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Mutations of the p53 Gene Do Not Occur in Testis Cancer1
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ABSTRACT

To characterize the role of p53 in the development of testis cancer, we
looked for mutations in the coding sequences of the p53 gene. DNA was
obtained both from familial and sporadic testis cancer specimens, as well
as from peripheral blood from members of a testis cancer kindred. Mu
tations in the p53 gene were screened using a combination of constant
dÃ©naturantgel electrophoresis and single-strand conformational polymor

phism analysis, 2 screening methods that can detect single base changes.
Abnormalities detected by these methods were confirmed by sequencing of
the corresponding cloned polymerase chain reaction products. All con
served regions of the p53 coding sequences were examined, encompassing
all previously reported sites of mutations. No mutations were found in any
of 22 germ cell cancers of the testis or in the germline DNA of 17 members
of the testis cancer family. This is in striking contrast to most other human
cancers, in which mutations of p53 are the most commonly described
molecular event associated with tumorigenesis. We conclude that dysfunc
tion of tumor suppressor gene or genes other than p53 may prove to play
an important role in the development of germ cell cancers of the testis.

INTRODUCTION

Germ cell tumors of the testis have a lifetime prevalence in males
of 4.9 per 100,000. Between the ages of 20 and 40 years, testicular
cancer is the most frequently occurring solid tumor ( 1). Although most
cases occur sporadically, a small proportion of testis cancers appears
in a familial pattern, with approximately 130 affected kindreds re
ported to date (2). We have previously identified a large family, of
whom 4 brothers of 13 siblings and a first cousin have developed testis
cancer. This pattern is consistent with an autosomal dominant mode of
inheritance (3). In light of recent studies linking various forms of
familial and sporadic cancers with distinct tumor suppressor genes
(reviewed in Refs. 4â€”6),it is possible that alteration of such a gene

may account for the development of testis tumors.
It is generally accepted that tumor suppressor genes play integral

roles in regulating normal cellular proliferation (5). One of the most
extensively studied of these genes is p53 (7-9). The corresponding

product of this gene is a nuclear phosphoprotein that was first iden
tified through its association with the SV40 T antigen in virally
transformed NIH3T3 fibroblasts (10). It was subsequently shown that
p53 also forms complexes with the M, 55,000 adenovirus El B protein
(11) as well as the human papilloma virus E6 protein (12). Because a
number of unrelated transforming viruses have targeted the p53 pro
tein, it has been proposed that p53 plays a role in the control of normal
cell growth, either by controlling transit through the cell cycle (13-19)

or by control of apoptosis (20, 21).
Loss or disruption of normal p53 function may arise in several ways

during the progression of many normal cell types towards frank neo-
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plasia. (a) Viral proteins such as T antigen and El B may bind to wild
type p53. This binding results in a stabilized p53 protein with a
prolonged half-life of several h (22), in contrast to the short half-life
of the protein (6-30 min), observed in most normal cells. However,

the bound p53 protein appears not to function properly. In contrast,
binding of p53 to the papilloma virus E6 protein decreases the half-life

of p53 and hence causes a true decrease in p53 protein levels (23). (b)
Complete loss of normal p53 expression may result from deletions of
both p53 alÃeles,mutations that lead to abnormal transcription or
translation, or a combination of these events (24). (c) Loss of function
of p53 may result from point mutations in conserved regions of the
p53 gene. This mechanism is the most common cause of loss of
function and has been observed in a large variety of tumors and cell
lines (7-9). Mutations in p53 have been found to cluster in 4
"hotspots" in the conserved regions of the gene encoding amino acids

118-280 (8, 9). Many of these mutant p53 molecules may act in a

dominant negative fashion to inhibit the action of any normal p53 still
available to the cell (8). p53 mutations have been reported in cancers
of the colon (25, 26), lung (27), breast (28), brain (29), liver (30),
stomach (31 ), esophagus (32), ovary (33), and bladder (34), as well as
melanomas (35), sarcomas (24), and leukemias (36, 37). Finally,
germline mutations of the p53 gene have also been associated with the
development of familial tumors in the rare Li-Fraumeni syndrome
(38-40) as well as in the families of children with second cancers or

sarcomas (41, 42).
However, to date no studies of p53 gene abnormalities at the nucleic

acid level in testis cancer have been reported. In an effort to charac
terize the role of p53 in the development of familial and sporadic testis
cancer, we looked for mutations in the p53 gene in tumor DNA. We
utilized both CDGE3 (43) and SSCP (29) analysis, 2 screening meth

ods that can detect single base changes. With these sensitive tech
niques, a large number of samples can be simultaneously screened in
a rapid and efficient manner. Surprisingly, we found no mutations of
the p53 gene in any of 22 testis cancers. We therefore suggest that p53
may play a different role in embryonally derived tumors than that in
other cancers.

MATERIALS AND METHODS

Pathological Specimens. Frozen tissue blocks were removed from tumors
immediately adjacent to the blocks removed for pathological diagnosis. All
tumors were subjected to light microscopic review by a pathologist experi
enced in the diagnosis of germ cell cancer of the testis. After diagnostic
confirmation, a visual assessment was made of the approximate proportion of
tumor cells versus nonneoplastic cells in the tumor. Only those tumors in which
tumor cells represented a significant proportion of the tumor tissue (>20% of
the cells) were accepted for further analysis (described in "PCR-SSCP Anal
ysis"). Table 1 shows a summary of the patients with germ cell tumors.

Control DNA. DNA from peripheral blood samples of patients with known
germline mutations of the TP53 gene were used as controls (40-42). Table 2

summarizes the mutations used.
DNA Preparation. Samples of testis tumors from 21 sporadic and 1 fa

milial testicular cancer patients were obtained at operation, immediately snap-

' The abbreviations used are: CDGE. constant dÃ©naturantgel electrophoresis; PCR,

polymerase chain reaction; SSCP, single-strand conformational polymorphism; TE. 100
min Tris and 40 mM EDTA, pH 8.0.
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Table 1 Palien! characteristics

Patientno.1"2345f,789101112131415Ih17IX19202122HistologyNon-sem*

(ec)Non-sem
(mixedit-ec)SeminomaSeminomaSeminomaNon-sem

(mixedit-ec)SeminomaSeminomaSeminomaNon-semNon-semNon-sem

(ec)Non-sem
(ec)SeminomaNon-sem

(ec)SeminomaNon-sem

(est-it)SeminomaNon-sem

(ec)Non-sem
(mixedit-ec)SeminomaNon-sem

(ec)%

tumor301005050204050202070704020205080902030504020

" Patient I is from the testicular cancer kindred.
'' non-sem, non-seminoma; ec, embryonal carcinoma; it, immature teratoma; est, en-

dodermal sinus tumor (yolk sac).

Table 2 Contrai samples usedfor CDCE and SSCP

Exon4567g9Codon120133213248273325NucleotideAAG

-Â»TAGATG
-*ACGCGA
-Â»CGGCGG
-â€¢TGGCTG
-Â»CATGGA
- GTAAmino

acidLys

â€”¿�>stopThr
-â€¢MetArg
-Â»ArgArg
â€”¿�HisArg
-Â»HisGly
-Â»ValRef.404241414141

frozen in liquid nitrogen, and then stored at -70Â°C. Before processing for

DNA. the tissue was ground to a fine powder under liquid nitrogen. Peripheral
blood was drawn into EDTA vacutainer tubes from each patient as well as from
4 affected and 13 unaffected members of the testis cancer family. The WBC
were isolated by centrifugation over a Ficoll gradient.

To prepare high molecular weight DNA, WBC or ground tissue was resus-

pended in high TE buffer. The cells were then lysed by adding an equal volume
of high TE buffer containing 0.2% sodium dodecyl sulfate. Following 2 ex
tractions with TE-saturated phenol and one with chloroform:isoamyl alcohol

(25:1), the DNA was precipitated by adding 0.10 volume of 4 M ammonium
acetate and an equal volume of isopropanol. The DNA was redissolved in 10
min Tris, pH 7.5, and 1 m.MEDTA and stored at 4Â°C.

PCR-CDGE Analysis. Purified DNA samples were amplified by the PCR
and analyzed by CDGE; 200-500 ng of template DNA were amplified in a
100-fxl reaction with 2.5 units of Taq polymerase (AmpliTaq; Cetus) in 50 min
Tris-HCl, pH 8.6, with 1.0-1.5 mm MgCl2 and 0.2 mm of each dNTP in a
Perkin-Elmer Thermocycler 480 for 35 cycles, using a previously described

protocol (43). Three sets of primers that spanned exon 5 (codons 128-153),
exons 7 and 8 (43), and 2 sets of primers that covered exons 2 and 64 were

used. Primer concentrations ranged from 25 to 75 pmol/reaction. Each ampli
fied fragment together with wild type and mutant controls was analyzed by
CDGE on an acrylamide gel and visualized by ethidium bromide staining (43).
The dÃ©naturantconcentration for each region was determined from the theo
retical melting curve and by running both wild type and mutant controls on
dÃ©naturantgradient gels with urea concentrations varying between 0 and 70%.
For screening of tumor specimens, at least 2 different denaturing concentra
tions were used for each amplified fragment. Control wild type and mutant p53
DNA was amplified on each occasion that tumor DNA was screened.

PCR-SSCP Analysis. Nine sets of primers were generated to amplify DNA

fragments covering exons 2 and 4 through 11. The primer sequences and
lengths of the amplified DNA fragments are described by Mashiyama et al.
(29).

PCR was performed using 100-500 ng of template DNA in 50 mm Tris-HCl,

pH 8.6, with 1.5 mm MgCl2, 0.2 min of each dNTP, 250 ng of each primer, 1

/xl of ["P]dCTP (3000 Ci/mmol) diluted 1:10, and 2.5 units of Taq polymerase

(AmpliTaq; Cetus) in a 50-/J.1total reaction volume. The reaction conditions for
the Perkin-Elmer 480 thermocycler were: 94Â°C(45 s), 55Â°C(45 s), and 72Â°C

(45 s) for 35 cycles. The reaction was initiated with one 6-min incubation at
94Â°Cand ended with 7 min at 72Â°Cfollowed by 3 min at 94Â°C.Five /nl of the

PCR product were added to 5 >xlof loading buffer (95% formamide, 20 min
EDTA, 0.05% bromphenol blue, and 0.05% xylene cyanol). The entire sample
was denatured at 85Â°Cfor 5 min and loaded immediately onto a 6% acryla-

mide-TBE nondenaturing gel containing 1 to 10% glycerol. The gel was 40 cm
long and 0.4 mm thick. Electrophoresis was carried out either at 25-30 W for
5-6 h or 10-15 W for 15-16 h at room temperature. The gel was blotted onto
3 M filter paper, dried, and exposed to X-ray film with an intensifying screen
at-70Â°C for 12 to 72 h.

DNA Sequencing. DNA samples determined to be abnormal by either
CDGE or SSCP were amplified by the SSCP primers specified above, encom
passing the abnormal region. Fragments were directly subcloned into the pCR
vector using the TA cloning system kit (Invitrogen) and sequenced by the
Sanger dideoxynucleotide method with a Sequenase 2.0 kit (U.S. Biochemi
cal).

RESULTS

We examined the p53 coding sequence in exons 2 and 4 through 11.
These 9 exons include all conserved sequences in the coding regions
of the p53 gene and comprise all exons with published mutations. The
most highly conserved region, encompassing exons 5 through 8 and
containing >80% of all reported mutations (9), was surveyed with
both CDGE and SSCP. Each method has been demonstrated to be
highly sensitive and specific (29, 43). The combined use of these 2
methods ensured that we would detect essentially all mutations. Fig.
1 serves as an overview of our approach to screening for p53 muta
tions.

PCR-CDGE Analysis. The coding regions of the p53 gene that

were screened by CDGE are shown in Fig. 2 and Table 3. The results
of the PCR-CDGE screening are shown in Table 3. No abnormalities

were found in the 4 patients with familial testis cancer or in the DNA
from peripheral blood of their unaffected relatives. One sporadic testis
cancer was abnormal on CDGE analysis of exon 8 in 1 of 2 experi
ments. The suspicious region was amplified, subcloned into the pCR
cloning vector (Invitrogen), and sequenced. No abnormality was de
tected upon sequencing 10 cloned fragments. In addition, SSCP anal
ysis of the same region disclosed no changes in band mobilities (Table

CDGE SSCP
DNA

PCR Amplication by 5(8) sets of primers
E2, E5, E6, E7, E8 for CDGE
E2.E4, E5, E6, E7, E8-9, Kill, Ell for SSCP

Screened by CDGE or SSCP gels

/ X
Positive results Negative results

4 A-L. B0rresen, personal communication.

PCR reamplification of the suspicious exon region
using the same primer pair

I

Subclone into PCR vector with TA cloning kit

\
DNA sequencing

\
PS3 GENE MUTATION or POLYMORPHISM

Fig. I. Protocol for screening normal and tumor DNA samples by CDGE and SSCP.
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CD AmplifiedRegionby COGE

â€¢¿�â€¢AmplifiedRegionby SSCP

Fig. 2. Coverage of the p53 gene by CDGE and SSCP. The 11 exons of the p53 gene
are shown unfilled rectangles; exon 1 is noncoding. The regions screened by CDGE and
SSCP are identified. The most highly conserved regions, encompassing exons 5 to 8. were
screened with both methods.
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SSCP of p53 Exons 5-6
Sporadic Tumors

Fig. 4. SSCP analysis of exons 5-6 in sporadic teslis cancer cases. Note the presence
of a double band in the mutant control and in T20 (arrow) not seen in other cases.
Sequencing revealed a third base change in codon 213 with no change in the amino acid
sequence (see text).

Fig. 3. Mixing experiment to determine the sensitivity of SSCP analysis. Proportions
of DNA from normal lymphocytes and a tumor sample from an individual with a germline
p53 mutation are shown as percentages. Sample T has a mutation in one alÃeleof the TP53
gene in exon 6 (an A to G transition in position 3 of codon 213), while the contralateral
alÃeleis normal. The total amount of DNA amplified was 2(X)ng. A band representing the
mutation may be seen clearly at 20% of total DNA from the mutant sample. A similar
experiment was performed using peripheral blood DNA from a patient with a germline
mutation at the same position with precisely the same results (data not shown).

3). Thus, the isolated abnormality on CDGE analysis likely represents
a PCR artifact due to an error in amplification introduced by the Taq
polymerase.

PCR-SSCP Analysis. Mixing experiments with normal and mu
tant control DNA were performed to determine the sensitivity of this
technique. As demonstrated in Fig. 3, we were routinely able to detect
less than 20% mutant DNA in the presence of 80% normal control
DNA using SSCP.

Exons 2 and 4 through 11 of the p53 gene were screened by
PCR-SSCP, as demonstrated in Fig. 2 and Table 3. The results of the

screening are shown in Table 3. No abnormalities were found in the
germline DNA from peripheral blood of 4 patients with familial testis
cancer or in their unaffected relatives, or in the single familial testis
tumor available for study. One sporadic testis cancer demonstrated an
abnormal SSCP analysis of exon 6 (Table 3; Fig. 4) with a band
pattern on the gel identical to the mutant control. This region was

subcloned as described above and sequenced. Of 10 clones analyzed,
6 contained wild type p53 sequence, while 4 demonstrated a transition
from A to G in the third position of codon 213 (Fig. 5). This sequence
change is the same as that in the mutant control. Because this base
change does not change the amino acid encoded (arginine), it repre
sents either a polymorphism (44) or silent mutation. Eleven samples
from both affected and unaffected members of the testis cancer family,
as well as from patients with sporadic tumors, demonstrated identical
slight decreases in mobility of one band on SSCP analysis of exon 4
(data not shown; Table 3). Six of these patients were examined for loss
of heterozygosity at a BstVl site at codon 72 (45) (data not shown). All
6 were either homozygous or heterozygous for loss of the BstUl site.
The corresponding nucleic acid change (a G to C transversion) was
confirmed by sequencing one patient sample (data not shown). More
over, no other sequence abnormality was detected in the amplified
exon 4 PCR product. Hence, these SSCP findings represent B.stVl
polymorphisms that do not result in amino acid changes.

DISCUSSION

A large number of tumor types have been examined for abnormal
ities in the p53 gene or its protein product. These studies have utilized
either direct examination of mutations in the p53 genomic sequence or
immunostaining of p53 protein using a variety of antibodies. Point
mutations in the p53 gene are the most common reason for loss of
normal p53 function. Such mutations often give rise to an altered
protein with a half-life of several h, thus permitting detection of p53

Table 3 Screening of the p53 gene by CDGE and SSCP

DNA from 22 testis tumors and 17 members of the testis cancer kindred was examined. Abnormal screening results are shown in the numerators; total cases in the denominators.
Exon 1 (noncoding) and exon 3 (nonconserved) were not examined.

Sporadic and familial testis cancerDNAFamily

member DNANo.

of
cases2217TestCDGE

SSCPCDGE

SSCPExon

20/22

0/220/17

0/17Exon

46/224/17Exon50/22

0/220/17

0/17Exon

60/22

1/220/17

0/17Exon

70/22

0/220/17

0/17Exon

80/22

0/220/17

0/17Exon

90/220/17Exon100/220/17Exon 110/220/17
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MUTANT W/Tx_=."-=-s1"0n
>
A

Fig. 5. Sequencing gel of exon 6 PCR product from tumor T20. Note the A to G
transition from wild type (W/T) to mutant clone. The amino acid encoded (Arg) is
unaffected.

in affected cells using immunohistochemical methods (46). Indeed, in
the absence of a complexing viral protein, detection of significant
amounts of p53 in a cell has been generally taken to be indicative of
a p53 gene mutation (46). In addition, several monoclonal antibodies
have been described that in many cases appear to recognize mutant,
but not normal p53 (47). To date, only BÃ¡rteket al. (46) and BÃ¡rtkova
et al. (48) have studied p53 in testis cancer. These investigators
observed high levels of p53 protein in 38 of 40 specimens of embry
onal carcinoma of the testis by immunostaining with the CM-1 rabbit

polyclonal antiserum. There was no immunostaining of p53 in adja
cent normal testicular tissue (46). In a second study using a mono
clonal antibody in addition to CM-1, the same investigators observed

p53 immunostaining in 84% of germ cell tumors of all histolÃ³gica!
types as well as intratubular germ cell neoplasia (carcinoma in situ)
(48). Positive immunostaining was also seen in a cultured cell line
derived from an embryonal carcinoma (48). BÃ¡rtek et al. (46) and
BÃ¡rtkova et al. (48) thus concluded that there was a high prevalence
of p53 gene mutations in germ cell tumors and that these mutations
were an early event in testicular tumorigenesis.

In contrast, we demonstrate a lack of mutations in the conserved
regions of the coding sequence of p53 DNA in 22 tumor specimens.
Our screening was extensive, particularly of the most highly con
served regions of the p53 gene encompassing exons 5 through 8,
where over 80% of all previously reported mutations have been de
tected (9). The combination of CDGE and SSCP as screening tests in
this region increased the sensitivity of our study over one method
alone. In addition, we screened areas of the gene less frequently
associated with mutations, including exons 2, 4, 10, and 11, thus
ensuring that all regions encompassing all previously reported muta
tions would be studied (9). The single abnormality detected by SSCP
in exon 6 was found upon sequencing to represent a conservative base
change, while mobility shifts in exon 4 detected by SSCP correlated
with a known AsfUI polymorphic site. This confirms the validity and
sensitivity of our approach and supports the use of both screening
protocols. Although the mutations in testis cancer could conceivably
cluster in an area that we did not screen (exon 3), this possibility is
vanishingly small. We thus conclude that mutations of the coding
sequences of the p53 gene rarely, if ever, occur in human testis cancer.

The lack of p53 mutations in testis cancer is in striking contrast to
almost all other reported cancers (9) but is not entirely unexpected.
Several other childhood tumors are now known to demonstrate a lack
of mutations in the p53 coding sequence, including medulloblastomas
(49) as well as Wilms' tumors, rhabdomyosarcomas,5 and retinoblas-
tomas.6 In a particularly interesting series of experiments, a markedly

increased level of p53 due to an increased half-life of the protein as
well as increased transcription was noted in 4 of 4 human neuroblas-

^ D. Malkin. unpublished data.
6 M. Muncaster and B. Gallic, unpublished data.

toma-derived cell lines. No mutations were detected in the highly

conserved regions of the p53 gene in these lines (50). The p53 protein
was recognized by an antibody to the wild type but not by the PAb 240
monoclonal antibody to the mutant form of p53. High levels of wild
type p53 have been detected in the murine F9 teratocarcinoma (51,52)
and 2A neuroblastoma (53) cell lines. In these cases, the half-life of

the p53 protein was increased in the absence of any detectable com
plexing viral protein such as large T. In addition, 8 of 8 human germ
cell tumor lines examined by Northern analysis had increased expres
sion of p53 mRNA (54). Finally, p53 is detectable by immunostaining
early in mouse and chick embryonic development as a result of an
increased half-life (51, 55). These findings suggest that in the embryo

as well as in embryonally derived or undifferentiated cells, p53 has a
markedly increased half-life compared to most other tissues or cells

and is often transcribed at a higher level. We hypothesize that a similar
situation may arise during the development of germ cell cancers of the
testis. Thus, the positive immunostaining observed by BÃ¡rteket al.
(46) and BÃ¡rtkovaet al. (48) may be indicative of increased amounts
of wild type p53 protein.

In light of our observations, 2 major conclusions may be drawn, (a)
The utility of p53 immunostaining as a marker of p53 mutation or
viral transformation should be reevaluated. Although the presence of
p53 protein may correlate with mutations of the gene in most common
epithelial tumors, its appearance in testis cancer as well as some
childhood tumors may reflect an abundance of wild type protein due
to an increased half-life and/or increased transcription, (b) In contrast

to more common adult cancers, p53 gene mutations may be relatively
unimportant in the genesis of testis tumors and perhaps other tumors
of embryonal origin. We hypothesize that dysfunction of another gene
or genes will prove to play an important role in the development of
germ cell cancers of the testis. In this regard, the role of the mdm-2

oncogene product that interacts with p53 (56, 57) should be examined
in this cancer.
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Note Added in Proof

During the preparation of this manuscript, Heimdal et al. (58) reponed a
similar lack of TP53 mutations in a series of 32 patients with bilateral and
familial germ cell tumors (GCT) and 2 patients with sporadic GCT in the
germline. In addition. 15 tumors lacked TP53 mutations. Interestingly, none of
12 tumors demonstrated increased p53 protein by immunohistochemistry.

REFERENCES

1. Cancer Prevention and Control Surveillance Program. Testis cancer incidence, mor
tality and survival rates. In: Cancer Statistics Review 1973-86. Washington. DC:
National Cancer Institute. Division of Cancer Prevention and Control Surveillance
Program. 1989.

2. Dieckmann. K-P. Becker, T.. Jonas. D., and Bauer. H. W. Inheritance and testicular
cancer: arguments based on a report of three cases and a review of the literature.
Oncology. 44: 367-377. 1987.

3. Goss, P. E., and Bulbul, M. A. Familial testicular cancer in five members of a
cancer-prone kindred. Cancer (Phila.). 66: 2044-2046. 1990.

4. Stanbridge, E. J.. and Cavenee. W. K. Heritable cancer and tumor suppressor genes:
a tentative connection. In: R. A. Weinberg (ed.), Oncogenes and the Molecular
Origins of Cancer, pp. 281-306. Cold Spring Harbor. NY: Cold Spring Harbor

Laboratory, 1989.
5. Weinberg, R. A. Tumor suppressor genes. Science (Washington DC). 254: 1138-1146.

1991.
6. Malkin. D.. and Friend. F. The role of tumor suppressor genes in familial cancer.

Semin. Cancer Biol.. 3: 121-130. 1992.
7. Lane, D. P.. and Benchimol, S. p53: oncogene or ami-oncogene? Genes Dev., 4: 1-8,

1990.

3577

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/15/3574/2451224/cr0530153574.pdf by guest on 19 M

ay 2023



LACK OF p5.1 MUTATIONS IN TKSTIS CANCER

8. Levine. A. J.. Momund, J.. and Finlay, C. A. The p53 tumÂ»rsuppressor gene. Nature
(Lond.). 351: 453-456. 1991.

9. Hollstein. M.. Sidransky, D.. Vogelstein. B., and Harris. C. C. p53 mutations in human
cancers. Science (Washington DC). 253: 49-53, 1991.

10. Lane. D. P., and Crawford. L. V. T-antigen is hound to host protein in SV40-
transformed cells. Nature (Lond.). 27Â«:261-263. 1979.

11. Samow. P., Ho, Y. S.. Williams, J., and Levine. A. J. Adenovirus Elb-58Kd tumor
antigen and SV40 large tumor antigen are physically associated with the same 54Kd
cellular protein in transformed cells. Cell, 2Â«:387-394, 1982.

12. Wemess, B. A., Levine. A. J., and Howley. P. M. Association of human papillomavirus
lypes 16 and 18 E6 proteins with p53. Science (Washington DC), 24ft: 76-79. 199().

13. Bischoff, J. R., Friedman, P. N., Marshak. D. R., Prives, C., and Beach. D. Human p53
is phosphorylated by p60-cdc2 and cyclinB-cdc2. Proc. Nati. Acad. Sci. USA, 87:
4766-4770. 199(1.

14. Martinez. J.. Georgoff, I.. Martinez, J.. and Levine, A. J. Cellular localization and cell
cycle regulation by a temperature-sensitive p53 protein. Genes Dev.. S: I51-I59.
1991.

15. Michalovitz, D., Halevy, O., and Oren. M. Conditional inhibition of transformation
and of cell proliferation by a temperature-sensitive mutant of p53. Cell, 62: 671-681.
1990.

16. Mercer, W. E.. Shields, M. T.. Amin. M., Sauve. G. J.. Appella. E.. Romano. J. W., and
L'llrich. S. J. Negative growth regulation in a gliohlastoma tumor cell line that

conditionally expresses human wild-type p53. Proc. Nail. Acad. Sci. USA, 87: 6166-
6170. 1990.

17. Wagner, P., Simanis, V., Maimets, T., Keenan, E., Addison, C., Brain, R., Grimaldi.
M., Sturzbecher. H. W., and Jenkins, J. A human tumor-derived mutant p53 protein
induces a p34cdc2 reversible growth arrest in fission yeast. Oncogene. 6: 1539-1547.

1991.
18. Bischoff, J. R.. Casso. D.. and Beach. D. Human p53 inhibits growth in Schiyaac-

chanmn-es pombt. Mol. Cell. Biol.. 12: 1405-1411. 1992.

19. Nigro, J., Sikorski. R.. Reed. S. !.. and Vogelstein. B. Human p53 and CDCHs genes
combine to inhibit the proliferation of Sarchanim\ce.i ceirvisiae. Mol. Cell. Biol.. 12:
1357-1365. 1992.

20. Yonish-Rouach. E., Resnitzky, D., Lotem, J., Sachs. L.. Kimchi. A., and Oren, M.
Wild-type p53 induces apoptosis of myeloid leukemic cells that is inhibited by
interleukin-6. Nature (Lond.). 352: 345-347. 1991.

21. Shaw, P., Bovey, R., Tardy, S.. Sahli. R.. Sordat. B.. and Costa. J. Induction of
apoptosis by wild-type p53 in a human colon tumor-derived cell line. Proc. Nati.
Acad. Sei. USA. W: 4495-M99, 1992.

22. Oren, M., Maltzman, W., and Levine, A. J. Post-translational regulation of the 54K
cellular tumor antigen in normal and transformed cells. Mol. Cell. Biol., /.- 101-110,

1981.
23. Scheffner, M., Wemess, B. A.. Huibregtse, J. M.. Levine, A. J., and Howley, P. M. The

E6 oncoprotein encoded by human papillomavirus types 16 and 18 promotes the
degradation of p53. Cell, 63: 1129-1136, 1990.

24. Mulligan, L. M., Matlashewski, G. J.. Semble. H. J., and Cavenee. W. K. Mechanisms
of p53 loss in human sarcomas. Proc. Nail. Acad. Sci. USA, 87: 5863-5867, 1990.

25. Fearon, E. R., and Vogelstein. B. A. A genetic model for colorectal tumorigenesis.
Cell, 61: 759-767. 1990.

26. Rodrigues, N. R.. Rowan, A.. Smith, M. E. F., Kerr. I. B.. Bodmer, W. F., Gannon. J.
V. and Lane, D. P. p53 mutations in colorectal cancer. Proc. Nati. Acad. Sci. USA, 87:
7555-7559. 1990.

27. D'Amico, D., Carbone. D., Mitsudomi, T., Ã‘au, M.. Fedorko, J., Russell. E., Johnson.

B., Buchhagen. D., Bodner. S.. Phelps, R.. Gazdar, A., and Minna. J. D. High
frequency of somatically acquired p53 mutations in small-cell lung cancer cell lines
and tumors. Oncogene. 7: 339-346. 1992.

28. Sommer. S., Cunningham, Jâ€žMcGovern, R. M.. Saitoh, S., Schroeder. J. J., Wold, L.
E., and Kovach. J. S. Pattern of p53 gene mutations in breast cancers of women of the
midwestern United Stales. J. Nail. Cancer Inst., 84: 246-252, 1992.

29. Mashiyama, S., Murakami, Y, Yoshimoto, T.. Sekiya, T., and Hayashi, K. Detection
of p53 gene mutations in human brain tumors by single-strand conformation poly
morphism analysis of polymerase chain reaction products. Oncogene, 6: 1313-1318,

1991.
30. Scorsone, K. A., Zhou, Y-Z., Butel. J. S.. and Slagle, B. L. p53 mutations cluster at

codon 249 in hepatitis B virus-positive hepatocellular carcinomas from China. Cancer
Res., 52: 1635-1638, 1992.

31. Tamura. G,, Kihana. T.. Nomura, K.. Terada, M., Sugimura. T.. and Hirohashi, S.
Detection of frequent p53 gene mutations in primary gastric cancer by cell sorting and
polymerase chain rtaction single-strand conformation polymorphism analysis. Cancer
Res., 51: 3056-3038, 1991.

32. Hollstein, M. C., Peri, L., Manard, A. M., Welsh, J. A.. Monlesano. R., Melcalf. R. A.,
Bak, M., and Harris, C. C. Genetic analysis of human esophageal tumors from two
high incidence geographic areas: frequent p53 base substitutions and absence of ras
mutations. Cancer Res., 5/: 4102-4106. 1991.

33. Marks. J. R.. Davidoff, A. M., Kems. B. J.. Humphrey. P. A.. Pence. J. C.. Dodge. R.
K., Clarke-Pearson. D. L.. Iglehart. J. D., Bast, R. C., and Berchuck. A. Overexpres-
sion and mutation of p53 in epithelial ovarian cancer. Cancer Res.. 51: 2979-2984,

1991.
34. Fujimoto. K., Yamada. Y, Okajima, E.. Kakizoe. T.. Sasaki. H., Sugimura. T.. and

Terada. M. Frequent association of p53 gene mutation in invasive bladder cancer.
Cancer Res.. 52: 1393-1398, 1992.

35. Sirelch. J. R., Gatter. K. C.. Ralfkiaer, E.. Lane. D.. and Harris, A. L. Expression of
mutant p53 in melanoma. Cancer Res., 51: 5976-5979, 1991.

36. Slingerland. J.. Minden. M., and Benchimol. S. Mutation of the p53 gene in human
acule myelogenous leukemia. Blood. 77: 1500-1507, 1991.

37. Cheng. J.. and Haas, M. Frequent mutations of the p53 lumor suppressor gene in
human leukemia T-cell lines. Mol. Cell. Biol., 10: 5502-5509. 1990.

38. Malkin. D.. Li. F. P.. Strong, L. C., Fraumeni, J. F.. Nelson, C. E.. Kim, D. H., Kassel.
J., Gryka. M. A.. Bischoff. F. Z., Tainsky, M. A., and Friend, S. H. Germ line p53
mutations in a familial syndrome of breast cancer, sarcomas, and other neoplasms.
Science (Washington DC), 250.- 1233-1238, 1990.

39. Srivastava. S.. Zhiquiang. Z., Pirollo. K.. Blattner. W., and Chang. E. H Germ-line
transmission of a mutated p53 gene in a cancer-prone family with Li-Fraumeni
syndrome. Nature (Lond.). 348: 747-749, 1990.

40. Law. J. C.. Strong. L. C. Chidambaram, A., and Ferrell, R. E. A germ line mutation
in exon 5 of the p53 gene in an extended cancer family. Cancer Res.. 51: 6385-6387.

1991.
41. Malkin. D.. Jolly. K. W.. Barbier, N.. Look. A. T.. Friend, S. H., Gebhardt, M. C.,

Andersen. T. 1., Borresen, A-L.. Li, F. P.. Garber, J.. and Strong, L. C. Gcrmline
mutations of the p53 tumor-suppressor gene in children and young adults with second
malignant neoplasms. N. Engl. J. Med.. 326: 1309-1315, 1992.

42. Toguchida, J.. Yamaguchi, T., Dayton, S. H.. Beauchamp. R. L., Herrera. G. E.,
Ishizaki, K., Yamamuro, T., Meyers. P. A., Little, J. B., Sasaki. M. S., Weichselbaum.
R. R.. and Yandell. D. W. Prevalence and spectrum of germline mutations of the p53
gene among patients with sarcoma. N. Engl. J. Med.. 326: 1301-1308, 1992.

43. Bwrresen. A-L., Hovig. E.. Smith-Sorensen. B.. Malkin. D.. Lystad. S.. Andersen. T.
I.. Nesland. J. M., Isselbacher. K. J.. and Friend, S. H. Constant-denaturant gel

electrophoresis as a rapid screening technique for p53 mutations. Prix;. Nail. Acad.
Sci. USA. XX: 8405-8409. 1991.

44. Carbone. D., Chiba, I-, and Mitsudomi. T. Polymorphism at codon 213 within the p53
gene. Oncogene. 6: 1691-1692. 1991.

45. Greenwald. B. D.. Harpaz, N.. Yin. J., Huang, Y.. Tong. Y. Brown, V. L.. McDaniel.
T., Newkirk. C.. Reseu, J. H., and Melt/er. S. J. Loss of heterozygosity affecting the
p53. Rb and mcc/apc tumor suppressor gene loci in dysplaslic and cancerous ulcer
ative colitis. Cancer Res., 52: 741-745, 1992.

46. Bartek. J.. Bartkova. J.. Vojtesek, B., Staskova. Z.. Lukas. J.. Rejthar, A., Kovarik. J..
Midgley, C. A.. Gannon. J. V., and Lane. D. P. Aberrant expression of the p53
oncoprotein is a common feature of a wide spectrum of human malignancies. Onco
gene. 6: 1699-1703. 1991.

47. Gannon, J. V., Greaves, R.. Iggo. R., and Lane. D. P. Activating mutations in p53
produce a common conformalional effect. A monoclonal antibody specific for the
mutant form. EMBO J., V: 1595-1602. 1990.

48. BÃ¡rtkova,J.. BÃ¡rtek,J.. LukÃ¡s,J., Vojtesek, B., Staskova. Z., Rejthat, A., Kovarik. J..
Midgley. C. A., and Lane. D. P. p53 protein interactions in human testicular cancer
including pre-invasive intratubular germ-cell neoplasia. Ini J. Cancer. 4V: 196-202.

1991.
49. Saylors, R. L., Sidransky. D.. Friedman. H. S.. Bigner. S. H., Bigner. D. D.. Vogel-

stcin. B.. and Brodeur. G. M. Infrequent p53 gene mutations in medulloblaslomas.
Cancer Res.. 51: 4721-4723, 1991.

50. Davidoff. A. M.. Pence, J. C., Shorter. N. A.. Iglehan, J. D.. and Marks. J. R.
Expression of p53 in human neuroblastoma- and neuroepitheliloma-derived cell lines.
Oncogene, 7: 127-133, 1992.

51. Chandrasekaran, K.. McFarland, V. W., Simmons, D. T., Dziadek. M.. Gumey. E. G.,
and Mora, P. T. Quantitation and characterization of a species-specific and embryo
stage-dependent 55-kilodalton phosphoprotein also present in cells transformed by

simian virus 40. Proc. Nati. Acad. Sci. USA, 78: 6953, 1981.
52. Oren, M., Reich, N. C., and Levine. A. J. Regulation of the p53 tumor antigen in

teraux'arcinoma cells and their differentiated progeny. Mol. Cell. Biol.. 2: 443â€”449.

1982.
53. Levitsky. K.. Chandrasekaran, K., Mora. P. T., and Simmons, D. T Immunoaffinity

chromatography of a cellular tumor antigen from mouse neuroblastoma cells. Int. J.
Cancer, 32: 597-602. 1983.

54. Tesch, H., FÃ¼rbaÃŸ,R.. Casper, J., Lyons, J., Bartram, C. R., Schmoll. H. J.. and
Bronson. D. L. Cellular oncogenes in human teratocarcinoma cell lines. Int. J. An-
drology, 13: 377-388, 1990.

55. Louis, J. M., McFarland. V. W., May, P, and Mora. P. T. The phosphoprolcin p53 is
down-regulated post-transcriptionally during embryogenesis in vertebrates. Biochem.
Biophys. Acta. V50: 395. 1988.

56. Momand. J.. Zambetti. G. P., Oison. D. C., George, D., and Levine, A. J. The mdm-2
oncogene product forms a complex with the p53 protein and inhibits p53-mediated
transactivation. Cell, 69: 1237-1245, 1992.

57. Oliner, J. D.. Kinzler, K. W., Mellzer. P. S., George, D. L., and Vogelstein. B.
Amplification of a gene encoding a p53-associated protein in human sarcomas. Nature
(Lond.). 358: 80-83, 1992.

58. Heimdal, K.. Lothe, R. A.. Lysiad. S.. Holm, R., Fossa, S. D., and Borresen, A-L. No

germline TP53 mutations detected in familial and bilateral testicular cancer. Genes,
Chrom, and Cancer, 6: 92-97. 1993.

3578

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/15/3574/2451224/cr0530153574.pdf by guest on 19 M

ay 2023




