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Abstrad

The majority of the p53 genes derived from human
coloredal carcinomas contain point mutations. A
significant number of these mutations occur in or
around amino acids 143, 175, 273, or 281. Experiments
presented here demonstrate for the first time that p53
DNA clones containing any one of these mutations
cooperate with the adivated ras oncogene to transform
primary rat embryo cells in culture. These transformed
cells produce elevated levels of the human p53 protein,
which has extended half-lives (1.5-7 h), as compared
to the wild-type human p53 protein (20-30 mm). The
p53 mutant with an alteration at residue 1 75 (p53-
1 75H) binds tightly to the cellular heat shock protein,
hsc7O. In contrast, the p53 mutants possessing
mutations at either residue 273 or 281 (p53-273H/
281G) do not bind detedably to this heat shock protein
and generally are less efficient at forming transformed
foci in culture. The transformed cell lines are
tumorigenic in nude mice. Thus, two classes of p53
mutant proteins can be distinguished: p53-1 75H, which
cooperates with ras efficiently and binds to hsc7O, and
p53-273H/281G, which has a reduced efficiency of
transformed foci formation and does not bind hsc7O.
This demonstrates that complex formation between
mutant p53 and hsc7O is not required for p53-mediated
transformation, but rather it facilitates this function,
perhaps by ensuring sequestration of the endogenous
wild-type p53 protein. The positive effect on cell
proliferation by these mutant p53 proteins is consistent
with a role for activated p53 mutants in the genesis of
coloredal carcinomas.

Introduction

The cellular protein p53 is often found at increased levels
in transformed cells due to an increase in its metabolic
stability (1, 2). This stabilization of p53 has been associ-
ated with complex formation between p53 and viral or
cellular proteins (3-14), suggesting that alterations in p53

Received 8/2/90.
1 This work was supported by Grant P01-CA41086-04 from the National

Cancer Institute.
2 Present address: whitehead Institute, Nine Cambridge center, Cam-

bridge, MA 02142.
3 To whom requests for reprints should be addressed.

function may be involved in the process of cellular trans-
formation. The participation of murine p53 in the trans-
formation of cells in culture has been demonstrated by
the ability of mutant, but not wild-type, p53 genes to
cooperate with activated Ha-ras to transform primary rat
embryo cells (8, 15-20). Recently, the wild-type murine
p53 protein has been demonstrated to display properties
of a suppressor of transformation (21, 22). Three distinct
observations are consistent with this type of function for
the wild-type p53 gene and gene product. First, the
introduction of wild-type murine p53 into primary rodent
cells along with two cooperating transforming genes (e.g.,

ras and E1A) results in a dramatic decrease in the number
of transformed foci observed (21, 22). The remaining
transformed cell lines were found to contain the murine
p53 gene but either failed to express it (77% of the time)
or produced high levels of an altered murine product
(21). Thus, overexpression of the wild-type murine p53
protein appears to be detrimental to the process of
transformation of cultured rat cells by oncogenes. Simi-
larly, introduction of the wild-type human p53 gene into
human tumor cells drastically inhibits their growth (23-

25). Second, inactivation of the p53 gene has been as-
sociated with the development of Friend virus-induced
erythroleukemia in mice (26). Many tumor cells derived
from the spleens of mice infected with the Friend virus
complex contain rearrangements or other mutations at
the p53 gene locus, resulting in either loss of p53 synthe-
sis or the production of altered proteins (27-30).

The third line of evidence consistent with the possi-
bility that the wild-type p53 protein is a member of a
group of proteins involved in suppression of transforma-
tion is the ability of p53 to form oligomeric protein
complexes with the SV4O large T antigen, the adenovirus
type 5 El BMr 55,000 protein, and the human papilloma
virus type 16 or 18 E6 product (3, 6, 9, 31). Such a
complex has been observed between plosRB, the prod-
uct of the retinoblastoma susceptibility gene, and T an-
tigen (32), the adenovirus E1A protein (33), and the E7
protein of human papilloma virus 16 or 18 (34). These
interactions between these viral proteins and plO5RB are
thought to inactivate a growth-suppressive function of
plO5RB, thus mimicking deletions and mutations com-
monly found in the RB gene in tumor cells. In a similar

fashion, oligomeric protein complex formation between
these viral proteins and p53 may eliminate or alter the
function of p53 (21).

Recently, the inactivation of the p53 gene has been
implicated in the genesis or progression of a wide variety
of carcinomas (35), including human colorectal carci-
noma (36), human lung cancer (37, 38), chronic myelo-
cytic leukemia (39), chronic myelogenous leukemia (40),
and osteogenic sarcomas (41 ). More than 75% of cob-
rectal tumors were found to contain allelic deletions in
chromosome 1 7p, and the region common to all dele-
tions contained the p53 gene (36). Most interestingly,
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4 The abbreviations used are: cDNA, complementary DNA; RGF, rat
embryo fibroblast(s); bp, base pair(s); DMEM, Dulbecco’s modified Ea-
gle’s medium.

572 Transformation by Mutant Human p53 Genes plus ras

when the remaining p53 genes from such tumors were
sequenced, they were found to contain single nucleotide
changes resulting in missense mutations (35, 36). The
mutations clustered in four “hot spots” corresponding to
the four most highly conserved portions of the gene. The
cbonal nature of these mutations is consistent with a
tumor progression model in which (nonneoplastic) cells
bearing a mutated p53 gene have a distinct proliferative
advantage over normal cells due to interference with
wild-type p53 function mediated by mutant p53 proteins
(21, 36). The increased proliferative capacity of these
cells would then increase the probability of a mutant cell
suffering a second, inactivating mutation (gene conver-
sion, mitotic recombination, or deletion) at the pS3 locus.
Such a cell, containing both mutations in the p53 locus,
would then be able to express the fully neoplastic phe-
notype (21, 36). This model of tumor progression leads
to the prediction that mutant human p53 genes contain-
ing the missense mutations derived from colorectal car-
cinomas should confer a selective advantage upon recip-
ient cells. Furthermore, when overexpressed, these p53
genes may cooperate with activated ras to transform
primary rodent cells in culture (i.e., act like a dominant
oncogene in this assay).

In this report, experiments are presented which dem-
onstrate for the first time that different human p53 clones
possessing mutations detected in colon carcinomas (i.e.,
mutations at amino acid residues 143, 175, 273, or 281
out of 393 residues) cooperate with the activated ras
oncogene to transform rat embryo fibroblasts in culture.
All of the transformed cell lines derived from these assays
produced the human p53 protein in elevated levels. The
mutant p53 proteins had extended half-lives, from 1 .5 to
7 h. The p53 mutant at residue 1 75 (p53-i 75H) produced
more transformed cell foci (2.5-6-fold) than the p53-
273H/281G mutants, and the p53-143A/175H proteins
formed an obigomeric protein complex with the cellular
heat shock protein hsc70. The p53-273H/281G mutant
proteins did not detectably form complexes with hsc70.
All transformed cell lines tested efficiently produced
tumors in nude mice. Consistent with a previous report
(42), the wild-type human p53 gene did not possess
transforming activity in cooperation with ras. Thus, hsc7O
binding is not strictly required for p53 activation and can
only be used to predict a subset of p53 activating muta-
tions. Despite this discordance between activation and
hsc70 binding, a second site mutation, placing a frame-
shift into the p53-175H activated DNA clone at amino
acid 328, produced a stable p53 protein fragment (p53-
1 75Hfs) that no longer transformed rat cells with the ras
oncogene and failed to bind or interact with the heat
shock protein in these cells. Thus, an intact p53 carboxy-
terminus appears to be required for transformation and
for hsc7O binding to the p53-175Hfs missense mutant.
The production of an activated p53 therefore appears to
require the retention of certain p53 functions while in-
activating a growth-suppressive function. hsc70 may
serve to stabilize nonproductive complexes between mu-
tant and wild-type p53 or between mutant p53 and a
distinct mediator molecule. One such protein which may
be sequestered by these complexes is a novel Mr 90,000
protein (p90), identified in these studies, which associ-
ates with all human p53 proteins produced in trans-
formed cells except p53-1 75Hfs. Thus, p90 may repre-
sent a mediator of p53 function in cell transformation.

I II I�

Fig. 1. Schematic diagram of the human p53 protein. Filled boxes within
the open bar, regions frequently mutated in human tumors (see text).
Shaded boxes below bar, domains of high cross-species identity (59).
Arrows, missense mutations in each of the DNA clones used in the study.
Asterisk, the point mutation resulting in a shift of reading frame.

Results

Mutant Human p53 DNA Clones Cooperate with Acti-
vated ras to Transform Primary Rat Embryo Fibroblasts.
To test the hypothesis that mutant human p53 genes
derived from colorectal carcinomas are activated for
transformation with ras, several mutant human cDNA4
clones derived from this cancer tissue (35, 36) were
cloned into an expression vector containing the cyto-
megabovirus promoter-enhancer region. Because pre-
vious experiments had demonstrated that the efficiency
of focus formation and cell line establishment was higher
in murine p53 constructs containing introns than in sim-
ilar constructs without them (1 9, 20), these constructs
were designed to also contain human p53 introns 2-4.
The “hot spot” p53 gene mutations derived from colon
carcinomas used in this study were in clones p53-i 75H
(an arginine to histidine mutation at residue 1 75), clone
p53-273H (an arginine to histidine alteration at residue
273), and p53-281 G (an aspartic acid to glycine mutation
at residue 281) (see Fig. 1). Clone p53-WT contained a
wild-type sequence of human p53 in the same vector.
An activated murine mutant p53 cDNA clone, KH215 (8,
43), served as a positive control.

These partial cDNA-genomic clones of p53 plus the
activated ras oncogene were cotransfected into primary
rat embryo fibroblasts. In each set of transfections, trans-
formed foci were scored 2-3 weeks later in duplicate
cell cultures. The results of five representative experi-
ments are presented in Table 1 . In the absence of a p53
insert (bluescript, Table 1), only a minimal level of foci
induced by an activated ras gene was observed (0.5 foci/
experiment). The wild-type p53 DNA clone did not pro-
duce foci above this background level. No transformed
cell lines could be cloned from the only four ras plus
p53-WT foci which were observed in these assays, thus
confirming that the wild-type human p53 protein [as
shown previously for the wild-type murine p53 (8, 20)]
is not capable of transformation in this assay (Table 1).
The p53-i 75H clone produced an average of 1 1 foci/
experiment (23-fold higher than background), and these
foci were efficiently cloned into permanent cell lines
which, in the p53 plus ras assay, is a critical test for the
biological activity of p53 mutant clones (8, 19, 21). The
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Table 1 Transformed foci and cloning effic
plus ras-transformed rat embryo fibroblasts

iency of huma n mutant p53

.
No. of foci/

Clones .
experiment

Average no.
.

of foci

Cloning
.efficiency
(%)

Bluescript alone 0, 0, 0, 0, 0 0
Bluescript + ras 1, 1, 0, 0.5, 0 0.5
p53-WT+ras 2, 0, 0, 0,0 0.4 0/4 (0)
p53-175H + ras 14, 16, 7.5, 15, 5 11.5 7/12 (58)
p53-273H + ras 13, 6, 2.5, 2, 0 4.7 3/10 (30)
p53-281G + ras 2.5, 5, 1.5, 0.5, 0 1.9 2/10 (20)

pS3-1 7SHfs + ras 1.5, 1, 1,0,0 0.7 0/2 (0)

CMV-KH215+ras 16, 30, 17.5, 20,9 18.5 (21)a

a The cloning efficiency of foci transformed by ras + KH215 (under the

control of the Harvey murine sarcoma virus long terminal repeat) was

previously determined (8).

other two clones with p53 “hot spot” mutations observed
in colon carcinoma, p53-281G and p53-273H, showed a
reduced activity in these assays, with 2.4-6-fold less foci
(when compared to p53-i 75H) produced by these p53
mutant clones. These results were reproducible from
assay to assay and appear to represent a significant de-
crease in transforming activity, especially with the p53-
281G clone. Even though the number of foci was re-
duced with p53-273H or p53-281G plus ras, some of the
clones derived from these foci were fully transformed
and were successfully grown into cell lines (Table 1 ). The
mutant murine p53 cDNA clone, CMV-KH215 (Table 1),
produced p53 plus ras-transformed foci more efficiently
than any of the human p53 clones, indicating that the
activated human p53 genes may be less transforming
than the activated murine p53 genes in a rat cell.

A human p53 cDNA clone, p53-cl43A, containing a
missense mutation at residue 143 (valine to alanine) (36),
was also tested for the ability to cooperate with ras in
the transformation of REF cells. The wild-type human
p53 cDNA clone, p53-cWT, served as a control. The
average number of transformed foci per experiment
when p53-c143A plus ras were transfected into REF cells
was 4.0, and this was only 2-fold above the background
of foci in these experiments. The low number of trans-
formed foci in these experiments most likely resulted
from the lack of introns in the p53 gene. Increased
numbers of foci were observed (30-400% increase) in
assays involving p53-273H plus introns when compared
to assays with p53-273H minus introns (data not shown).
Similarly, the efficiency of cloning transformed foci from
p53-c143A plus ras transfections (6 of 27 foci produced
permanent cell lines, 22%) was lower than similar p53
mutant expression vectors with introns (19) but was
significantly above the p53-cWT (without introns) plus
ras results (a background number of foci with 1 of 1 7 foci
producing a permanent cell line or 5% cloning effi-
ciency).

Expression of Human p53 Protein in Transformed Rat
Embryo Cells. To investigate the involvement of human
p53 proteins in the formation of transformed cell lines,
the expression and properties of the p53 proteins pro-
duced in these transformed cell lines were examined.
The parental REF cells, the one established cell line
derived from a p53-cWT transfection, three ras plus p53-
c143A-derived cell lines, and two ras plus p53-175H-
derived cell lines were labeled with [35S]methionine, and

the soluble protein extracts were incubated with anti-
bodies specific for the human p53 protein (Ab2), total
human plus rat p53 proteins (PAb421) (44), or the hsp7O
proteins (7). The immunoprecipitates were collected and
analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Parental REF cells, in the absence of
exogenous p53 clones, produced very low levels of rat
p53 protein that was only reactive with PAb421 and not
Ab2, reflecting the specificity of Ab2 for human p53
protein (Fig. 2A, Lanes 2 and 3). In contrast, the three cell
lines transformed by ras and p53-c143A expressed high
levels of a slower migrating form of p53 which reacted
both with Ab2 and PAb421 (Fig. 2A, Lanes 8, 9, 1 1, 12,
14, 15). A similar species of p53 was produced in cell
lines transformed by ras plus p53-175H (Fig. 2B). The
slower electrophoretic migration of these proteins and
the binding of these proteins to human p53-specific
antibodies identified these proteins as human p53. Im-
munoprecipitation with these anti-p53 monoclonal anti-
bodies also resulted in the coimmunoprecipitation of an
Mr 70,000 protein which, in previous studies with the
murine pS3 protein, was identified as the hsc7O heat
shock protein (8). Immunoprecipitation of the same ex-
tracts with anti-hsp7O peptide antisera resulted in the
precipitation of hsc70 and the coimmunoprecipitation of
an Mr 53,000 protein (Fig. 28 for ras plus p53-1 75H cells,
and Fig. 4C for ras plus p53-c143A cells), demonstrating
that both activated p53-cl43A and p53-i 75H mutant
human p53 proteins form a complex with hsc7O, as is
the case for numerous activated mutant murine p53
proteins (7, 11, 14). Immunoblot analysis confirmed that
anti-hsp70 antibodies coimmunoprecipitated human p53
from these ras plus mutant p53-transformed cell lines
(data not shown).

In contrast to these results, the p53 mutant cell lines
derived from p53-273H plus ras transfections produced
p53 proteins that were expressed at high levels in these
transformed cell lines but showed no detectable inter-
actions with the hsc70 heat shock proteins (Fig. 3). Similar
results were obtained with p53-281G plus ras-trans-
formed cell lines (data not shown). Immunoprecipitation
with either p53-specific monoclonal antibodies or hsp70-
specific antisera failed to detect a p53-hsc70 complex in
these cells.

These data demonstrate that high levels of mutant
human p53 are detected in p53 plus ras-transformed cell
lines, but interaction with the rat hsc70 is dependent
upon the type of mutation. p53 proteins with mutations
at residues 143 or 175 interact with hsc70, whereas
residue 273 or 281 mutants do not bind detectably to
hsc70.

Interestingly, the one cell line established from a ras
plus wild-type human p53 transfection was also found to
express human p53, as demonstrated by the ability of
this protein to react with Ab2 (Fig. 2A, Lane 5). In contrast
to mutant human pS3 expressed in transformed cells, the
wild-type human p53 protein was found at much lower
levels (equal to that produced by the endogenous rat
p53 gene) and did not bind detectably to hsc70 (Fig. 2A,
Lanes S and 6). Despite these differences between wild-
type and mutant p53 proteins in transformed rat cells,
the expression of these proteins did result in one com-
mon observation. In all cases, when human p53 was
immunoprecipitated with PAb421 or Ab2, an Mr 90,000
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Fig. 2. Expression of p53-cWT, p53-c143A, and p53-175H in transformed rat embryo fibroblasts. A, primary rat embryo fibroblasts (REF) or the
transformed cell lines SN-lal (p53.cWT-lal) (transfected with wild-type human p53 and ras), Cx3-lal (p53-c143A-lal), Cx3-1a2 (p53-c143A-1a2), or

Cx3-2a3 (p53-c143A-2a3) (transfected with the mutant p53-c143A and ras) were metabolically labeled with [35S]methionine, and equal amounts of
trichloroacetic acid-insoluble protein (1.5 x 1O� cpm) were subjected to immunoprecipitation and gel electrophoresis as described in ‘Materials and

Methods.” Antibodies used were PAb419 (419), a negative control specific for SV4O large T antigen (not present in these cells); PAb421 (421), which
recognizes both primate and rodent p53; and Ab2, which is human p53 specific. The migrations of rat p53 (rp53), human p53 (hp53), hsc7O, and a novel

coimmunoprecipitating M, 90,000 protein (p90) are shown. Molecular mass markers are indicated at left in kilodaltons. The autoradiogram is a 7-day
exposure. B, proteins were immunoprecipitated from 2 X 1O� cpm lysates of metabolically labeled REF and the transformed cell lines p53-175H-15a2
and p53-175H-15a3 (transfected with the mutant p53-175H and ras). Antibodies were as described in A, but an immunoprecipitation with anti-hsp7O
(hsp) was also included. The autoradiogram is a 4-day exposure. C, proteins were immunoprecipitated from a lysate of cell line p53-175H-24a5 and
immunoprecipitated with PAb419 or Ab2. The autoradiogram is a 9-day exposure.
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Fig. 3. Expression of p53-273H in transformed rat embryo fibroblasts. A,
primary rat embryo fibroblasts (REF) or the transformed cell line p53-
273H-1 3a1 1 (transfected with mutant p53-273H and ras) were metabol-

ically labeled with [‘5S]methionine, and equal amounts of trichloroacetic
acid-insoluble protein (1 x 106 cpm) were immunoprecipitated with
PAb41 9 (4 1 9), PAb42 1 (42 1 ), Ab2, or anti-hsp7O antisera (hsp) (see legend
to Fig. 2) and separated by electrophoresis. The migrations of molecular
mass markers hsc70, human p53 (hp53), and rat p53 (rp53) are indicated.
The autoradiogram is a 3.5-day exposure. B, a lysate of cell line p53-
273H-24a9 was immunoprecipitated with PAb419 or Ab2. p90, human
PS3, and rat pS3 are indicated. The proteins migrating at M, 40,000-
45,000 are probably breakdown products of p53 which have been shown

to react with PAb421 in immunoblots (8, 19, 43).

protein was coimmunoprecipitated (Figs. 2A, 2C, and 3B,
p90; also see Fig. 4C). The fact that two p53-specific

antibodies (Ab2, PAb421) directed against distinct epi-
topes both coimmunoprecipitated this M, 90,000 protein
and failed to do so in primary REF cells suggests that the
Mr 90,000 protein is in a complex with the human p53
protein in the transformed rat cell lines. An Mr 85,000
90,000 protein with identical properties, which coim-

munoprecipitates with murine p53, has been observed
in many different transformed REF or Rat-i cells overex-

pressing mutant murine p53.5 The identity of this Mr

90,000 protein is presently under investigation.
Mutant Human p53 Has an Extended Half-Life in

Transformed Rat Embryo Cells. To further characterize
the human p53 proteins produced in transformed REF
cells, the half-lives of the mutant or wild-type p53 pro-
teins in these cells were determined. This was carried
out by using a pulse-chase protocol as described previ-
ously (8). The results of the experiments using the p53-
cWT or p53-ci43A cDNA clones in transformed cells are
presented in Fig. 4. The p53 wild-type human protein
had a short half-life of about 20 mm in these cells,

whereas the p53-c143A mutant protein had an extended
half-life of about 90 mm (Fig. 48). A longer exposure of
Fig. 48 demonstrates the associated stable hsc7O protein
and the labile associated p90 protein which either turns
over rapidly or dissociates from this protein complex
with time (Fig. 4C).

Table 2 reviews the properties of the human wild-type
or mutant p53 proteins produced by the cDNA or cDNA-
genomic clones of p53 in the transformed REF cells. It is
clear from these studies that each of the human mutant
p53 proteins differed from the wild-type p53 in ability to
cooperate with ras and promote transformation and that
wild-type p53 protein is kept at low levels in part by its
short half-life. All four human p53 mutants were stable
and expressed at higher levels in these cells. The p53-
175H and p53-ci43A mutants bind to the cellular hsc70
protein, whereas the p53-273H and p53-28iG mutants
do not bind to hsc70. These latter p53 mutants are in
general poorer (2.5-6-fold) at producing transformed foci
(Table 2) than the p53-175H mutant.

Second Site Mutations in the Transforming p53 Protein
Can Eliminate the Transforming Ability of the Protein.
Activating mutations in the p53 gene, produced either in
vitro or in vivo, cluster between amino acid residues 118
and 307 (8, 35). It has been suggested that the mutant
p53 protein binds to the wild-type p53 protein in a
transformed cell, and that this complex inactivates the
wild-type function of p53 (21, 36). This suggests further
that a fragment of an activated p53 protein might act in
a similar trans-dominant fashion to confer a loss of func-
tion upon wild-type p53 protein. During the cDNA don-
ing and polymerase chain reaction amplification of the
human p53 mutants from colon carcinomas, a second
site mutation was artifactually created in one of the p53-
175H clones, creating a double mutant called p53-
l75Hfs. This mutant has a frameshift mutation at amino

acid 328. This produces a protein with 1 5 missense amino
acids (not in pS3) for a total of 342 residues. Thus, this
protein has a deletion of 65 amino acids from the car-
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5 P. Hinds, unpublished data.
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‘ ND, not determined.
b Half.life estimated in cell lines expressing ras + E1A + mutant p53.
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Fig. 4. Determination of p53 protein half-life in p53 plus ras-transformed REF. Transformed cell lines p53-cWT-lal and p53-c143-6a1 were labeled with
[35S]methionine for 1 h and chased in unlabeled media for 0, 10, 20, 45, 90, 180, or 360 mm prior to immunoprecipitation with PAb419 (419), anti-hsp70

antisera (hsp), or Ab2 (see legend to Fig. 2). Equal amounts of acid.precipitable counts were immunoprecipitated, separated on the same polyacrylamide
gel, and exposed to film for (A) 12 days, (B) 16 h, or (C) 4 days. Molecular mass markers are indicated in kilodaltons (A), and the migrations of human
p53 (hp53), hsc70, and p90 are shown (C).

boxy-terminal end. Because this mutant also carries the
residue 175 mutation, it was tested for the ability to
transform REF cells with ras. When these experiments
were carried out, the p53-i75Hfs clone failed to coop-

erate with ras and transform REF cells (Table 2). The
possibility remained that the p53-i75Hfs protein was
very unstable and therefore incapable of cooperating in
the transformation assay. To examine the properties of
the p53-l75Hfs protein, a triple transfection of REF cells
was undertaken with adenovirus E1A plus ras plus p53-
1 75Hfs clones. Transformed foci were readily cloned into
cell lines which were tested for expression of the p53-

l75Hfs protein. The cells were labeled with {35S]methi-
onine, and the p53-l75Hfs protein was immunoprecipi-
tated using Ab2, the human specific antibody. This pro-
tein was detected (Fig. 5) in these cells and, as expected,
migrated more rapidly than the endogenous rat p53. In
addition, PAb42i (which recognizes an epitope at amino
acids 370-378) failed to detect this protein (Fig. 5). The
half-life of the p53-l75Hfs protein, when measured in

these cells, was approximately 1 h (Table 2), 3 times
longer than wild-type but less than the parent protein

p53-1 75H. Interestingly, p53-i 75Hfs lacks the p53-i 75H
characteristic of binding to the hsc70 protein. In addition,

Table 2 Properties o f human p53 muta nt proteins

Clone
Mutation
(residue)

Relative
transformation

frequency
�, protein hsc70 bound p90 bound

Tumors in nude
.

mice

p53-cWT

p53-c143A
Wild-type

143

0

1.6

20 mm
1.5-2 h (3 lines)

-

+

+

+

+

+

p53-WI
p53-175H
p53-273H

p53-281G
p53-1751s

Wild-type
175
273

281
175, fs328

0
1 1.5

4.7

1.9
0

NDa
3.6-6.4 h (2 lines)
7 h (1 line)

1.4 h (1 line)
1 h” (1 line)

ND
+

-

-

-

ND

+

+

+

-

ND

+

+

ND
ND
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6 B. Vogelstein, unpublished observations.

Fig. 5. Expression of p53-i 75Hfs in trans-

formed REF. Primary rat embryo uibro-
blasts (REF) or the transformed cell lines
p53-i 7SHfs-21 a2 or p53-i 75Hfs-21 a3

(transfected with p53-l75Hfs plus E1A
plus ras) were metabolically labeled with

[35S]methionine, and equal amounts of Ia-
beled protein (2.7 x 10� cpm) were im-
munoprecipitated with PAb419 (419),

PAb42 1 (42 1 ), Ab2, or anti-hsp70 antisera

(hsp) (see legend to Fig. 2) and electro-
phoretically separated. The migrations of
molecular mass markers, hsc70, rat p53
(rp53), and human p53 (hpS3) are mdi-

cated. The autoradiogram is a 7-day ex-

posure.

REF
II

p53-i 75Hfs

21a2

II

p53-i 75Hfs

21a3

1

I -hsc7O

-.---rp53
�‘�hp53

no evidence of complex formation was seen between
p53-i75Hfs and rat p53 or p90. These data suggest that
the p53 carboxy-terminus is helpful or even required for
stabilizing hsc70 interactions and that this interaction
may contribute to the ability of the p53-i 75H mutant to
transform cells in culture.

Discussion

The results presented here demonstrate for the first time

that mutant human p53 cDNAs or cDNA-genomic hybrid
clones derived from colon carcinomas can behave as
dominant oncogenes and cooperate with the ras onco-
gene in transforming rat embryo fibroblasts. Four differ-
ent missense mutations at amino acid residues 143, 175,
273, and 281 each contributed to the transformed phe-
notype. In all of these cases, the human p53 mutant
protein was produced in high levels in the transformed
cell at least in part due to the extended half-lives of these
mutant proteins. Seventy-five percent of human colon
carcinomas have mutations at the p53 locus, and over
50% of the missense mutations have been localized to
the three “hot spots” at or surrounding the amino acid
residues represented by the mutants tested in this study
(35, 36).6 These three mutant p53 DNA clones have
characteristic and reproducible, but different, transfor-
mation frequencies, indicating that these mutations are
not equivalent in their phenotypes. Also striking is the
fact that p53-175H and p53-ci43A mutant proteins bind
to hsc70 in the transformed cell, whereas the p53-273H
and p53-28iG mutant proteins do not detectably interact

with or bind to hsc70. Previous experiments have shown
that some mutant murine p53 proteins have an altered
conformation (7, 8), and it has been suggested that such
altered pS3 molecules bind to hsc70 and sequester wild-
type p53 in a complex that blocks proper folding, assem-
bly, or localization of p53 (45). It is thought that the heat
shock 70 family of proteins is involved in protein folding
and assembly of protein complexes (quaternary struc-
tures) (46). hsc70 has recently been shown to transiently

associate with many newly synthesized polypeptides
during translation, dissociating upon the proper folding
of the proteins. Treatments that result in proteins which
cannot be properly folded greatly extend the association
of newly synthesized proteins with hsc70 (47). Thus, p53-
ci43A and p53-i75H may represent mutant proteins
which never fold correctly and thus retain their affinity
for hsc70. If wild-type p53 is recruited into this complex,
the p53-mutant-hsc7o-p53-wild-type complex would
poison the function of wild-type p53. Interestingly, this
cannot be the case for the p53-273H and p53-28iG
mutants. The p53-273H human mutant protein can as-
sociate with the rat p53 protein and form an oligomeric
complex as demonstrated by coimmunopredipitation
with the human specific Ab2 antibody (Fig. 3).

The p53-i 75Hfs mutant protein fails to transform and
fails to bind to the hsc70 protein even though it is fairly
stable (1 h half-life) and produced at elevated levels in
ras plus E1A plus p53-i75Hfs-transformed REF cells. This
observation is consistent with a role for the hsc70 protein
in transformation by p53-ci43A or p53-175H missense
mutant proteins; however, the p53-i75Hfs mutant pro-
tein also does not appear to interact with either the wild-

type rat p53 protein or the p90 protein. It is improbable
that the domain deleted in p53-i75Hfs is directly re-

D
ow

nloaded from
 http://aacrjournals.org/cgd/article-pdf/1/12/571/3173637/571.pdf by guest on 29 January 2025



578 Transformation by Mutant Human p53 Genes plus ras

sponsible for interaction with these three proteins, but
rather, it is likely that one of the interactions facilitates
the others. Experiments designed to elucidate the inter-
dependence of these associations are in progress.

In contrast to transfections with mutant human p53,
transfections with activated ras plus wild-type human
p53 resulted in a very low frequency of focus formation,
and only one focus could be cloned into an established
cell line. Furthermore, this sole transformed REF cell line
expressed a protein with characteristics of endogenous
wild-type p53 in that the protein is found at low levels,
possesses a short half-life, and does not associate with
hsc70. This cell line may be derived from a rare ras-

transformed cell that fortuitously expresses wild-type
human p53. Such ras-only transformed cells have been

found to arise at a low frequency (48). Thus, it appears
likely that mutation of human p53 activates a dominant
transforming function that is not detectable in wild-type
p53.

In summary, these results clearly demonstrate that all
of the human p53 mutant proteins differ from the wild-
type human p53 protein by having extended half-lives,
by being expressed at higher levels in these cells, and by
possessing the ability to transform cells in culture. These
data support the suggestion that mutation of p53 on one
allele could have a growth-promoting phenotype in vivo,
which expands the number of cells with such mutations
and favors the selection of a second mutational event
(deletion or gene conversion) in the cancer cells. The
observation that many tumor cells retain only the mutant
p53 allele suggests that these mutant proteins are not
fully dominant over the wild-type allele, or that an addi-
tional proliferative advantage is conferred on cells in the
total absence of wild-type p53 (49). Such a positive effect
of mutant p53 on cell proliferation in the absence of
wild-type p53 could be an intrinsic function of the mol-
ecule or could be mediated by titration of cellular pro-
teins other than endogenous p53, for example, via the
protein p90.

Materials and Methods

Plasmids and Antibodies. The human p53 DNA se-
quences were expressed under the control of the human
cytomegalovirus promoter-enhancer in a vector derived
from plasmid BCMGNeo-mlL2 (50) by excising the hu-
man f3-globin sequences and bovine papilloma virus se-
quences with BamHI and Notl. In addition, the Xhol site
was changed to a BamHl site by linker addition. An 1800-
bp Xbal fragment of wild-type human p53 cDNA (Si)
was cloned into the BamHI site to create plasmid p53-
cWT. Wild-type is defined as the sequence reported by
three independent studies and includes a proline/argi-
nine polymorphism at amino acid 72 (5i-53). Plasmid
p53-cWT codes for proline72. Mutant construct p53-
c143A was created by insertion of an 1800-bp XbaI cDNA
fragment, containing the valine143 to alanine change,
derived from a nude mouse xenograft (Cx3) of a primary
colorectal carcinoma (36). In addition, the construct
codes for arginine at amino acid 72. Intron-containing
constructs (p53-WT, p53-175H, p53-l7SHfs, pS3-273H,
and p53-28iG) were created by exchanging a lS00-bp
NcoI genomic fragment, spanning codons i-i60, coding
for proline at residue 72, and containing introns 2-4 (42),
for the corresponding 475-bp NcoI cDNA fragment. The

1 300-bp mutant cDNA fragments for p53-i 75H and p53-

281G were derived from xenografts of colon tumors
Cx22A, and Cx7A, respectively (35). p53-i 75H codes for
the arginine175 to histidine mutation. p53-28iG codes for
the aspartic acid281 to glycine mutation. p53-i 75Hfs has

an in vitro derived deletion at codon 328 (TTC to TC) in
addition to the arginine175 to histidine mutation, and
codes for a 342-residue protein, including 15 non-sense
carboxy-terminal amino acids. The 1 700-bp cDNA frag-
ment for p53-273H, coding for the arginine273 to histidine
mutation, was derived from an epidermoid carcinoma
cell line (54).

Plasmid CMVKH21 S was constructed by replacing the

1800-bp human cDNA fragment of p53-cWT with a
2300-bp BamHI fragment from plasmid MSVKH215 (8),
containing a mutant murine p53 and SV4O polyadenyla-
tion site. Bluescript plasmid was purchased from Strata-
gene; plasmid pT24 expresses the activated Ha-ras pro-
tein (55), and plasmid piA, a gift of T. Shenk (Princeton
University), expresses the adenovirus type 5 E1A protein.

The monoclonal antibodies used were PAb41 9, spe-
cific for the large T antigen of SV4O virus (44); PAb421,
specific for the carboxy-terminus of many species of p53
including human, mouse, rat, rabbit, and monkey (44);
and Ab2, originally called PAbi8Oi (56), which is amino-
terminal, human p53-specific (Oncogene Science, Inc.).
The anti-heat shock protein (hsp)70 rabbit antiserum was
raised against an 21-amino acid peptide corresponding
to the carboxy-terminus of a human Mr 70,000 heat shock
protein (7).

Cell Culture and Transfedion. All cells were main-
tamed in DMEM supplemented with 10% fetal bovine
serum and incubated at 37#{176}Cin a humidified, 5% CO2
atmosphere. Primary rat embryo fibroblasts were pre-
pared from 14-15-day-old Fischer 344 rat embryos. Pri-
mary or secondary REF were plated at 3 X i0� cells/i 0-
cm dish. These cells were then transfected by the calcium
phosphate procedures of either Graham and van der Eb
(57) or Chen and Okayama (58), with comparable results,
using DNA concentrations previously described (7).
Transformed foci were scored by staining after 14-21
days in culture, and selected foci from parallel transfec-
tions were cloned by trypsinization.

Immunoprecipitation and Half-Life Analyses. REF and
transformed cell lines were starved for methionine for 1
h and then metabolically labeled for 2 h with 100-200
�iCi of [355]methionine Translabel (ICN) at SO zCi/ml in
methionine-free DMEM containing 2% dialyzed fetal bo-
vine serum. Cells were collected by scraping, washed in
phosphate-buffered saline, and stored at -80#{176}Cprior to
lysis. Total protein cell lysates were prepared and i06_

i0� trichloroacetic acid-precipitable counts were sub-
jected to immunoprecipitation as previously described
(21). Immunoprecipitated proteins were separated on
7.5% sodium dodecyl sulfate-polyacrylamide gels, which
were treated with sodium salicylate and dried prior to
fluorography, as has been described (8). Half-life analyses
were carried out on protein lysates from cells labeled
with [35S]methionine for 1 h and chased in a time course
to 6 h in DMEM containing excess (2.2 mM) cold methi-
onine. Following immunoprecipitation and electropho-
retic separation, labeled p53 protein was released from
gel slices and counted as described (8). Half-life values
were determined by logarithmic regression analyses.
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Tumorigenicity. Established cell lines derived from
transformed foci were assayed for tumorigenicity by s.c.
injection of 3-5 x i0� cells/flank into athymic nude mice.
Parental REF cells never formed tumors under these
conditions, whereas the transformed cells produced pal-
pable tumors within 2 weeks.
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