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Gain of function mutations in p53
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We report that the expression of murine or human mutant p53 proteins in cells with no
endogenous p53 proteins confers new or additional phenotypes upon these cells.
Mutant p53 proteins expressed in cell lines lacking p53 resulted in either enhanced
tumorigenic potential in nude mice ((10)3 cells) or enhanced plating efficiency in agar cell
culture (human SAOS-2 cells). Also, mutant human p53 alleles, unlike the wild-type p53
protein, could also enhance the expression of a test gene regulated by the multi-drug
resistance enhancer-promoter element. These data demonstrate a gain of function
associated with p53 mutations in addition to the loss of function shown previously to be
associated with mutations in this tumour suppressor gene.

The p53 gene behaves like a tumour suppressor gene in
that mutations at both alleles are selected for in murine' as
wellashuman?? cancers. Wild-type p53 protein suppresses
the transformation of cells in culture* and blocks the
tumorigenicity of cancerous cells in nude mice®. Wild-
type p53is a transcription factor®® which binds to specific
DNA sequences® ' adjacent to p53 responsive genes. The
mutations in the p53 gene that occur in murine or human
cancers”*™" produce p53 proteins which fail to bind to
DNA?10121316 gnd fajl to promote the transcription of a
normally responsive promoter-enhancer element and
gene®®. This thenis the expected loss of function mutation
of a p53 tumour suppressor gene product. Consistent
with this interpretation is the fact that the oncogene
products of the DNA tumour viruses bind to the p53
protein and inactivate its ability to act as a transcription
factor®”'”'8, The cellular oncogene mdm-2 also binds to
p53 and abolishes its ability to act as a transcription
factor®.

In some cases, mutant p53 proteins appear to act in a
dominant negative fashion entering into oligomeric
protein complexes with wild-type p53 and blocking its
ability to function® The transformation of cells in culture
by mutant p53 proteins, with an endogenous wild-type
P53 protein in such cells*®?, is thought to be an example
of this phenotype. In this way, p53 may act as an
oncogene* 4,

Human carcinomas clearly select for p53 missense
mutations resulting in faulty proteins persisting in the
cancerous cells'*', This observation suggests that these
altered p53 proteins may contribute some function (that
is, a gain of function) and are not just the result of loss of
function mutations. This idea, however, has been difficult

to test because of the dominant negative phenotype of
mutant p53 proteins. The way to avoid this complication
is to introduce a mutant p53 allele into a cell that is devoid
of all endogenous p53 protein and test for an acquired or
new phenotype. This has been done previously in only
one series of experiments™? where mutant p53 protein
was expressed in a pre-B-cell line, not containing any p53
protein. Expression of the mutant p53 protein in these
cellsthen prevented the regression of tumoursin syngeneic
animals. This was, however, a complicated phenotype to
interpret.

p53 transfection and expression
In order to test more systematically this gain of function
hypothesis, a series of experiments were undertaken using
mutant human and murine p53 alleles. The effects of the
expression of mutant p53 proteins were tested in two
different cell lines, which are devoid of endogenous p53
protein expression. The murine fibroblast cell line (10)3
(ref. 27)and the human osteosarcoma cell lines SAOS-2
(ref. 28) are both deficient for p53 expression. Partial
cDNA-genomic clones” forhuman p53 linked to the gene
conferringresistance to G418 were transfected into SAOS~
2 and (10)3 cells. Transfection of wild-type p53 reduced
plating efficiency = 90% in (10)3 cells and SAOS-2 cells,
respectively. No permanent (10)3 (0/5) or SAOS-2 (0/12)
cell lines expressing wild-type p53 could be established.
These results are in accord with previous observations
that reintroduction of wild-type p53 genes into
transformed cells inhibits growth®2!30-33,

On the contrary, plating efficiency following transfection
of mutant p53 constructs was as expected for transfection
with G418-linked expression constructs. About 20-50%
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of the clones tested expressed mutant p53 protein. This
proportion is similar to the one observed for transfection
of mutant p53 expression vectors into cells expressing
endogenous wild-type p53 (refs 29,34). Several
independent cell lines were derived for each p53 mutant
and p53 expression levels were confirmed by metabolic
labelling and immunoprecipitation using p53 specific
antibodies (Fig. 1). Typically mutant p53 protein was
expressed at high levels. Some of the cell lines expressing
mutant p53 proteins had slightly altered morphologies
but this was not a consistent observation. p53 expression

Table 1 Tumorigenic potential of mutant p53 alleles in

(10)3 cells
Tumorigenicity
Cell line in nude mice

Parental (10)3 0/10
Vector alone (10)3/V1 0/3
(10)3/v2 0/3
(10)3/V3 0/3

Human mutant
143Vto A (10)3/143 3/3
175RtoH (10)3/175.1 3/3
(10)3/175.2 3/3
(10)3/175.3 1/3
248 Rto W (10)3/248.1 3/3
(10)3/248.2 1/3
273Rto H (10)3/273.1 3/3
281 Dto G (10)3/281.1 3/3
(10)3/281.2 1/3

Mouse mutant
KH215 (10)3/KH215.1 1/3
(10)3/KH215.2 5/6
135AtoV (10)3/135.1 0/3
(10)3/135.2 0/3

The parental cell lines (10)3, these same cells containing a
plasmid vector without a p53 gene (vector alone) or these
cells with a variety of human or murine mutant p53 genes
(human mutant, mouse mutant) were inoculated (5 x 106
cells) into nude mice. Tumorigenicity is given by the
number of mice with tumours over the total number of
mice inoculated. Mutant p53 genes are indicated by the
codon mutated (143, 175 etc.) and the amino acid change
(V to A, R to H) using the one letter code for amino acids.
Cell lines are named for the mutant used, that is (10)3/175,
and independent lines given additional numbers (10)3/
1751, (10)3/175.2, etc.
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Fig. 1 Immunoprecipitation of p53 protein synthesized in
(10)3 cell lines. Cell lines described in Table 1 were labelled
with 3¥8-methionine and the soluble p53 protein in these
extracts was immunoprecipitated. The autoradiograph of
the SDS—polyacrylamide gel of the immunoprecipitates is
shown. (10)3 cells alone have no detectable p53 protein
and Balb 3T3 cells indicate the level of wild-type p53 in
these cells. hu-p53, position of human p53 protein; mu-
P53, position of mouse p53 protein. In some lanes the
bands of lower molecular weight (50-36,000 daltons) are
thought to be the proteolytic products of p53 that react
with the antibody used.

wasdetectablein SAOS-2 derived cell lines after prolonged
passage even in the absence of G418 selection in vitro
(data not shown) and in nude mouse tumours formed by
(10)3 derived cell lines in vivo. This demonstrates that
high level expression of exogenous mutant p53 is
maintained in these cells even in the absence of drug
selection. The (10)3 and SAOS-2 cell lines, as well as the
derivatives of these cell lines expressing p53 protein, have
low to non-detectable levels of the mdm-2 protein.

Tumorigenicity of p53-expressing cell lines

Each of the parental cell lines, the cloned cells transfected
with the vector alone (no mutant p53) and cloned cell
lines expressing mutant p53 were assayed for colony
formation in soft agar and tumorigenicity in nude mice
(Tables 1 and 2). None of the parental cell lines nor clones
transfected with the vector alone (no p53 coding regions)
formed colonies in soft agar (0/4, SAQS~2) or tumours in
nude mice (0/3 for each of three independent clones,
(10)3). So far (greater than 356 days post injection), no
tumours have been observed in animals injected with the
(10)3 parental cells. Also, animals injected with (10)3 cells
expressing the temperature sensitive mouse mutant p53
alleles (Ala135Val)?', which exhibits a partial wild-type
character, did not develop tumours. In contrast, all (10)3
derived celllines expressing “hot spot” human mutants of
p53 (mutations in codons 143, 175, 248,273,281) formed
tumours in nude mice when 5 x 10° cells per mouse were
injected (Table 1). The tumours continued to express
human p53 protein as determined by immunoblotanalysis
(Fig. 2). Cell lines derived from representative tumours
were equally viable if initially seeded in the presence or
absence of 800 ug ml' G418 and expressed mutant p53
protein as judged by metabolic labelling and
immunoprecipitation (data not shown). In contrast,
SAOS-2 cell lines expressing human mutant p53 did not
form tumours in nude mice when 1 x 107 cells were
injected per mouse. Unlike the parent line, however,
SAOS-2 cells expressing either the 175 or 273 mutant
allele had a low but readily measurable plating efficiency
in soft agar (Table 2). The level of p53 protein expression
in a SAOS-2 cell line did not correlate with the ability of
these cells to form colonies in agar.

p53 gain of function

These results demonstrate that mutant p53 expression
confers a growth advantage in the absence of endogenous
wild-type p53 protein. Thus, these mutants may not only
act as dominant negative mutants to eliminate wild-type
p53 function but may also have gained an additional
function to support cellular growth in the absence of any
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Table 2 Growth in agar of mutant p53 alleles in SAOS-2 cells

Parental

Vector alone

Human mutant
143 Vto A

175RtoH

248 Rto W
273 RtoH

281 Dto G

Cell line Growth in soft agar Tumorigenicity
(%)
SAO0S-2 0 0/2
SAO0S-2/V1 0 nd
SAO0S-2/V2 0 nd
SAOS-2/V3 0 0/2
SAOS-2/V4 0 nd
SAOS~-2/143.1 0 0/2
SA0S-2/175.1 0.28 0/2
SA0S-2/175.2 0.29 nd
SA0S-2/248.1 =<0.05 0/2
SA0S~2/273.1 0.174 0/2
SA0S-2/281.1 =0.05 0/2
SA0S-~2/281.2 =0.05 nd

The parental line (SAOS-2), vector alone or mutant p53 genes are as described
in Table 1 as is the nomenclature of the cell lines. For growth in soft agar 1 x 10*
cells were plated and the percentage of these cells that formed colonies of
greater than 30 cells is presented. Tumorigenicity is as measured in Table 1
except 1 x 107 cells were injected per animal.
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wild-type p53 protein. Alternatively, the wild-type p53
protein may possess both a growth suppressive and growth
promoting function. Mutations that only eliminate the
growth-suppressive function of p53 could then result in
the constitutive expression of a growth-promoting
function, resulting in deregulated cell growth.

How could a mutant p53 protein accomplish this? The
mutant p53 protein fails to bind to DNA and activate
transcription. In spite of this, mutant p53 proteins have
been shown to stimulate the expression of some genes,
such as the multi-drug resistant gene®, In this case, the
mutant p53 protein could bind to a transcription factor
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Fig. 2 Immunoblot of p53 protein expressed in tumours
from nude mice. (10)3 cell lines with human p53 mutant
clones (143, 175, 273, 281, 248) were inoculated into nude
mice. The resulting tumours (0.5-1.0 cm) were used to
analyse p53 protein expression in these tumour cells. Liver
from the nude mouse has no detectable p53 protein (wild-
type is too low to detect) and 6, 12, 25 ng of purified p53
are included as a standard in this assay. 250 ug of protein
were analysed in each experimental lane.

RELATIVE UNITS

CONTROL \\
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Fig. 3 Relative levels of CAT activity in cell lines transfected
with mdr-CAT reporter gene and p53 wild-type or mutant
clones. (10)1 cells were transfected with the mdr-CAT
reporter gene alone (control), the reporter and the vector
with no p53 gene (vector), the wild-type p53 gene (WT p53)
and the series of mutant p53 clones (mt 143, 175, 248,
273, 281). The relative levels of CAT activity were assayed
as described® and quantitated using a Phosphorimager
and Image Quant software (Molecular Dynamics).

and the complex could then activate (or inactivate a
repressor) to promote transcription of such a test gene.
To determine whether the mutant p53 alleles that confer
the gain of tumorigenic potential can also activate the
multi-drug resistance gene in these cells with no p53
protein, the following experiment was performed: (10)3
and (10)1 cells were transfected with either (i) human
wild-type p53, (ii) mutant p53 cDNA clones (mutations
at codons 143, 175, 248, 273 and 281), or (iii) the vector
with no p53 gene, and the enhancer-promoter region of
the multi-drug resistant gene regulating a test gene,
chloramphemicol transacetylase®. Extracts from these
cells were then tested for enzyme activity (Fig. 3). In the
absence of p53 (mutant or wild-type), there was a low
level of CAT activity (Fig. 3, vector and control) which
was unaffected by the presence of wild-type p53 human
protein (WT p53, Fig. 3). In contrast, the p53 mutant
proteins stimulated the expression of the CAT gene in
these cells (Fig. 3). This is a clear example of a gain of
function not shared by the wild-type protein.

Discussion

Our results demonstrate that missense mutant p53 alleles
produce an altered protein that can confer a gain of anew
function upon a cell. This takes the form of an enhanced
growth advantage. These results both confirm and extend
the previous observations of Rotter and colleagues??, It
should be pointed out, however, that different cell lines
may well respond differently to the expression of mutant
p53 protein. The (10)3 cells could produce tumours in
nude mice when they expressed mutant p53 proteins, but
the SAOS-2 cells did not have that phenotype. Even
different mutant alleles conferred different phenotypes
upon these cell lines. Codon 175 and 273 mutations
permitted SAOS-2 cells to grow in agar while codon 281
or 248 mutations did not. A codon 135 mutation in the
murine gene p53 failed to convert (10)3 cells to a
tumorigenic cellline while an insertion mutationat codon
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215 (KH215, Table 1) did impart a tumorigenic potential
and a gain of function. The ability of some mutant p53
proteins to enhance the expression of the multi-drug
resistance gene® (Fig. 3) demonstrates that mutant p53
proteins can alter cellular gene expression in a manner
distinct from the wild-type protein. This provides a
mechanism for the way in which mutant p53 alleles can
add new growth potential to cells.

These data make an interesting prediction. Tumours
with mutant missense p53 proteins may well be more
aggressive or have a poorer prognosis than tumours with
no p53 proteins (deletions have only the loss of function
mutation). There is already a partial test of these ideas
with cervical carcinomas. About 90% of cervical
carcinomas express the human papillomavirus oncogenes
E6 and E7. The E6 protein binds to p53 and promotes the
proteolytic degradation of the p53 protein, so these cells
are like a null p53 mutant®¥. The remaining 10% of
cervical cancers do nothave human papillomavirus present
and some of these instead have p53 missense mutations®.
These tumours are more aggressive and invasive than the
human papillomavirus positive tumoursand the prognosis
is worse in these cases. Thus, it may be that a missense p53
mutation contributing a gain of a new function is worse
than no p53 gene product atall. This is consistent with the
results demonstrating that p53 missense mutations in
breast* and gastric* cancers haveamuch poorer prognosis
than those cancers with wild-type p53 protein. More
specific tests of these ideas should now be undertaken.

Methodology

Celllines and plasmids. The (10)3 and (10)1 cell lines are described
in Harvey and Levine?”. (10)3 is a permanent murine cell line
passaged so as to be contact inhibited. It did not produce colonies in
agar and did notinduce tumours in nude mice when 5% 10¢ cells were
injected into these animals. The p53 gene has astop codon at position
173 (out of 290 codons). There is no detectable p53 protein or
fragment in these cells?”. The SAOS-2 cells are human osteosarcoma
cells that have deletions of the p53 genes. The SAOS-2 cell line
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(obtained from V. Rotter, The Weizmann Institute, Rehovot, Israel)
did not produce colonies in agar suspension cultures and tumours in
animals. The murine p53 wild-typeand mutant plasmidsare described
in ref. 4 while the human p53 wild-type and mutant constructions
aredescribed inref. 29. DNA transfection proceduresareasdescribed
previously®.

Phenotypes of cell lines. To measure growth of cells in soft agar, cells
were seeded in 0.3% noble agar (Difco) on top of a 0.5% bottom
layer. 1x 10* cells were plated per 5 ml prepared in DMEM with 15%
fetal bovine serum containing 0.8 ug ml”' of G418 (Gibco-BRL).
Colonies >30 cells were counted after 3 wk. The results (Table 2) are
presented as the percentage of cells that made colonies.

Tumorigenicity in nude mice was measured by injecting 5 % 10°
cells ((10)3 series) or 1 x 107 cells (SAQS-2 series) into Balb ¢/J nu/
nu mice. The results (Table 1) are presented as the number of mice
with tumours over the total number of mice injected. On average
palpable tumours were first detected at 23 days (s.d. = 16 days with
n=25). Tumours grew progressively until they were 0.5-1.0 cm in
size and became necrotic. The animals were sacrificed at that time.
Animals displaying no tumour after 12 wk (5 times s.d.) were
considered tumour free.

Immunoprecipitation. Cells were labeled with **$—methionine,
soluble protein extracts prepared and the p53 protein analyzed by
immunoprecipitation using antibody PAb421 as described®. 5 x 10°
cpm were loaded in each lane of the gel. Immunoblot analysis was
carried out with antibody PAb1801 (Oncogene Science) using 250
ug of extracts from tumours. A peroxidase-conjugated anti-mouse
IgG (Cappel) was employed to detect the p53—antibody complex and
the band was visualized using ECL systems (Amersham), as
described*.

CAT analysis. The DNA transfections, preparation of extracts and
CAT enzyme assay are as described®. The multi-drug resistance gene
construct has been described®. The MDR promoter fragment was
1.8 kb. It has no TATA box but has a number of other transcription
factor binding sites. These experiments were carried out 3-9 times,
depending upon the mutant p53 allele tested. The results shown in
Fig. 3 are from one experiment in which the panel of mutant alleles
were tested at the same time in the same cells to control for transfection
efficiencies. Based upon these data, it is not clear whether the relative
differences between the stimulation of the MDR promoter by different
p53 mutant alleles are meaningful.
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