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Introduction
The malignant transformation of a cell is a complex process
resulting from several molecular events. The considerable de-
velopment of molecular biology during the last decade has al-
lowed a recognition that these events fall into two distinct cate-
gories: the activation of protooncogenes and the inactivation of
tumor suppressor genes. Whereas research was initially focused
on oncogenes, tumor suppressor genes have quickly become
one of the most active fields in cancer research. Tumor sup-
pressor genes are genes whose inactivation is required for the
malignant transformation of a cell. The involvement of such
genes in cancer was initially suggested by in vitro fusion experi-
ments between normal and malignant cells (1). In most cases,
such fusions result in hybrid cells which are, in contrast to the
parental malignant cell, not tumorigenic in nude mice. Further-
more, these hybrids can become tumorigenic during their prop-
agation in vitro, and this evelution is associated with the loss of
chromosomes deriving from the normal parental cell. These
observations suggested that genes deriving from the normal
parental cell were able to control the expression of the malig-
nant phenotype. _ .
Another indication that tumor suppressor genes were in-
volved in the development of human cancers was the observa-
tion of specific deletions in human tumors. Analysis of tumor
and constitutional DNA from the same individual with poly-
morphic probes usually reveals a loss of heterozygosity at spe-
cific loci in the tumor (2). This observation indicated that the
loss of specific genes was required for the development of hu-
man cancers. Other clues about tumor suppressor genes came
from epidemiologic studies. To explain the epidemiology of
retinoblastoma which can be sporadic or familial, Alfred
Knudson postulated the “two hit” hypothesis (3). According
to this model, retinoblastoma results from two successive
events which are the inactivation of both copies of a gene, the
RB gene. In familial forms of retinoblastoma, one allele of the
RB gene is inactivated in the germline and a second event oc-
curring at the somatic level will inactivate the other allele. In
sporadic cases, two somatic events are required to inactivate
the RB gene. Genetic and molecular studies have now demon-
strated the validity of this model.

Address reprint requests to Dr. Thierry Frebourg, Division of Molecu-
lar Genetics, Massachusetts General Hospital Cancer Center, Building
149, 13th Street, Charlestown, MA 02129.

Received for publication 3 June 1992.

J. Clin. Invest.

© The American Society for Clinical Investigation, Inc.
0021-9738/92/11/1637/05 $2.00

Volume 90, November 1992, 1637-1641

The observation that mutations of tumor suppressor genes
can occur not only at the somatic level but also in the germline
has important clinical implications. Detection of germline mu-
tations in tumor suppressor genes should allow the identifica-
tion of subjects at high risk to develop cancer. During the last
two years, many studies have been focused on the germline
mutations of the p53 tumor suppressor gene. This review will
present data that show that individuals with germline p53 mu-
tations have a high risk of developing a wide spectrum of malig-
nancies.

The p53 tumor suppressor gene

The p53 gene encodes a nuclear phosphoprotein which was
originally described in 1979 as a protein able to form an oligo-
meric complex with the SV40 large T antigen in SV40 trans-
formed cells (4). The high levels of p53 observed in trans-
formed cells and the ability of the p53 gene to cooperate with
the ras genes in rat embryo fibroblasts transformation assays
initially indicated that the p53 gene was an oncogene. 10 years
later, it was demonstrated that only the mutant forms of p53
had transforming properties (4). Furthermore, two lines of
data have shown that the wild-type form of the p53 gene can be
considered as a tumor suppressor gene: (@) Somatic alterations
of the p53 gene have been reported in a spectrum of human
cancers, suggesting that this event is required for the malignant
transformation of many human cells (4-6). Mutation of the
p53 tumor suppressor gene is currently the most frequently
detected genetic alteration in human cancers. These changes
are mostly missense mutations. The human p53 gene is located
on chromosome 17p (region 17p13), contains 11 exons (the
first exon does not encode protein sequences), and the p53
protein is composed of 393 amino acids. 98% of the 280-base
substitution mutations reported so far in malignant tumors are
clustered between exons 5 and 8 and are localized in four evo-
lutionarily conserved domains of p53: domain II (codons 117
to 142), domain III (codons 171 to 181), domain IV (codons
234 to 258) and domain V (codons 270 to 286) (4-6). (b) The
expression of wild-type p53 is able to suppress the transforma-
tion of cells by others oncogenes (7, 8), to inhibit the growth of
malignant cells in vitro (9-15) and to suppress the tumorigenic
phenotype of transformed cells (16). Many studies have sug-
gested that the ability of the wild-type protein to block the
growth of malignant cells in vitro results from a specific effect
of p53 on the G1 phase of the cell cycle (4, 12, 17).

Analysis of the 17p chromosome with polymorphic probes
in human cancers containing p53 mutations has revealed that
the wild-type allele is quite often lost during tumor develop-
ment (4). This result indicates that in most tumors, both p53
alleles are inactivated, one through a point mutation, the other
through a deletion. This suggests that most mutations at the
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p53 locus are recessive and that p53 inactivation can be ex-
plained by the “two hits” model proposed by Knudson for the
RB gene (3). Nevertheless, the ability of some mutant p53
proteins, observed in human tumors, to transform primary ro-
dent cells in cooperation with the ras genes suggests that mu-
tant p53 can inactivate the endogenous wild-type protein (4).
The proposed mechanism for this dominant effect of the mu-
tant protein involves the formation of oligomers between the
wild-type and the mutant proteins (4, 16). The mutant p53
proteins are also able to form complexes with the constitutively
expressed member of the heat shock proteins family, the hsc70
protein (18, 19). Therefore, these interactions would trap and
inactivate the wild-type p53 protein. This would explain the
transdominant negative effect of some mutations.

The molecular mechanisms by which the p53 gene is able to
act as a tumor suppressor gene remain unclear. Fusion experi-
ments with the DNA binding domain of the yeast protein
GAL-4 have suggested that p53 could be a transcriptional acti-
vator (20, 21). The p53 protein could therefore control the cell
cycle by activating the genes that suppress cell proliferation.
Nevertheless, the observation that some p53 mutants retained
the transcriptional activity in these experiments was initially
confusing. Results obtained in Bert Vogelstein’s laboratory
confirm that p53 has transcriptional activity. Wild-type p53
has been shown to bind specifically in vitro to DNA sequences
containing the TGCCT motif (22). Precise mapping of the
binding sequences has revealed a consensus binding site con-
sisting of two copies of the 10-bp motif 5'-PuPuPuC(A/T)(T/
A)GPyPyPy-3’ separated by 0-13 bp (23). Biological signifi-
cance of this binding has recently been demonstrated by clon-
ing the motif upstream of a weak promoter controlling the
expression of the CAT (chloramphenicol acetyl-transferase)
gene. Cotransfection experiments of this CAT construct with a
p53 expression vector have shown that p53 was able to transac-
tivate the recombinant promoter. In contrast to the wild-type
protein, none of the mutants tested so far have been found to
have a transcriptional activity (24).

The second speculated role of p53 is the control of DNA
replication. This biological activity was suggested by works on
the replication of the SV40 virus. The wild-type form of p53 is
able to inhibit the binding of SV40 large T to the cellular «
polymerase which is required for SV40 DNA replication (4).
The wild type protein is also able to inhibit the helicase activity
of T antigen which facilitates DNA replication (4). It has been
speculated that SV40 T antigen had a cellular homogue which
is involved in the control of DNA replication. Therefore, p53
would bind this cellular homologue and would inhibit DNA
replication.

Identification of germline p53 mutations

Germline p53 mutations in the Li-Fraumeni syndrome. Germ-
line p53 mutations were initially reported in patients with the
rare Li-Fraumeni syndrome (LFS), a family cancer syndrome
in which affected relatives develop a diverse set of malignancies
including breast carcinomas, sarcomas, and brain tumors (25,
26). The transmission of the LFS is autosomal dominant and
the clinical definition requires: () an individual ( the proband)
with a sarcoma diagnosed before age 45; (b) a first degree rela-
tive with cancer before age 45; and (¢) another first or second

1. Abbreviation used in this paper: LFS, Li-Fraumeni syndrome.
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degree relative with either a sarcoma diagnosed at any age or
any cancer diagnosed under age 45 (25). The relative risk of
cancer in LFS during childhood has been estimated to 20 (26).
Several problems hindered the cloning of the LFS gene using
linkage analysis: (@) few individuals are readily available for
study because the disorder is very rare and the lethality of the
tumors is significant; (b) the clinical diagnosis is sometimes
difficult because of the lack of an unambiguous definition of
the syndrome; (c) there are no associated specific chromo-
somal alterations that might identify a marker site. One reason-
able candidate gene for the LFS was the p53 gene because so-
matic mutations of the p53 gene had been reported in most of
the tumors observed in the LFS. Furthermore, transgenic mice
that overexpressed mutant p53 developed a wide spectrum of
tumors, many of which are component tumors of the LFS in
human (27). Initial study of the p53 gene in fibroblasts and
lymphocytes of five families with LFS, using the polymerase
chain reaction and nucleic acid sequencing, identified germline
P53 mutations in the five families (28 ). These mutations were
missense mutations in a highly conserved region of the protein.
Analysis of one LFS family, using a highly polymorphic DNA
sequence on chromosome 17p, confirmed the consegregation
of the p53 allele with the LFS (28). Furthermore, the tumors
that were tested had lost the remaining wild-type p53 allele
(28). This work suggested that germline p53 mutations might
provide one explanation for the LFS. Germline p53 mutations
in LFS have also been documented by other investigators (29—
31). Importantly, there are also other LFS families in which it
has not been possible to detect any germline p53 mutations
(31, Friend, S. H., and N. Barbier, unpublished results). These
negative results must be analyzed with caution. Before conclud-
ing that germline p53 mutations are not present in families
with LFS, the sequencing of the entire p53 coding region is
required. The possibility that germline p53 mutations are not
the only molecular basis of the LFS must be also considered.
For example, genetic alterations affecting proteins in the p53
signaling pathway could produce phenotypes identical to
the LFS (31a—c).

Germline p53 mutations outside the Li-Fraumeni syn-
drome. Since the original report of germline p53 mutations in
LFS, many investigators have looked for germline p53 muta-
tions in patients with cancers which are component tumors of
the LFS. One striking feature of the affected members in fami-
lies with LFS is the high frequency at which they develop sec-
ond malignancies. Almost 50% of the affected members de-
velop more than one malignant neoplasm. This observation
led our group to analyze children and young adults with second
malignant neoplasms, who did not have any history consistent
with LFS. This study revealed that four of the 59 patients with
second malignant neoplasms had germline p53 mutations
(32). Germline p53 mutations also have been found in pa-
tients with sarcomas (33, 34), in a patient with a brain tumor
(35), and in patients with familial breast cancer (36, 37). The
frequency of germline p53 mutations in women with breast
cancer appears to be < 1% (36, 37).

These reports indicate that germline p53 mutations are
found outside LFS. Two important observations can be made
from these studies. First, germline pS3 mutations have been
observed mostly in patients with an unusual history of cancers,
i.e., multiple malignancies, or a family history of cancers. For
example, in the study on sarcomas by Toguchida et al. (33),



the frequency of germline p53 mutations in randomly chosen
sarcoma patients was very low (2:181) and both positive pa-
tients had a remarkable family history of cancers. In the same
report, the frequency of germline p53 mutations was extremely
high in patients who were selected for the study because they
had either multiple primary cancers or an unusual family of
cancers (6:15). The germline p53 mutation reported by
Metzger et al. in a case of an intracranial ependydoma (34) was
observed in a patient with a strong family of cancer. The three
patients with breast cancer (3:363) who had a germline p53
mutation had also a family history of cancers (36, 37). The
other important observation regarding germline p53 mutations
is that, in most of the cases, these mutations have been shown
to be inherited. Only 2 of 18 germline p53 mutations have been
shown so far to be de novo (Table I). These observations sug-
gest that de novo germline p53 mutations are rare in contrast to
germline RB mutations that occur de novo in 85 percent of
retinoblastomas. Germline p53 mutations are therefore proba-
bly most often inherited.

Distribution and nature of germline p53 mutations. Initial
studies on germline p53 mutations in LFS have suggested that
the distribution of germline mutations in contrast to that of
somatic mutations could be restricted. The first described
germline mutations were found in exon 7 of the p53 gene in the
conserved region IV (28, 29). It was therefore speculated that
only certain mutations might be tolerated in the germline (28).
Analysis of germline mutations in LFS patients and in others
patients clearly indicate that germline mutations are widely
distributed among the p53 gene between amino acid residues
72 and 325 (Table I).

Germline mutations reported so far are mostly missense
mutations ( Table I) but the study by Toguchida et al. indicates
that nonsense and frameshift mutations of the p53 gene can

Table I. Germline Mutations of the p53 Gene

also be found in the germline (33). Most of the missense muta-
tions are within conserved domains of the protein (Table I).
The only missense mutation which is located outside of a con-
served domain is in codon 325 which is conserved in monkey,
mouse, and rat (32).

Involvement of germline p53 mutations in cancer
development

The involvement of a germline p5S3 mutation in the develop-
ment of cancer can theoretically be demonstrated by genetic
analysis. Nevertheless, genetic analysis is of limited use for
germline p53 mutations for the following reasons: (a) genetic
analysis can be performed only if the patients have a strong
familial history of cancers and germline mutations have been
reported in patients with a limited number of affected relatives;
(b) in kindreds with a high incidence of cancers, like in the LFS
families, genetic analysis is often limited by the few number of
available samples since the lethality is usually very high; (c) the
development of a cancer in a patient who does not carry the
germline p53 mutation observed in the proband can corre-
spond to a sporadic case of cancer; (d) tumors will not neces-
sary develop in all patients with a germline p53 mutations at
the time of genetic analysis since the age of onset is variable.
For these reasons, the coinheritance of a mutant p53 allele with
cancer has been clearly demonstrated in only one extented fam-
ily with Li-Fraumeni syndrome (30).

When genetic analysis is not possible, it is necessary to dem-
onstrate that these mutations have inactivated the tumor sup-
pressor function of the p53 protein. Most of the germline p53
mutations described so far are missense mutations ( Table I)
and it is not obvious that all of these missense mutations have
disrupted p53 function. These missense mutations could have
a biological significance but also could instead represent previ-

Nucleotide

Amino-acid

Observed

Codon change change in Reference
71-72 1-bp insertion Frame-shift (0 33)
120 AAG —» TAG Lys = Stop MPC (33)
133 ATG — ACG Met - Thr LFS* (30)
151-152 1-bp insertion Frame-shift LFS* (33)
181 CGC - TGC Arg = Cys BC* (36)
CAC His BC* (37, 38)
209-210 2-bp deletion Frame-shift MFH 33)
241 TCC - TTC Ser — Phe MPC} 33)
242 TGC - TAC Cys = Tyr BT (35)
245 GGC - TGC Gly - Cys LFS* A (28)
GAC Asp LFS* (29)
AGC Ser OS*, BC* (33, 37)
248 CGG - TGG Arg = Trp LFS*, SMN* (28, 31, 32)
CAG Gln LFS*, MPC?* (31, 33)
258 GAA — AAA Glu — Lys LFS* (28)
273 CGT — CAT Arg — His SMN 32)
282 CGG - TGG Arg - Trp SMN*, OS*, MOS (32, 33, 34)
325 GGA - GTA Gly - Val SMN* 32)

* Inherited mutation; * new germline mutation. OS, Osteosarcoma; MPC, multiple primary cancers; BC, breast cancer; MFH, malignant fi-
brous histiocytoma; BT, brain tumor; SMN, second malignant neoplasms; MOS, multifocal osteogenic sarcoma.
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ously undetected rare polymorphisms. Therefore, we have un-
dertaken a systematic analysis of the biological properties of
germline p53 mutants to determine if the corresponding muta-
tions have inactivated the p53 gene and thereby provide an
increased risk for cancer. Constructs expressing germline mu-
tant proteins observed in patients with different clinical presen-
tations (Li-Fraumeni syndrome, second malignancies, familial
breast carcinoma) were stably transfected into the Saos-2 os-
teosarcoma cell line in which the endogenous p53 gene is com-
pletely inactivated (38). The expression of transfected wild-
type p53 blocks the progression of the cell cycle before S phase,
and that expression of the wild-type protein is not tolerated in
stably transfected Saos-2 cells (12). Transfection of the plas-
mids expressing the germline mutants (except one mutant at
codon 181) resulted in approximately eightfold more stable
colonies than when the plasmid expressing wild-type p53 was
transfected (38). Analysis of p53 expression in stable transfec-
tants revealed that, most of the colonies derived from the trans-
fections with the plasmids encoding the germline mutants ex-
pressed high levels of p53 protein. These results demonstrated
that these germline mutant proteins were unable to inhibit the
growth of malignant cells. In contrast, none of the colonies
derived from the transfection with the plasmid expressing the
mutant protein at codon 181 or the wild-type protein, were
found to express p53. This result indicates that the expression
of the mutant protein at codon 181, like the expression of the
wild-type p53, was incompatible with the growth of malignant
cells in vitro (38).

We then determined whether germline p53 mutants shared
certain unique structural properties (38). Many inactivating
mutations, which have been detected in sporadic tumors, have
been shown to produce structural modifications of p53: (a)
most of the mutant proteins are recognized by the antibody
PAb240 which is specific for a mutant conformation (39); (b)
frequently, the mutant proteins complex with hsc70 (18); and
(c) all the mutations observed in sporadic tumors and analyzed
so far have been shown to disrupt the binding of p53 to SV40
large T antigen (4). This study revealed that the structural
properties of the germline p53 mutants show a high degree of
heterogeneity. However, with the exception of the mutant at
codon 181, none of the germline mutants retained all the struc-
tural features of the wild-type protein (38).

Therefore, the functional and structural studies of the
germline mutants revealed one germline mutant (at codon
181) to be identical to the wild-type p53 in our assays. We
speculated that this germline mutation was not associated with
an increased risk for cancer. To test this hypothesis, we per-
formed genetic analysis on the family with this germline p53
mutation (38). This mutation had been detected in a patient
with a familial breast cancer (37). Genetic analysis provided
two pieces of data suggesting that the codon 181 mutation was
not associated with the development of cancer in all members
of this family. The mutation was not present in the germline of
a family member who developed two cancers. More impor-
tantly, the codon 181 mutant was somatically lost during the
development of a cancer in another relative (38). These results
indicate that germline mutations which change the amino-acid
sequence in the conserved domains of p53 will not always be
associated with an increased risk for early cancer. Therefore,
before associating a germline p53 mutation with the develop-
ment of cancer, it is prudent to consider its functional signifi-
cance.
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The involvement of germline p53 inactivating mutations in
the development of cancers was recently investigated in vivo
using mice deficient for p53. A null mutation was introduced
into the p53 gene by homozygous recombination in murine
embryonic stem cells (40). Mice homozygous for the null allele
were developmentally normal but most of them (74%) devel-
oped neoplasms by six months of age (40). These results con-
firm that germline inactivation of the p53 gene predisposes to
cancer.

Conclusion

Analytical studies performed during the two last years have
identified germline p53 mutations in patients with cancer. Ge-
netic and biological studies have emphasized the involvement
of these germline mutations in cancer development. In con-
trast to germline mutations observed in other tumor suppressor
genes like the RB or the W T1 gene, germline p53 mutations
appear to predispose to the development of malignant tumors
in many tissues: breast carcinomas, soft tissue sarcomas, osteo-
sarcomas, brain tumors, and leukemias.

Detection of a germline p53 mutation in one patient repre-
sents at present time an intensive work of molecular biology.
The classical approach requires five successive steps: PCR am-
plification, cloning of the PCR amplified fragment into a plas-
mid sequencing vector, transformation of bacteria with the re-
combinant plasmid, DNA minipreparations and sequence of
several clones to ensure the detection of both the wild-type and
mutant p53 alleles (28). The entire coding region of p53 must
be sequenced since germline p53 mutations are widely distrib-
uted along the gene. Alternate strategies have been developed
to decrease the effort required to screen large numbers of sam-
ples. Direct sequencing (29, 30, 33, 34) and methodologies
based on the modification of the DNA conformation, like sin-
gle strand conformation polymorphism (33, 34), denaturing
gradient gel electrophoresis (35), or constant denaturant gel
electrophoresis (32, 37), have been successfully used for the
detection of germline p53 mutations.

The identification of a germline p53 mutation in a patient
must be followed by génetic or molecular studies before con-
cluding that a given germline mutation provides a high risk for
cancer. Biological studies of germline p53 mutations (38) have
indicated that rare polymorphisms, variants without pheno-
typical expression, will be identified in p53 as have been found
in other genes such as the §-globine gene. An important ques-
tion to address in the future will be to determine if all the
significant germline p5S3 mutations provide the same risk for
cancer development. A recent study has shown that both p53
alleles are constitutionally expressed in normal cells derived
from LFS patients (41). It has been speculated that some p53
mutations could be dominant over the wild-type protein. This
transdominant negative effect would result in a complete inac-
tivation of p53 function in a patient with a germline p53 muta-
tion. One can speculate that germline p53 mutants with a
transdominant effect might be associated with a poor progno-
sis. Therefore, it might be important to determine which pro-
tein, the mutant or the wild-type, is dominant over the other.

The demonstration of the involvement of a specific germ-
line p53 mutation in cancer development requires an intensive
analysis. For this reason, at the present time, generalized
screening of patients is not indicated. This screening should
probably be restricted to specific groups in which germline mu-
tations have been found at a high frequency: individuals with a



strong family cancer history and patients with multiple pri-
mary cancers. Identification of germline p53 mutations in
these groups should allow the detection of individuals and fami-
lies at high risk to develop cancers.

The most important question in the next years will be to
determine the care of presymptomatic mutation carriers. Vital
ethical and medical issues regarding this type of predictive
screening have already begun to be addressed (42).
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