and subjected to direct sequencing (Fig. 2). The

analyzed using the five polymorphic markers along theresults are summarized in Table Ill. In total, 45 out of 63

chromosome. The primers for PCR and the size differencéarcomas carried mutation of th63 gene. Among these,

of the two alleles are shown in Table3l. 53 mutations were identified. Missense mutations were
the most prevalent and 49 of the 53 were of this type. The
rest included two cases of nonsense mutations, one silent
mutation and one insertion. Mutations were found fre-

1 2 34 56 7 8 910 111213 14 quently at codons 172, 242, 245, 246 and 270, and these

Il YT Y Yy, - ou - - codons correspond to the hot spots of mutation in the
“unsuuslssssss e

Table Ill summarizes the results p53 mutations and
LOH in the MCA-induced sarcomas. Double mutations in
a single tumor were found in 6 cases (case 1, 12, 20, 28,

5 ) i ;

exen 41 and 43) and triple mutations in one case (case 53).
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Fig. 1. PCR-SSCP analysis @b3 gene mutations in MCA-
induced mouse sarcomas. Lanes 1 to 14 are cases 8, 40, 29, 19

20, 36, 17, 53, 50, 48, 62, 57, 49 and 59. Exons examined are 519. 2. Histogram of DNA sequencing p63 gene. The region
(top), 6 (second), 7 (third) and 8 (bottom). A closed s#r () @round codon 196 (exon 6) is shown for sarcoma case 12, which
indicates samples with mobility shifts. carried a GGA. TGA transversion.
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Table 1ll.  Summary op53 Mutations in MCA-induced Mouse Sarcomas
Case Sarcoma Exon Codon Base change Amino acid chan g;gtfef;%nge LOH f!\_lloesig
1 CB6296 7 241 GGG AGG Gly- Arg G.C-AT -
8 277 AGA- AGT Arg - Ser AT-TA
2 CB6328 7 241 GGG TGG Gly-Trp G:.C-TA -
3 CB6329 7 245 cGc ccc Arg- Pro G:C-C:G -
4 CB6330 5 155 CGCCTC Arg-Leu G.C-TA -
5 BC7199-1 5 172 CGCCAC Arg - His G:C-AT -
6 BC7199-3 5 172 CGCCAC Arg - His G:.C-AT -
7 BC7200-1 8 276 GGG GTG Gly-Val G.C-TA -
8 BC7210-1 7 241 GGG TGG Gly-Trp G.C-TA + C57BL
12 BC7212-3 6 196 GGATGA Gly - Stop G.C-TA -
8 264 CGG-TGG Arg-Trp G:C-AT
13 BC7213-1 7 246 CGACTA Arg-Leu G.C-TA -
14 BC7213-2 7 241 GGGGTG Gly-Val G.C-TA -
16 BC7214-3 5 170 GTGTTG Val-Leu G.C-TA -
17 BC7274-1 7 246 CGACTA Arg-Leu G.C-TA -
18 BC7352-1 5 172 CGCCAC Arg- His G:.C-AT -
19 BC7353-1 7 241 GGGGTG Gly-Val G.C-TA -
20 BC7353-3 7 246 CGACCA Arg- Pro G:.C-C.G -
8 300 AGC- AAC Ser- Asn G.C-AT
21 BC7354-1 8 276 GGGTTGG Gly- Stop + C57BL
24 BC7354-4 7 239 TGCTTC Cys- Phe G.CTA -
25 BC7371-1 8 279 CcGGcCcC Arg- Pro G:C-C.G -
26 BC7371-2 8 270 CGECCT Arg- Pro G:C-C:G -
28 BC7373-1 5 130 CTATTA Leu-Leu G.C-AT -
6 212 AGC-ACC Ser- Thr G:.C-C:G
29 BC7412-1 6 210 CGCGCTC Arg-Leu G.C-TA -
34 BC7415-2 8 264 CGGCCG Arg- Pro G.C-C.G + C57BL
36 BC7421-2 8 270 CGECTT Arg-Leu G:C-TA -
38 BC7422-2 6 212 AGC CTC Ser- Leu G.C-TA + C57BL
39 BC7422-4 5 172 CGCCAC Arg- His G:.C-AT + C3H
40 BC7423-5 8 263 GGAGTA Gly - Val G.C-TA -
41 BC7424-5 5 152 AGC AGG Ser- Arg G.C-CG + C57BL
5 153 CGT-CTT Arg-Leu G.C-TA -
42 BC7425-1 7 242 GGCTGC Gly- Cys G:C-T:A -
43 BC7425-5 5 172 CGCCAC Arg- His G:.C-AT -
7 241 GGG TGG Gly-Trp G:.C-TA -
44 BC7426-2 5 172 CGCCAC Arg - His G.C-AT + C57BL
46 CB6334 7 241 GGG GTG Gly-Val G.C-TA -
47 BC7200-2 7 245 CGCCAC Arg- His G:C-AT -
48 BC7214-2 5 170 GTCATC Val - lle G.C-AT + C57BL
49 BC7273 8 270 CGT CAT Arg - His G:.C-AT + C57BL
51 BC7353-2 7 242 GGCTGC Gly-Trp G:C-TA -
52 BC7412-3 6 196 GGATGA Gly - Stop G.CTA -
53 BC7413-1 5 156 GCccCccC Ala- Pro G:.C-C:G -
6 212 AGC-ACC Ser- Thr G:.C-C:G
6 213 GTG-TTG Val-Leu G.C-TA
54 BC7413-2 8 270 CGECCT Arg- Pro G:C-C:G -
55 BC7413-4 8 264 CGGCCG Arg- Pro G:.C-C.G -
57 BC7415-4 8 278 GACTAC Asp- Tyr G.C-TA -
58 BC7419-4 8 278 GAC TAC Asp- Tyr G.C-TA -
60 BC7421-4 5 155 CGCGCTC Arg-Leu G.C-TA -
62 BC7423-3 5 155 cGecCcce Arg- Pro G:C-C:G -
63 BC7424-4 5 155 cGceccce Arg- Pro G.C-C.G + C57BL
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Table IV. Spectrum o0p53 Mutations in MCA-induced Mouse Sarcomas

G:C-AT
Exon - G:C-TA G:C-C:G AT-G:C AT-TA AT -C:G Ins. Total
non-CpG CpG site
5 2 6 4 4 0 0 0 0 16
6 0 0 5 2 0 0 0 0 7
7 1 1 11 2 0 0 0 0 15
8 1 2 5 5 0 1 0 1 15
Total 4 9 25 13 0 1 0 1 53
(%) (8 17) (47) (24) ) 2 ) ) (100)
v
v
130 140 150 v 160 v 170
v Yy vy v
Mouse YSPPLNKL FCAQLAKTC?PV QLWVS ATPPA GSRVAAMA LY KKS QHMTEVY
Frr i I O O I I I T I A I I I (N R T T T A e A A AR A I I
Human YSPALNKM FCAQLAKTCPVY QLWVDSTPPP GTAVAAMAILY KQS QHMTEVY
v
v
v
v v
v 180 190 v 200 210 v 220
v v v vy
Mouse RRCPHHEARCS OGDGLAPPQH LIAVEGNLYP EYLSORQTFA HSVVVPYEPP
Frrrrerere e errrerrr rrerrid I A e N N N A A
Human ARCPHHEACS OSOGLAPPAQH LIAVEGNLAV EYLOODANTFR HSVVVPYEPP
175
v
v
v
v v
v v v v
230 240 vyv vy 250 260 v v 270
v vy vy vy v
Mouse EAGSEYTTIH YKYMCNSSCM GGMNRRPILT I I TLEDSSGN (LLGROSFEVA
N N A e N RN R
Hman EVGSOCTTIH YNYMCNSSCM GGMNRRPILT IITLEDSSGN LLGANSFEVA
245 248249 273
v v 280 290 303
vy v
Mouse VCACPGADAA TEEENFAKKSE VLCPELPPGS AKA
e brert il FrLrrr 1l
HumanV CACPGADAR TEEENLAKKG SPHHELPPGS TkaA
282

Fig. 3. Location of mutations in the amino acid sequence of mouse p53 protein. Open reverse tRangles () and closedrreverse tria
gles (¥ ) indicate nonsense and missense mutations, respectively. The amino acid sequence of human p53 protein is shown under the
corresponding mouse sequence. Underlines indicate mutational hot spots and their codon numbers in human cancers.

Five of these 7 cases involved different exons. It is likelyTable IV. The most prevalent type was G:T:A trans-

that these mutations occurred on different alleles of thesersion (25 cases, 47%).

gene. In two cases (case 41 and 53), double mutations Distribution of the 53 mutations in MCA-induced
were located in consecutive codons of the same exormmouse sarcomas is shown in Fig. 3, where the amino acid
which suggests that these mutations were on the sanmsequence of the mouse protein is aligned with that of
allele. The spectrum gb53 mutations is summarized in human p53 protein. Some of the hot spotspb8 gene
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induced mouse sarcomas carryip§3 mutations were

EJI examined for LOH of chromosome 11, on which the gene

5 EF, is located®® Sarcomas were examined for LOH using

O O F1 8 2134 38 39 41 44 48 49 63 polymorphic markers of chromosome 11 (Table II). Fig. 4
illustrates representative cases of such analysis with

_ D11Mit320, which is located near thp&3 gene (within 1
cM). Only 10 among 45 sarcomas (22%) showed LOH at
this locus. Except for one case (case 48), all other mark-

B ers examined were also lost, which suggests the involve-

m ment of a large region. Nine of 10 sarcomas with LOH

Bz were accompanied with singlg53 mutation, which indi-

O O Fi 8 2134 38 39 41 44 48 49 63 cated mutation of one allele and loss of the other allele.
Interestingly, nine of the 10 losses involved the C57BL
allele in BC sarcomas.

DISCUSSION
o= EAIT

E-]. - Point mutations of thep53 gene were frequent in

D ™ MCA-induced mouse sarcomas, as previously reported by

O O Fi 8 2134 38 39 41 44 48 49 63 Halevy et al?® They identified sevep53 mutations, of
which four were G:G: T:A transversion. In this study, we
examined mutation in thp53 gene in 63 MCA-induced
mouse sarcomas, and we detected 53 mutations in 45 out
of 63 sarcomas. This frequency is one of the highest

Ny among chemically induced rodent tumors so far exam-

E T ined’~*® In addition, our study of MCA-induced sarcomas

o o revealed some similarities in the distributionp3 gene

© © Fi 8 2134 38 39 41 44 48 49 63 mutation between human and mouse. Mutations were
observed at mouse codons 172 (6 cases), 242 (2 cases),
245 (2 cases), 246 (3 cases), 270 (4 cases) and 279 (1
case), and these corresponded to hurmp&8 gene hot
spots 175, 245, 248, 249, 273 and 282. In addition, muta-

= iy tions were frequently detected at codons 241 (7 cases),

E - and 278 (2 cases). In the case of human cancers, about

B o o

9 8 Fi 8 21 34 38 39 41 44 48 49 63 half of the G-to-A transitions were at the CpG S$ite.

Eight of 13 cases of G:CA:T transition in the present
study were at the CpG site of codon 172 (6 cases), 245 (1
case), or 270 (1 case). All of these cases correspond to
CpG site hot spots of human cancers.

Fig. 4._ LOH analysis of mouse chromosome 11. Lanes indicate MCA belongs to the family of polycyclic aromatic
analysis of control DNA from C57BL/6N, C3H/HeN and F hygrocarbons and is a well-known carcinogen to rodents.

mice together with that from sarcomas; cases 8, 21, 34, 38, 3 : ; ; .
41, 44, 48, 49 and 63. Panels A, B, C. D and E show the anal s1_Dolycycl|c aromatic hydrocarbons are metabolically acti

ses of D11Mit229, D11Mit349, D11Mit320, D11Mit41 and Vated and the metabolites bind to the 2-amino group of
D11Mit258, respectively. Among these, D11Mit320 is the clos- guanine in DNA to produce bulky carcinogen-DNA
est marker to th@53 gene. The loss of the C57BL/6N allele adducts which produce predominantly the GICA
was evident in cases 8, 21, 34, 38, 41, 44, 48, 49 and 63, whilgransversiong®
case 39 showed loss of the C3H/HeN allele. We previous|y examined Kas mutations in MCA-
induced mouse sarcomas (H. Watanabal, unpublished
data). Interestingly, the spectrum ofr&s mutations was
similar to that ofp53 and G:C-T:A transversion pre-
mutation in the present study matched those of humadominated (50%). Thus, the spectrum of mutation by
tumors. However, some hot spots, such as mouse codoMCA seems to be similar for both thers gene and the
155, 212 and 264, did not have human counterparts. p53 gene. A large variety of mutations has been identified
LOH analysis of chromosome 11 Forty-five of MCA- in the p53 gene in human cance®. Different cancer
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types exhibit different patterns pb3 gene mutations’: 2 tion, and cases with mutations on both alleles were rather
The high frequency op53 mutations in MCA-induced infrequent, and the two-hit mechanism may not be appli-
mouse sarcomas offers a unique opportunity to elucidateable to the majority of cases. Therefore, most MCA-
the role ofp53 gene mutation in the etiology of carcino- induced sarcomas may be due to the dominant negative
genesis. Analysis of human bone and soft tissue sarcomaéb3 gene mutation mechanisif.
identified 42 somatic alterations of tp&3 gene, of which Our present analysis revealed the preferential loss of
21 were point mutation) The spectrum of these point regions of mouse chromosome 11 derived from C57BL/
mutations was different from that of our MCA-induced 6N in MCA-induced sarcomas of BCHnice. It is not
mouse sarcomas. known whether the preference has bias toward maternal
p53 gene knock-out mice develop sarcomas and lym-origin, or whether there is a strain difference of the allele.
phomas’® Analysis of mutations of the wild-type allele in Preferential LOH of the maternally derived alleles was
sarcomas arising ip53 heterozygous mice by Southern reported in several human tumors f&fT1 IGF2 and
analysis revealed loss of the wild-type allele in the major-KIP2.3849 Strain preference in LOH has been noted in
ity of cases? Human colorectal cancers were shown tosome mouse tumof$.*? Analysis of a larger number of
suffer frequent LOH of the@53 gene®® while such LOH  CBF, tumors should clarify the mechanism of the allelic
was rare in chemically induced mouse colon turidrs. preference of LOH of chromosome 11 in MCA-induced
Rodent tumor models have been examined thoroughly fomouse sarcomas.
LOH of chromosome 1%:34%9We have examined LOH
on chromosome 11, where tp83 tumor suppressor gene ACKNOWLEDGMENTS
is located. We detected 10 cases of LOH (22%) of chro-
mosome 11 among 45 sarcomas wi8 mutations. Nine We thank A. Kinomura and K. Mizuno for technical assis-
of these 10 cases were accompanied with simdad tance. We also thank T. Nishioka for photographic work and T.
mutation. A case of double mutations occurred at consedVatsuura for typing the manuscript. This work was supported by
utive codons, 152 and 153 (case 41), and this case algpGrant-in-Aid from the Ministry of Education, Science, Sports
carried LOH of chromosome 11. Multiple mutations of and Culture, Japan.
one allele and LOH of another allele are consistent with(Received October 13, 1997/Revised December 26, 1997/
the two-hit theory. However, cases with LOH and muta- Accepted January 16, 1998)

REFERENCES

1) Hollstein, M., Sidransky, D., Vogelstein, B. and Harris, C.

C. p53 mutations in human cancerScience 253 49-53
(2991).

2) Levine, A. J.,, Momand, J. and Finlay, C. A. The p53
tumour suppressor gen®ature 351, 453-456 (1991).

3) Kuerbitz, S. J., Plunkett, B. S., Walsh, W. V. and Kastan, 9)
M. B. Wild-type p53 is a cell cycle checkpoint determi-
nant following irradiation. Proc. Natl. Acad. Sci. USA9,
7491-7495 (1992).

4) Lowe, S. W., Schmitt, E. M., Smith, S. W., Osborne, B. A.
and Jacks, T. p53 is required for radiation-induced apopto-10)

Sugimura, T. and Nagao, M. Absence of p53 mutations in
rat colon tumors induced by 2-amino-6-methyldipyrido-
[1,2-a:3',2-d]imidazole, 2-amino-3-methylimidazo [4fb-
quinoline, or 2-amino-1-methyl-6-phenylimidazo [4B-
pyridine. Jpn. J. Cancer Res85, 510-514 (1994).

Lazono, J. C., Nakazawa, H., Cros, M. P., Cabral, R. and
Yamasaki, H. G, A mutations in p53 and Ha-ras genes in
esophageal papillomas induced by N-nitrosomethylbenzyl-
amine in two strains of rats.Mol. Carcinog, 9, 33-39
(1994).

Kito, K., Kihara, T., Sugita, A., Murao, S., Akehi, S., Sato,

sis in mouse thymocytedNature 362 847-849 (1993).

M., Tachibana, M., Kimura, S. and Ueda, N. Incidence of

5) Greenblatt, M. S., Bennett, W. P., Hollstein, M. and Harris, p53 and H-ras gene mutations in chemically induced rat
C. C. Mutations in th@53tumor suppressor gene: clues to mammary carcinomasMol. Carcinog, 17, 78-83 (1996).
cancer etiology and molecular pathogenesBancer Res 11) Masui, T., Dong, Y., Yamamoto, S., Takada, N., Nakanishi,
54, 48554878 (1994). H., Fukushima, S. and Tatematsu, M. p53 mutations in

6) Soussi, T. and May, P. Structural aspects of the p53 pro- transitional cell carcinomas of the urinary bladder in rats
tein in relation to gene evolution: a second loak.Mol. treated with  N-butyl-N-(4-hydroxybutyl)nitrosoamine.
Biol., 260, 623—637 (1996). Cancer Lett, 105 105-112 (1996).

7) Makino, H., Ishizaka, Y., Tsujimoto, A., Nakamura, T., 12) Matsumoto, K., Iwase, T., Hirono, I., Nishida, Y., Iwahori,
Onda, M., Sugimura, T. and Nagao, M. Rat p53 gene Y., Hori, T., Asamoto, M., Takasuka, N., Kim, D. J.,
mutations in primary Zymbal gland tumors induced by 2- Ushijima, T., Nagao, M. and Tsuda, H. Demonstration of
amino-3-methylimidazo [4,8quinoline, a food mutagen. ras andp53 gene mutations in carcinomas in the forestom-
Proc. Natl. Acad. Sci. USAR9, 4850-4854 (1992). ach and intestine and soft tissue sarcomas induced- by

8) Makino, H., Ushijima, T., Kakiuchi, H., Onda, M., Ito, N., methyl-N-nitrosourea in the rat.Jpn J. Cancer Res 88,

275


1905840&form=6&db=m&Dopt=b     
1905840&form=6&db=m&Dopt=b     
2046748&form=6&db=m&Dopt=b     
2046748&form=6&db=m&Dopt=b     
1323840&form=6&db=m&Dopt=b     
1323840&form=6&db=m&Dopt=b     
1323840&form=6&db=m&Dopt=b     
8479522&form=6&db=m&Dopt=b     
8479522&form=6&db=m&Dopt=b     
8479522&form=6&db=m&Dopt=b     
8069852&form=6&db=m&Dopt=b     
8069852&form=6&db=m&Dopt=b     
8709143&form=6&db=m&Dopt=b     
8709143&form=6&db=m&Dopt=b     
1594584&form=6&db=m&Dopt=b     
1594584&form=6&db=m&Dopt=b     
1594584&form=6&db=m&Dopt=b     
8014110&form=6&db=m&Dopt=b     
8014110&form=6&db=m&Dopt=b     
8014110&form=6&db=m&Dopt=b     
8297483&form=6&db=m&Dopt=b     
8297483&form=6&db=m&Dopt=b     
8890956&form=6&db=m&Dopt=b     
8890956&form=6&db=m&Dopt=b     
8890956&form=6&db=m&Dopt=b     
8689624&form=6&db=m&Dopt=b     
9119740&form=6&db=m&Dopt=b     
9119740&form=6&db=m&Dopt=b     

Jpn.

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

276

J. Cancer Re89, March 1998

129-136 (1997).

Okamoto, M., Ohtsu, H., Kominami, R. and Yonekawa, H.
Mutational and LOH analyses @53 alleles in colon
tumors induced by 1,2-dimethylhydrazine in Rybrid
mice. Carcinogenesisl6, 2659—-2666 (1995).

Wang, D., Weghorst, C. M., Calvert, R. J. and Stoner, G.
D. Mutations in thep53 tumor suppressor gene in rat
esophageal papillomas induced Bynitrosomethylbenzyl-
amine. Carcinogenesisl?7, 625-630 (1996).

Hegi, M. E., Soderkvist, P., Foley, J. F., Schoonhoven, R.,
Swenberg, J. A., Kari, F., Maronpot, R., Anderson, M. W.
and Wiseman, R. W. CharacterizationpdB mutations in
methylene chloride-induced lung tumors from B6C3F1
mice. Carcinogenesisl4, 803—810 (1993).

Ruggeri, B., DiRado, M., Zhang, S. Y., Bauer,
Goodrow, T. and Klein-Szanto, A. J. P. Ber@pjrene-
induced murine skin tumors exhibit frequent and character-30)
istic G to T mutations in the p53 gen®roc. Natl. Acad.

Sci. USA90, 1013-1017 (1993).

Weghorst, C. M., Dragnev, K. H., Buzard, G. S., Thorne,

K. L., Vandeborne, G. F., Vincent, K. A. and Rice, J. M.
Low incidence of point mutations detected in the p53
tumor suppressor gene from chemically induced rat renaB31)
mesenchymal tumorsCancer Res 54, 215-219 (1994).
Furihata, C., Tatematsu, M., Saito, M., Ishida, S.,
Nakanishi, H., Inada, K., Tei, H., Hattori, M., Ito, T. and
Sakaki, Y. Rare occurrence i&fs andp53 gene mutations

in mouse stomach tumors induced ky-methyl-N-
nitrosourea.Jpn. J. Cancer Res88, 363—-368 (1997).

Niwa, O. and Kominami, R. Lack of allelic preference in
amplification and loss of the myc oncogene in methyl-
cholanthrene-induced mouse sarcomadpn. J. Cancer
Res, 83, 1192-1197 (1992).

Edwards, R. J., Murray, B. P., Murray, S., Schulz, T.,
Neubert, D., Gant, T. W., Thorgeirsson, S. S., Boobis, A.
R. and Davies, D. S. Contribution of CYP1Al and
CYP1A2 to the activation of heterocyclic amines in mon-
keys and humanCarcinogenesisl5, 829-836 (1994).
Quattrochi, L. C., Vu, T. and Tukey, R. H. The human
CYP1A2gene and induction by 3-methylcholanthreng.
Biol. Chem, 269, 6949-6954 (1994).

Niwa, O., Enoki, Y., Sadamoto, S., Kamiya, K. and
Yokoro, K. Random process of metastasis and generation
of heterogeneity in a mouse sarcoma lirgan J. Cancer 35)
Res, 84, 42—-47 (1993).

Bienz, B., Zakut-Houri, R., Givol, D. and Oren, M. Analy-
sis of the gene coding for the murine cellular tumour anti-
gen p53.EMBOJ,, 3, 2179-2183 (1984).

Orita, M., Iwahara, H., Kanasawa, H., Hayashi, K. and
Sekiya, T. Detection of polymorphisms of human DNA by
gel electrophoresis as single-strand conformation polymor-
phism. Proc. Natl. Acad. Sci. USR&6, 27662770 (1989).  37)
Buchberg, A. M., Moskow, J. J., Buckwalter, M. S. and
Camper, S. A. Mouse chromosome Mamm Genome

1, 158-191 (1991). 38)
Halevy, O., Rodel, J., Peled, A. and Oren, M. Frequent

27)

28)

29)
B.,

32)

33)

34)

36)

p53 mutations in chemically induced murine fibrosar-
coma. Oncogeng6, 1593-1600 (1991).

Hollstein, M., Shomer, B., Greenblatt, M., Soussi, T.,
Hoving, E., Montesano, R. and Harris, C. C. Somatic point
mutations in the p53 gene of human tumors and cell lines:
updated compilation. Nucleic Acids Res 24, 141-146
(1996).

Yang, J.-L., Chen, R.-H., Maher, V. M. and McCormick,
J.-J. Kinds and location of mutations induced by 703,
8a-dihydroxy-, 10a-epoxy-7, 8, 9, 10-tetrahydrobenap[
pyrene in the coding region of the hypoxanthine
(guanine) phosphoribosyl-transferase gene in diploid
human fibroblasts.Carcinogenesisl2, 71-75 (1991).

Béroud, C., Verdier, F. and Soussi, T. p53 gene mutation:
software and databaseNucleic Acids Res24, 147-150
(1996).

Toguchida, J., Yamaguchi, T., Ritchie, B., Beauchamp, R.
L., Dayton, S. H., Herrera, G. E., Yamamuro, T., Kotoura,
Y., Sasaki, M. S., Little, J. B., Weichselbaum, R. R.,
Ishizaki, K. and Yandell, D. W. Mutation spectrum of the
p53 gene in bone and soft tissue sarcom&ancer Res

52, 6194-6199 (1992).

Donehor, L. A., Harvey, M., Slagle, B. L., MacArthur, M.
J., Montgomery, C. A., Jr., Butel, J. S. and Bradley, A.
Mice deficient for p53 are developmentally normal but sus-
ceptible to spontaneous tumorsNature 356 215-221
(1992).

Purdie, C. A., Harrison, D. J., Peter, A., Dobbie, L., White,
S., Howie, S. E. M., Salter, D. M., Bird, C. C., Wyllie, A.
H., Hooper, M. L. and Clarke, A. R. Tumor incidence,
spectrum and ploidy in mice with a large deletion in the
p53 gene.Oncogene9, 603-609 (1994).

Baker, S. J., Preisinger, A. C., Jessup, J. M., Paraskeva, C.,
Marcowitz, S., Willson, J. K. V., Hamilton, S. and
Vogelstein, B. p53 gene mutations occur in combination
with 17p allelic deletions as late events in colorectal tumor-
igenesis. CancerRes, 50, 7717-7722 (1990).

Wiseman, R. W., Cochran, C., Dietrich, W., Lander, E. S.
and Soderkvist, P. Allelotyping of butadiene-induced lung
and mammary adenocarcinomas of B6C3F1 mice: frequent
losses of heterozygosity in regions homologous to human
tumor-suppressor genesProc. Natl. Acad Sci USA 91,
3759-3763 (1994).

Kemp, C. J., Fee, F. and Balmain, A. Allelotype analysis
of mouse skin tumors using polymorphic microsatellites:
sequential genetic alterations on chromosome 6, 7, and 11.
Cancer Res 53, 6022-6027 (1993).

Dudley, M. E., Sundberg, J. P. and Roopenian, D. C.
Motif-primed polymerase chain reaction-based allelotype of
sarcomas induced by 3-methylcholanthrene in interspecific
hybrid mice. Oncogenell, 517-524 (1995).

Brachmann, R. K., Vidal, M. and Boeke, J. D. Dominant-
negative p53 mutations selected in yeast hit cancer hot
spots. Proc. Natl. Acad Sci USA 93, 4091-4095 (1996).
Huff, V. and Saunders, G. F. Wilms tumor gené&o-
chim Biophys Acta 1155 295-306 (1993).


7586183&form=6&db=m&Dopt=b     
7586183&form=6&db=m&Dopt=b     
8625469&form=6&db=m&Dopt=b     
8625469&form=6&db=m&Dopt=b     
8504472&form=6&db=m&Dopt=b     
8504472&form=6&db=m&Dopt=b     
8504472&form=6&db=m&Dopt=b     
8430068&form=6&db=m&Dopt=b     
8261441&form=6&db=m&Dopt=b     
8261441&form=6&db=m&Dopt=b     
8261441&form=6&db=m&Dopt=b     
9197527&form=6&db=m&Dopt=b     
1483933&form=6&db=m&Dopt=b     
1483933&form=6&db=m&Dopt=b     
8200083&form=6&db=m&Dopt=b     
8120057&form=6&db=m&Dopt=b     
8449827&form=6&db=m&Dopt=b     
8449827&form=6&db=m&Dopt=b     
8449827&form=6&db=m&Dopt=b     
6092064&form=6&db=m&Dopt=b     
6092064&form=6&db=m&Dopt=b     
6092064&form=6&db=m&Dopt=b     
2565038&form=6&db=m&Dopt=b     
2565038&form=6&db=m&Dopt=b     
2565038&form=6&db=m&Dopt=b     
1797230&form=6&db=m&Dopt=b     
1797230&form=6&db=m&Dopt=b     
1923526&form=6&db=m&Dopt=b     
1923526&form=6&db=m&Dopt=b     
1923526&form=6&db=m&Dopt=b     
8594564&form=6&db=m&Dopt=b     
1899056&form=6&db=m&Dopt=b     
1899056&form=6&db=m&Dopt=b     
8594565&form=6&db=m&Dopt=b     
8594565&form=6&db=m&Dopt=b     
1423262&form=6&db=m&Dopt=b     
1423262&form=6&db=m&Dopt=b     
1423262&form=6&db=m&Dopt=b     
1552940&form=6&db=m&Dopt=b     
1552940&form=6&db=m&Dopt=b     
1552940&form=6&db=m&Dopt=b     
8290271&form=6&db=m&Dopt=b     
8290271&form=6&db=m&Dopt=b     
8290271&form=6&db=m&Dopt=b     
2253215&form=6&db=m&Dopt=b     
2253215&form=6&db=m&Dopt=b     
8170984&form=6&db=m&Dopt=b     
8170984&form=6&db=m&Dopt=b     
8170984&form=6&db=m&Dopt=b     
7903201&form=6&db=m&Dopt=b     
7903201&form=6&db=m&Dopt=b     
7630636&form=6&db=m&Dopt=b     
7630636&form=6&db=m&Dopt=b     
7630636&form=6&db=m&Dopt=b     
8633021&form=6&db=m&Dopt=b     
8633021&form=6&db=m&Dopt=b     
8633021&form=6&db=m&Dopt=b     
8268188&form=6&db=m&Dopt=b     
9119740&form=6&db=m&Dopt=b

39)

40)

41)

Zhan, S., Shapiro, D. N. and Helman, L. J. Activation of
an imprinted allele of the insulin-like growth factor Il gene
implicated in rhabdomyosarcomd. Clin. Invest, 94, 445—
448 (1994).

Taniguchi, T., Okamoto, K. and Reeve, A. E. Human
p57"2 defines a new imprinted domain on chromosome
11p but is not a tumor suppressor gene in Wilms tumor.
Oncogengl4, 1201-1206 (1997).

Nishimori, H., Ogawa, K. and Taeno, H. Frequent deletion

42)

p53 Mutation and LDH in MCA-induced Sarcoma

in chromosome 4 and duplication of chromosome 15 in
liver epithelial cells derived from long-term culture of C3H
mouse hepatocytednt. J. Cancer 59, 108-113 (1994).

Lee, G.-H, Ogawa, K., Nishimori, H. and Drinkwater, N.
R. Most liver epithelial cell lines from C3BgHmice
exhibit parentally-biased loss of heterozygosity at the Lci
(liver cells immortalizatioh locus on chromosome 4.
Oncogenell, 2281-2287 (1995).

277


8040287&form=6&db=m&Dopt=b     
8040287&form=6&db=m&Dopt=b     
8040287&form=6&db=m&Dopt=b     
9121769&form=6&db=m&Dopt=b     
7927890&form=6&db=m&Dopt=b     
7927890&form=6&db=m&Dopt=b     
7927890&form=6&db=m&Dopt=b     
8570178&form=6&db=m&Dopt=b     
8570178&form=6&db=m&Dopt=b     

