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p53 GENE MUTATIONS IN SARCOMAS

Electrophoresis was performed at room temperature with a constant
power of 8 W for 8 to 16 h. Autoradiography was carried out for 12-24
h without an intensifying screen.

Direct Genomic Sequencing. Direct sequencing of double-stranded
PCR fragments was performed as previously described (21). Amplified
PCR products were purified through Sepharose CL-6B (Pharmacia)
and combined with 7 pmol of 32P-end-labeled primer. Primer-template
mixtures were heat-denatured, and sequencing reactions were carried
out with Sequenase (U.S. Biochemical). Electrophoresis was performed
on 6% denaturing polyacrylamide gels. Autoradiography was carried
out for 12-16 h without the use of an intensifying screen.

RESULTS

Rearrangements of the p53 Gene. DNA from 127 bone and
soft tissue sarcomas was examined by Southern blot analysis
using a cDNA probe from the p53 gene (pR4-2) (17). The
pathological diagnosis for these samples was: osteosarcoma in
76 cases; malignant fibrous histiocytoma in 13 cases; chondro-
sarcoma in 9 cases; synovial sarcoma and Ewing’s sarcoma
(5 cases each); liposarcoma and rhabdomyosarcoma (4 cases
each); chordoma in 3 cases; fibrosarcoma in 2 cases; malignant
schwannoma; alveolar soft part sarcoma; leiomyosarcoma; ma-
lignant hemangiopericytoma; epithelioid sarcoma; and ter-
atoma (one case each). Gross rearrangements of the p53 locus
were detected in 21 tumors (Table 1). These gross rearrange-
ments were identified by an abnormal restriction pattern, usu-
ally involving the presence of additional fragments of abnormal
size (Fig. 1). Abnormally migrating bands in Fig. 1 have arisen
from structural rearrangements within a 15-kilobase EcoRI
fragment containing exons 2-10 of the p53 gene; the remaining
faint 15-kilobase band is due to a second EcoRI fragment con-
taining the unrearranged 3’ end of the gene (18). In all cases the
rearrangements were not observed in DNA of leukocytes taken
from the same patient, excluding the possibility of neutral poly-
morphisms at the enzyme recognition sites (data not shown).
Of the 21 rearrangements we found, 18 occurred in osteosar-
coma tumors, 2 in malignant fibrous histiocytomas, and 1 in a
fibrosarcoma.

Screening for Point Mutations of the p53 Gene. Mutations
too small to be resolved by Southern blotting were identified in
two steps. In the first step, SSCP analysis was used to identify
samples with DNA sequence variations. SSCP was performed
with only minor modifications of the original published proce-

Table 1 Gross alterations of the p53 gene in sarcoma

ID Tumor type Proposed alteration

KS-41 Osteosarcoma Homozygous partial deletion
KS-61 Osteosarcoma Homozygous partial deletion
KS-73 Osteosarcoma Homozygous partial deletion
KS-102 Osteosarcoma Homozygous partial deletion
KS-162 Osteosarcoma Homozygous partial deletion
KS-72 Osteosarcoma Homozygous rearrangement
KS-115 Osteosarcoma Homozygous rearrangement
KS-121 Osteosarcoma Homozygous rearrangement
KS-149 Osteosarcoma Homozygous rearrangement
KS-150 Osteosarcoma Homozygous rearrangement
KS-74 Osteosarcoma Heterozygous rearrangement
KS-82 Osteosarcoma Heterozygous rearrangement
KS-103 Osteosarcoma Heterozygous rearrangement
KS-111 Osteosarcoma Heterozygous rearrangement
KS-127 Osteosarcoma Heterozygous rearrangement
KS-163 Osteosarcoma Heterozygous rearrangement
KS-168 Osteosarcoma Heterozygous rearrangement
KS-173 Osteosarcoma Heterozygous rearrangement
KS-45 MFH* Heterozygous rearrangement
KS-71 MFH Heterozygous rearrangement
KS-80 Fibrosarcoma Heterozygous rearrangement

2 Malignant fibrous histiocytoma
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Fig. 1. Rearrangements of the p53 gene in osteosarcomas. High-molecular-
weight DNA was digested with EcoRI, and fragments were separated on a 0.7%
agarose gel, blotted onto a nylon membrane, and hybridized with a cDNA probe
from the p53 gene (pR4-2). Lane 1, leukocyte DNA from a normal control; Lanes
2-11, DNAs from osteosarcoma tumors (see “Materials and Methods™).

dure (22). Separate pairs of oligonucleotide primers were used
to amplify each of the p53 exons 2-11 except exon 5, for which
two overlapping PCR fragments were analyzed (Table 2). The
exon-containing PCR fragments included at least 10 base pairs
of 5' and 3' flanking sequences surrounding each exon. To
increase the sensitivity of the SSCP technique for some regions,
PCR-amplified DNA fragments from some exons were digested
by an appropriate restriction endonuclease to reduce the size of
the PCR fragments to approximately 200 base pairs (Table 2).
To further characterize variants, samples that showed a variant
allele by SSCP analysis were analyzed by direct genomic se-
quencing (21). To confirm that the majority of mutations in the
P53 gene were detected by this screening process, we carried out
DNA sequence analysis on 36 “SSCP-negative” samples in
exon 5 and 48 samples in exon 7. This analysis revealed no
additional point mutations (data not shown).

A total of 21 subtle alterations including point mutations,
small deletions, and an insertion were identified and character-
ized by this screening method (Table 3). Examples of SSCP
analysis and sequences showing mutations are presented in
Figs. 2 and 3, respectively. Of these 21 mutations, 14 were
found in osteosarcomas, 4 occurred in chondrosarcomas, 2 in
malignant fibrous histiocytoma, and one mutation was found in
a liposarcoma. None of these tumors had a gross alteration of
the p53 gene except one case (KS-103), in which a heterozygous
rearrangement was found. The point mutation found in this
tumor was also heterozygous. These results suggest that two
different mutations occurred in each of two copies of the p53
gene in this case. Although we cannot exclude the possibility
that two mutations occurred on the same allele, we believe that
this is unlikely.

Characteristics of Point Mutations Found in Sarcomas. The
locations of the 21 point mutations we found are shown in Fig.
4. Of these, 13 mutations were single-base changes that cause
amino acid substitutions in the p53 protein, and 6 are nonsense
mutations that result in premature termination codons due to
deletion, insertion, or the direct creation of a stop codon due to
a single base substitution. The remaining two mutations were
intronic mutations at canonical splice junctions. The majority
of p53 gene mutations in various types of cancers were found in
five evolutionarily conserved domains (8, 9, 23). Of the 21 point
mutations described in this study, 10 (48%) occurred in the
conserved domains; all 10 of these were missense mutations.
Three more missense mutations (162" to 162Fhe, 193His to
193GIn, 2594sp to 259Val) were found outside the conserved
domains but occurred at codons that are identical in human,

6195

220z Ae 9z uo 3sanb Aq ypd'¥61922025040/2916¥12/¥619/22/cS/Pd-aphe/salieoued/Bi0 sjeunolioee//:djy woy papeojumoq



p53 GENE MUTATIONS IN SARCOMAS

Table 2 Oligonucleotide primer pairs to amplify SSCP fragments of each exon in the p53 gene

Size of Size of
amplified digested
Primer sequence fragment Restriction fragment
Exon (sense/antisense) (base pairs) endonuclease (base pairs)
2 5'-TGGAAGTGTCTCATGCTGGA 281 BamH1 132,131,18
5'-CAGAACGTTGTTTTCAGGAA
3 5'-AGCGAAAATTCCATGGGACT 184 No digestion 184
5'-TCCATTGCTTGGGACGGCAA
4 5'-ACTTCCTGAAAACAACGTTCT 440 Mspl 176,159,105
5'-CAGGCATTGAAGTCTCATGG
5(5' end) 5'-TTATCTGTTCACTTGTGCCC 189 No digestion 189
5'-TCATGTGCTGTGACTGCTTG
5 (3' end) §'-TTCCACACCCCCGCCCGGCA 162 No digestion 162
5'-ACCCTGGGCAACCAGCCCTG
6 5'-ACGACAGGGCTGGTTGCCCA 201 No digestion 201
5'-CTCCCAGAGACCCCAGTTGC
7 5'-GGCCTCATCTTGGGCCTGTG 171 No digestion 171
5'-CAGTGTGCAGGGTGGCAAGT
8 5'-CTGCCTCTTGCTTCTCTTTT 204 No digestion 204
5'-TCTCCTCCACCGCTTCTTGT
9 §'-GCAGTTATGCCTCAGATTCA 185 No digestion 185
5'-GGCATTTTGAGTGTTAGACT
10 5'-GGTACTGTGTATATACTTAC 229 Alul 148,81
5-ATGAGAATGGAATCCTATGG
11 5'-AGACCCTCTCACTCATGTGA 178 No digestion 178
5'-GGGGGAGGGAGGCTGTCAGTG
Table 3 Somatic point mutations of the p53 gene in sarcomas
Within
Tumor conserved Nucleotide Amino acid Wild-type
ID type @ Exon Codon domains? change change allele
KS-146 oS 4 46-7 No 1 base pair deletion Stop at 122 -
KS-131 oS 4 112 No 1 base pair deletion Stop at 122 -
KS-57 Cs s 162 No ATC to TTC Ile to Phe +
KS-93 CS 5 173 Yes GTG to GCG Val to Ala -
308-OT (0] 5 175 Yes CGC to CAC Arg to His +
KS-134 oS 6 193 No CAT to CAA His to GIn -
KS-133 MFH 6 196 No CGA to TGA Arg to Stop +
KS-211 (0] 6 221 No GAG to TAG Glu to Stop +
KS-140 oS 7 227-8 No 4 base pair deletion Stop at 245 +
KS-198 oS 7 241 Yes TCC to TAC Ser to Tyr -
KS-208 oS 7 244 Yes GGC to GTC Gly to Val -
KS-283 CS 7 249 Yes AGG to ACG Arg to Thr +
KS-154 (0] 7 250 Yes CCC to CTC Pro to Leu -
258-0T [0} 7 259 No GAC to GTC Asp to Val -
KS-96 MFH 8 273 Yes CGT to CAT Arg to His +
KS-241 [0} 8 273 Yes CGT to CAT Arg to His -
KS-81 (01 8 281 Yes GAC to CAC Asp to His -
KS-103 [0 ) 8 281 Yes GAC to AAC Asp to Asn +
KS-197 oS 9 Splice acceptor site No aaTG to ggTCG -
KS-39 CS 9 316-7 No 1 base pair insertion Stop at 336 +
KS-107 LS 9 Splice donor site No AGgt to AGtt

2 OS, osteosarcoma; MFH, malignant fibrous histiocytoma; LS, liposarcoma.

monkey, rat, and mouse (23). Therefore, all 13 of the missense
mutations we found occurred at highly conserved residues of
the p53 gene, whereas nonsense mutations appeared to occur at
random.

Of the 21 point mutations we found, 17 are single base sub-
stitutions. The nature of these base substitutions is shown in
Table 4; 8 were transitions (4 of which occurred at CpG dinu-
cleotides), and 9 were transversions. Although the total number
of mutations is small, our data show no clear hotspots and no
preponderance of one particular type of mutation. Two in-
stances of a single base deletion and one instance of a single
base insertion occurred in strings of G or C nucleotides

(KS-146, deletion of one C from a string of 4 C’s; KS-131,
deletion of one C after a 3-string of G’s; KS-39, insertion of one
C in a string of 4 C’s). Finally, a 4-base pair deletion was found
in a region within a direct repeat (KS-140, GCTCTGACTG to
GCTCTG).

Clinical Phenotypes of Osteosarcomas with p53 Gene Muta-
tions. Of all osteosarcoma patients in this study, clinical fol-
low-up of 2 or more years after initial treatment is available for
only 36 patients. Lung metastases developed in 21 of 36 cases;
10 of these (48%) occurred in patients whose primary tumors
carried one or more p53 gene mutations. Fifteen osteosarcoma
patients showed no evidence of disease during the 2 years that
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Fig. 2. a, SSCP analysis of exon 7 of the p53
gene in a patient with osteosarcoma (KS-154). P -~ '
Control and KS-154 are DNAs from leukocytes, ’ " < ¢
and KS-154-T is DNA from tumor tissues. b, s 2
SSCP analysis of exon 9 of the p53 geneina =

patient with malignant fibrous histiocytoma
(KS-39). ¢, SSCP analysis of exon 9 of the p53

gene in a patient with liposarcoma (KS-107). a
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Fig. 3. Direct genomic sequence analysis of the p53 gene in patients shown in Fig. 2. a, homozygous C to T transition at codon 250 in exon 7. b, homozygous
insertion of one C in a string of 4 Cs spanning codons 316-317 in exon 9. ¢, heterozygous G to T transversion at the splice donor site of intron 9.
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Fig. 4. The distribution of somatic point mutations of the p53 gene in sarco-
mas. Top, schematic diagram of the p53 coding sequences with five conserved
domains (O). Bottom, regions spanned by exons 2 through 11. ¥, missense mu-
tation; V, other types of mutations (nonsense or splicing mutations).

Table 4 Nature of base substitutions in the pS3 gene mutations in sarcomas

Substitutions Number (%)

Transition 8(47)
G:Cto AT 6 (35)
A:T to G:C 2(12)

Transversion 9(53)
G:Cto T:A 4(23)
G:Cto C:G 2(12)
A:T to C:G 0 (0)
ATto T:A 3(18)

followed their initial treatment. p53 gene mutations were iden-
tified in 7 patients from this group (47%). Therefore, no defi-
nite association was observed between p53 gene mutation and
the incidence of lung metastasis in the 36 patients for whom a
24-month clinical follow-up was available.

Association of p53 Gene Mutations with Allele Loss on 17p.
Allelic deletions on 17p were previously found in approxi-
mately 70% of osteosaroma tumors, and the common region
of allele loss was assigned to 17p13, where the p53 gene is
located (19, 24). These data suggest that allelic deletions on 17p
occur as a second event following an initial mutation on the
homologous copy of p53 gene. Of 76 cases of osteosarcoma
analyzed in this study, 57 cases were informative (constitution-
ally heterozygous) for the analysis of allele loss on 17p (Table
5). In 39 of 57 cases (68%), tumor cells lost one allele at one or
more polymorphic loci on 17p. Alterations in the p53 gene,
including either gross rearrangements or point mutations, were
identified in 51% (20 of 39) of tumors with allele loss on 17p.
No detectable mutations were found in the remaining 49% of
tumors with allele loss on 17p. Genetic alterations of the p53
gene were found in 50% (9 of 18) of tumors that were informa-
tive for 17p markers and which retained both alleles at the p53
locus.

DISCUSSION

A number of studies have been reported concerning the inci-
dence of p53 gene mutations in human cancers, allowing a
comparison of the mutation spectrum we found in sarcomas
with that seen in other types of malignant tumors. Our study
revealed a relatively high incidence (21 of 126) of gross rear-
rangements of the p53 gene in sarcomas. This is consistent with
previous reports describing p53 gene mutations in sarcomas
(15, 25-27). Point mutations of the p53 gene have also been
found with a high frequency in various other types of cancers.
However, only chronic myelogenous leukemia at blast crisis
showed an equivalent frequency of gross rearrangements of the
p53 gene (28, 29). In these previous studies, the majority of
rearrangements in both sarcomas and chronic myelogenous leu-

kemia were found to occur in intron 1, and tumors with rear-
rangements were shown to have no detectable mRNA of the p53
gene (27-29), indicating that rearrangements of the p53 gene
usually cause loss-of-function mutations. A similar pattern of
rearrangements was observed in our study, although a precise
analysis of the rearrangement could not be performed in many
cases because DNA from the primary tumor was limited.

The fraction of sarcomas with loss-of-function mutations in
the p53 gene increases significantly if point mutations leading
to nonsense errors are included. Of the 21 point mutations we
found, 6 mutations create a premature stop codon downstream,
leading to the truncation of important regions known to com-
plex with viral antigens or wild-type p53 protein (30, 31). Al-
though it is likely that the two mutations found at splicing sites
of exon 9 are also loss-of-function mutations, neither RNA nor
protein studies could be carried out on these tumors. Therefore,
at least 27 (21 rearrangements and 6 nonsense mutations) of 42
(64%) of the p53 gene mutations we identified in 127 sarcomas
can be regarded as loss-of-function mutations.

Interestingly, we found a similar mutation spectrum among
germ-line p53 gene mutations in sarcoma patients. Although
the number of cases was much smaller, 4 of 8 patients with
germ-line p53 gene mutations carried loss-of-function muta-
tions (32). This predominance of loss-of-function mutations in
sarcomas is considerably different from the mutation spectrum
reported for other types of cancer such as colorectal carcinomas
or non-small cell lung cancer, where missense errors accounted
for 94% (30 of 32 cases) or 91% (21 of 23) of all mutations,
respectively (10, 12). Since the number of potential targets for
nonsense mutations is theoretically much greater than that for
functionally significant missense mutations, it is reasonable to
expect that the spectrum of single base substitutions would be
broad in tumors with a tendency toward loss-of-function muta-
tions. Indeed, the mutations we observed in 127 sarcomas
spanned a wide region of the p53 gene, from codons 46 to 316.
Our findings emphasize the importance of screening, at a min-
imum, the entire p53 coding region if an accurate evaluation of
the spectrum of p53 gene mutations is sought.

Our detection of a disproportionately low frequency of p53
gene mutations among tumors with allele loss on 17p is quite
interesting with respect to the “two-hit hypothesis” of tumor
suppressor gene action. By comparison, a study of p53 mutation
and allelic loss on 17p in colorectal carcinoma has shown that
86% of tumors with 17p allelic loss carried a mutation in the
P53 gene (10). Several explanations could account for the dis-
parate findings in these two studies. First, studies that do not
include a detailed analysis of the promoter and exon 1 might
underestimate the overall frequency of p53 mutations by failing
to detect mutations in regulatory regions, as have been de-
scribed for another tumor suppressor, the retinoblastoma gene
(33). Since the promoter region of the p53 gene was not ana-
lyzed in our study, the possibility exists that we missed such
mutations; hence, it is possible that most of the tumors with
allele loss in our study do carry p53 mutations, but they went
undetected. A second possibility is that the p53 gene was not

Table 5 The association of allelic deletions on 17p with the p53 gene mutations

Detectable mutation No
LOH detectable
on Rearrange- Point mutation
17p ments mutations Total Total
+ 10 10 20 19
- 7 2 9 9
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mutated in some tumors with allelic losses on 17p. The pres-
ence of another tumor suppressor gene on 17p telomeric to the
p53 locus has been postulated in studies of breast cancer (34)
and hepatocellular carcinoma (35) and could account for our
data. Finally, a third possibility is that allelic loss at the p53
locus might itself have oncogenic potential in some target cells
and would thus precede detectable mutations at the remaining
locus in these cases. In colorectal carcinomas, missense muta-
tions are supposed to precede allelic deletions; the mutant pro-
teins are assumed to create a growth advantage through a “dom-
inant negative™ effect. Therefore, cells with one mutant allele
may lose the remaining normal allele during a phase of rapid
proliferation (10). Thus, a simple quantitative decrease of the
P53 gene product might be enough to endow cells with a growth
advantage in a tissue-specific manner. The fact that approxi-
mately one-half of tumors without allelic deletions on 17p in
this study have an alteration of the p53 gene may support this
model. This hypothesis would be more compelling if expression
of the two alleles of the p53 gene is not equivalent in all cells, as
has been shown for other genes (36, 37). A precise analysis of
the expression of the p53 gene in tumors without detectable
mutations would further our understanding of this issue.
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