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Mutation of the p53 tumor suppressor gene is the most common genetic alteration in human cancer, and
tumors that express mutant p53 may be more aggressive and have a worse prognosis than p53-null cancers.
Mutant p53 enhances tumorigenicity in the absence of a transdominant negative mechanism, and this tumor-
promoting activity correlates with its ability to transactivate reporter genes in transient transfection assays.
However, the mechanism by which mutant p53 functions in transactivation and its endogenous cellular targets
that promote tumorigenicity are unknown. Here we report that (i) mutant p53 can regulate the expression of
the endogenous c-myc gene and is a potent activator of the c-myc promoter; (ii) the region of mutant p53
responsiveness in the c-myc gene has been mapped to the 3* end of exon 1; (iii) the mutant p53 response region
is position and orientation dependent and therefore does not function as an enhancer; and (iv) transactivation
by mutant p53 requires the C terminus, which is not essential for wild-type p53 transactivation. These data
suggest that it may be possible to selectively inhibit mutant p53 gain of function and consequently reduce the
tumorigenic potential of cancer cells. A possible mechanism for transactivation of the c-myc gene by mutant
p53 is proposed.

Wild-type p53 plays a key role in tumor suppression by
monitoring DNA damage and executing pathways that nega-
tively control cell growth, either by blocking cells in the G1
phase of the cell cycle or by inducing apoptosis (for a review,
see reference 51). Wild-type p53 regulates these processes, at
least in part, by functioning as a transactivator of gene expres-
sion. Wild-type p53 binds DNA in a sequence-specific fashion
and interacts with various components of the transcription
complex (22, 43, 48) to activate the expression of target genes
associated with either growth arrest (Waf1 and GADD45) or
cell death (Bax) (8, 18, 26).

Tumor suppressors are formally defined by a loss of function
involved in blocking tumor progression. Consistent with this
definition, naturally occurring mutants of p53 are generally
defective in sequence-specific DNA binding and consequently
do not induce the appropriate target genes, cause cell cycle
arrest, or mediate cell death (51). However, in contrast to a
classical tumor suppressor, mutation of the p53 gene leads not
only to a loss of function but also to a gain of function that
promotes the tumorigenicity of various p53-null cell types.
Overexpression of mutant p53 in pre-B cells (37, 38, 44), fi-
broblasts (6), and osteosarcomas (42) dramatically enhances
the tumorigenicity of these cells independent of a transdomi-
nant negative mechanism. In addition, stable expression of
naturally occurring mutant p53 alleles in human T-cell acute
lymphoblastic leukemia cells increases tissue invasiveness and
enhances tumor formation (15).

The gain of function for mutant p53 is also supported by the
findings that mutant p53 selectively transactivates several viral

and cellular promoters, including the human MDR1 promoter,
that are not regulated or are repressed by wild-type p53 (3, 5,
6, 12, 21). Importantly, enhancement of tumorigenicity by mu-
tant p53 correlates with its ability to localize to the nucleus (37)
and to transactivate the MDR1 promoter (21), as point muta-
tion in the acidic domain of mutant p53 abolishes its transac-
tivation and tumor-promoting functions.

The high frequency of p53 mutations in human cancer and
the data indicating that mutant p53 promotes tumorigenicity
warrant a detailed analysis of the molecular mechanism of the
gain of function of mutant p53 and the cellular targets that may
be regulated by this activity. The studies presented here dem-
onstrate that mutant p53 regulates endogenous c-myc gene
expression and promoter activity and provide insight into the
mechanism of mutant p53 transactivation. These results lead to
the novel hypotheses that mutant p53 transactivates the c-myc
gene through a single-strand DNA or RNA intermediate and
that c-myc is an important target in mutant p53-mediated tu-
morigenicity.

MATERIALS AND METHODS

Cell lines and DNA. The culture conditions for the various cell lines used have
been described previously (49, 50). The (10)1 murine fibroblast cell line (13) and
SaOs-2 human osteosarcoma cells (24) contain deletions in the p53 gene and do
not express endogenous p53. LAPCx3Ras cells are transformed rat embryo
fibroblasts that express high levels of human mutant p53-143A under the control
of the lac activator protein (LAP) transactivation system (49). Treatment of
these cells with isopropyl-b-D-thiogalactopyranoside (IPTG) inhibits the LAP
transactivator and down-regulates mutant p53 gene expression. Cx3Ras trans-
formed rat embryo fibroblast cells constitutively express high levels of p53-143A
under the regulation of a cytomegalovirus (CMV) promoter, which is unaffected
by IPTG (49). Cx3Ras-LAP cells were derived from the Cx3Ras cell line and
express a regulated LAP transactivator. Treatment of Cx3Ras-LAP cells with
IPTG efficiently represses LAP activity but does not alter expression of mutant
p53.

The human p53 expression vectors are regulated by the CMV promoter and
have been previously described (14). Wild-type and mutant p53-281G carboxy-
terminal truncation mutants were generated by inserting three tandem transla-
tion stop codons (TGATAGTAA) at various selected positions by using
PCR methodology. The mutations were confirmed by DNA sequence analysis.
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The murine p53 miniprotein expression plasmids, pCMVDD (DD1) and
pCMVDDSS (deltaSS), have been previously described (35). The murine c-myc
promoter–chloramphenicol acetyltransferase (CAT) reporter construct (Bg-
CAT) extends from approximately 1 kb upstream from the P1 promoter to 413
bp downstream from the P2 promoter and was described previously (7). The
PvuCAT c-myc promoter-CAT reporter, which deletes the P1 promoter, extends
from 2141 to 1413 (in relation to the P2 promoter) and was generated in this
study by subcloning the PvuI-to-BglII fragment from the c-myc promoter into the
SmaI site of the p22 vector (7). The 39 c-myc promoter deletion series was
derived from BgCAT and PvuCAT by using PCR methodology, and the resulting
reporters terminate at the following positions: 1358 (D5), 1271 (D4), 1189 (D3),
179 (D2), and 17 (D1) (see Fig. 5). The heterologous minimal promoter-CAT
reporter, p1634CAT, contains the adenovirus major late promoter and the ter-
minal deoxynucleotidyltransferase (tdt) initiator element (34, 50). The HindIII-
BglII (H) and NcoI-BglII (N) fragments from BgCAT (exon 1 of c-myc) were
separately ligated into the HindIII site of p1634CAT, which is downstream (H)
of the tdt element, in either the correct (c; as found in exon 1) or reverse (r)
orientation, resulting in the constructs HHc, NHc, HHr, and NHr (see Fig. 6).
We similarly cloned the H and N fragments into the EcoRV site upstream (R)
of the TATA box, yielding HRc, NRc, HRr, and NRr.

CAT assays. Cells were transfected overnight by calcium phosphate precipi-
tation and grown at 37°C for an additional 24 to 48 h as previously described (50).
The cells were lysed by freeze-thawing, and the protein concentration was quan-
titated by using a modified Bradford assay (Bio-Rad Laboratories). Normalized
amounts of protein were analyzed for CAT activity, and results were quantitated
by using Molecular Dynamics PhosphorImager analysis and ImageQuant soft-
ware.

Northern blot analysis. To ensure exponential growth, the various cell lines
were replated daily 2 days prior to the experiment. The cells were then grown at
various densities in Dulbecco modified Eagle medium containing 10% fetal
bovine serum, glutamine (2 mM), penicillin (100 IU/ml), and streptomycin (100
mg/ml) with or without 5 mM IPTG. The cells were harvested at various time
points, and total RNA was purified as previously described (4). RNA (10 mg) was
separated on 1% agarose–6% formaldehyde gels by electrophoresis and trans-
ferred to nylon membranes. The filters were probed with 32P-labeled c-myc
cDNA and analyzed by autoradiography. The membranes were stripped and
reprobed with radiolabeled histone H4, proliferating cell nuclear antigen
(PCNA), and b-actin cDNAs.

RNase protection analysis. Total RNA from transiently transfected cells was
evaluated by RNase protection analysis by using an RPA II kit (Ambion) ac-
cording to the manufacturer’s recommendations. The 32P-labeled c-myc-CAT
RNase protection probe is 1,058 nucleotides (nt) and includes sequences from
the EcoRI site in the CAT coding sequences to the ScaI site in c-myc, which is
upstream of the P1 TATA box. The probe was hybridized with 20 mg of RNA in
annealing buffer for 16 to 20 h at 43°C. The samples were digested with 0.25 U
of RNase A and 10 U of RNase T1 for 30 min at 37°C, separated on a 5%
acrylamide–8 M urea gel, and visualized by autoradiography.

Western blot analysis. Transfected cells were lysed in radioimmunoprecipita-
tion assay buffer, and equal amounts of protein were analyzed on denaturing
12% polyacrylamide gels as previously described (27). The proteins were trans-
ferred to nylon membranes and probed with either sheep polyclonal antibody
Ab-7 (panspecific for p53) or with murine monoclonal antibody DO-1 (specific
for human p53) (Oncogene Science). The blot was probed with either rabbit
anti-sheep or donkey anti-mouse immunoglobulin G-horseradish peroxidase
conjugate (Pierce) and developed by using an enhanced chemiluminescence
detection kit (Amersham).

RESULTS

Mutant p53 regulates expression of the endogenous c-myc
gene. To study the mechanism by which mutant p53 regulates
gene expression and induces tumorigenicity, we used
LAPCx3Ras cells, which conditionally express the tumor-de-
rived human mutant p53-143A gene under tight regulation by
the LAP transactivator (49). In these cells, mutant p53 gene
expression is high during normal growth conditions and is
efficiently inhibited after addition of IPTG, which inactivates
the LAP transactivator. As controls, we also examined gene
expression in Cx3Ras-LAP and Cx3Ras cells, which express
high constitutive levels of the human mutant p53-143A from a
CMV promoter, with and without the regulated LAP transac-
tivator, respectively.

Inhibition of mutant p53 gene expression in the LAPCx3Ras
cell line with IPTG leads to a dramatic decrease in steady-state
levels of c-myc mRNA (Fig. 1A). Loss of c-myc gene expres-
sion in these cells was specific, as the levels of histone H4,
PCNA, and b-actin were relatively unaffected compared to

those in IPTG-treated Cx3Ras-Lap and Cx3Ras cells (Fig.
1A). These results suggest that the selective decrease in c-myc
gene expression is not due to general transrepression by en-
dogenous wild-type p53, as the PCNA and b-actin promoters
have been previously reported to be suppressed by wild-type
p53 (10, 32, 41). Furthermore, the loss of c-myc gene expres-
sion was coincident with the loss of mutant p53 gene expres-
sion, as determined by Western blot analysis (Fig. 1B). In
contrast, c-myc and mutant p53 gene expression remained el-
evated in the IPTG-treated Cx3Ras and Cx3Ras-LAP cells
(Fig. 1). Therefore, the expression of c-myc in these cells was
dependent on sustained expression of mutant p53 and was not
due to inhibition of the LAP transactivator per se or to the
drug treatment.

Mutant p53 transactivates the c-myc promoter. To deter-
mine whether mutant p53 regulation of c-myc gene expression
was transcriptional, we examined the effects of mutant p53 on
the activity of various c-myc promoter–CAT reporter con-
structs. The BgCAT reporter extends approximately 1 kb up-
stream from the murine c-myc P1 promoter to 413 bp down-
stream of the P2 transcription start site (7). The reporter was
transiently transfected with and without human mutant p53-
281 (isolated from a human colon carcinoma) into murine
(10)1 fibroblasts, which are null for endogenous p53 (13). As
shown in Fig. 2, mutant p53-281 dramatically induced activity
of the BgCAT reporter 40- to 50-fold, whereas wild-type p53
had no effect or repressed activity. No induction was evident
when BgCAT was cotransfected with the CMV vector, which
does not express p53. Transactivation of the c-myc promoter by

FIG. 1. Mutant p53 regulates c-myc gene expression. (A) Northern blot anal-
ysis of total RNA (10 mg/sample) isolated from LAPCx3Ras (LAP Cx3), Cx3Ras
(Cx3), and Cx3Ras-LAP (LAP) cells on days 1 to 3 from control (C1 to C3) and
IPTG-treated (I1 to I3) samples. Northern filters were sequentially probed for
expression of c-myc, histone H4, PCNA, and b-actin. (B) Western blot analysis
of mutant p53 expression, using total-cell extracts (5 mg/sample) prepared on
days 1 to 3 from control (C1 to C3) and IPTG-treated (I1 to I3) cell lines.
Samples were analyzed by using murine monoclonal antibody DO-1 as described
in Materials and Methods. The experiments were repeated at least three times,
and representative data are presented. Baculo, baculovirus.
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mutant p53 in p53-null cells demonstrates that this activity is
due to a gain of function and not to a transdominant negative
mechanism. Induction of murine c-myc promoter activity by
mutant p53-281 was also observed in the human SaOs-2 osteo-
sarcoma cell line, which does not express endogenous p53
protein (Fig. 2). Each of the naturally occurring hot-spot mu-
tant p53 alleles transactivated the c-myc promoter to various
degrees (Fig. 3), as previously reported for the MDR1 pro-
moter (6). The human c-myc promoter was also transactivated
by mutant p53 in the (10)1 fibroblasts (data not shown). The
increase in BgCAT expression due to mutant p53 in (10)1 cells
is associated with an increase in steady-state levels of P2-
derived c-myc–CAT transcripts, as determined by RNase pro-
tection analysis (Fig. 4). Therefore, mutant p53 transactivates
the c-myc promoter independently of a transdominant mech-
anism, and this activity is not species specific for cell type or
promoter.

The mutant p53 response sequences in c-myc are position
and orientation dependent. To define the mutant p53 response
element in the murine c-myc promoter, we tested a compre-
hensive series of 59 and 39 deletions of the BgCAT reporter.
Large deletions of the 59 region of c-myc, including the P1
promoter, had little effect on the ability of mutant p53 to
activate expression (data not shown). By contrast, deletion of

as little as 55 bp from the 39 end of BgCAT (data not shown)
or PvuCAT (Fig. 5) decreased responsiveness to mutant p53 by
approximately fourfold, and further deletion of the exon se-
quences resulted in additional loss of responsiveness. These
results suggest that the mutant p53 response element is local-
ized near the exon 1/intron 1 junction and may cooperate with
other sequences that reside closer to the transcription start
site.

To determine whether mutant p53 responsiveness could be
transferred to a heterologous promoter, exon 1 sequences
downstream from the c-myc P2 promoter were cloned into a
minimal promoter-CAT reporter (p1634CAT). Exon 1 se-
quences (222 to 1413; H fragment) were cloned upstream and
downstream from the minimal promoter and in the correct and
reverse orientations (HRc, HRr, HHc, and HHr, respectively).
Exon 1 sequences spanning 1174 to 1413 (N fragment) were
also cloned into the minimal promoter at each site and in both
orientations. Cotransfection of these heterologous reporters

FIG. 2. Mutant p53 transactivates the c-myc promoter. (10)1 murine fibro-
blasts and SaOs-2 human osteosarcoma cells were transfected with 0.25 mg of
BgCAT alone (C) or cotransfected with BgCAT and 1 mg of the p53 empty-
vector plasmid (CMV), wild-type p53 (WT), or mutant p53-281 (281) and as-
sayed for CAT activity as described in Materials and Methods. Transactivation
function is demonstrated by conversion of unacetylated [14C]chloramphenicol
(lower band) to acetylated forms (upper bands). The experiments were repeated
at least three times, and representative data are presented.

FIG. 3. Panel of tumor-derived human mutant p53 alleles transactivate the
c-myc promoter. SaOs-2 cells were transfected with the BgCAT reporter alone
(C) and with the indicated human wild-type (WT) and mutant p53 expression
vectors and then assayed for CAT activity as described in Materials and Methods.
Samples were transfected in duplicate, and the experiment was repeated at least
three times; representative data are presented. Similar results were obtained
when the human MDR1 promoter reporter construct was used.

FIG. 4. Mutant p53 increases steady-state levels of c-myc–CAT mRNA.
(10)1 cells were transiently transfected with salmon sperm DNA (ssDNA), the
c-myc reporter (BgCAT), mutant p53 (281), or BgCAT and p53-281 (BgCAT 1
281) as described for Fig. 2. Two days after transfection, total RNA was isolated
and analyzed for c-myc expression by RNase protection assays as described in
Materials and Methods. Protected fragments (expected sizes) are as follows:
undigested full-length probe (1,058 nt), endogenous c-myc P1 (573 nt) and P2
(413 nt), P2CAT (639 nt), and P1CAT (799 nt). As expected (40), endogenous
c-myc mRNA derived from the predominant P2 promoter (accounting for ;90%
of c-myc transcripts) and the minor P1 promoter is evident in all samples.
Unspliced P1 and P2 c-myc mRNA transcripts run approximately 10 nt slower
than the spliced form. Transactivation of the c-myc promoter reporter by mutant
p53 is demonstrated by the appearance of c-myc–CAT mRNA in the BgCAT–
p53-281 cotransfected samples but not in the ssDNA-, BgCAT-, or p53-281-only
samples. The c-myc-CAT mRNA is derived from the P2 promoter, based on
multiple RNase protection assays using various radiolabeled probes and RNA
size standards.
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with mutant p53-281 into murine fibroblasts demonstrated that
c-myc exon 1 sequences conferred mutant p53 responsiveness
in an orientation- and position-dependent manner, as only the
HHc and NHc reporters were transactivated by mutant p53
(Fig. 6). Therefore, the mutant p53 response element does not
act as a classic enhancer, suggesting that these sequences may
need to be transcribed into RNA for mutant p53 to activate
c-myc gene expression.

Transactivation by mutant p53 requires the amino and car-
boxy termini. Data from the heterologous reporters suggested
that mutant p53 may transactivate the c-myc promoter through
an RNA-dependent mechanism, and previous studies have
demonstrated that the C terminus of p53 expresses an RNA
binding activity (28, 30, 33, 47). To test the role of the C
terminus in p53 transactivation, we inserted three tandem in-
frame translation stop codons into mutant p53-281 and wild-
type p53 at the position corresponding to amino acid 360
(281D360 and WTD360, respectively). The p53D360 proteins
are competent for dimerization, according to the crystal struc-
ture (16) and our biochemical assays (data not shown). As
shown in Fig. 7A, p53-281D360 was markedly impaired for
transactivation of the c-myc promoter compared to full-length
p53-281. In contrast, WTp53D360 was functionally comparable
to full-length wild-type p53 in transactivation of the wild-type
p53-responsive CosXCAT reporter (46) (Fig. 7A). These data
demonstrate that the C terminus of p53 is dispensable for
wild-type p53 transactivation function but is essential for mu-
tant p53 activity.

To delineate the sequences of p53-281 that are required for

transactivation of c-myc, we prepared additional truncation
mutants that terminate at amino acids 347 (D347), 380 (D380),
and 390 (D390). In transient transfection studies, p53-281D347
and 281D360 failed to induce BgCAT reporter activity whereas
281D380 and 281D390 induced c-myc promoter activity to the
same degree as full-length mutant p53-281 (data not shown).
These results identify a region between amino acids 360 and
380 that is essential for mutant p53 transactivation. We then
constructed a comprehensive series of p53-281 C-terminal
truncations that progressively delete sequences spanning
amino acids D380 to D360. Analysis of these mutants in tran-
sient transfection assays demonstrated that deletion of as little
as two amino acids (379 and 380) decreases mutant p53 trans-
activation function three- to sixfold (Fig. 7B and C; compare
D378 to D380). Further deletion of sequences from amino
acids 380 to 369 decreased activity nearly to background levels.
Western blot analysis demonstrated that the marked difference
in transactivation by these mutants was a consequence of func-
tion and not due to differences in protein expression (Fig. 7B
and C). These data clearly identify a C-terminal region be-
tween amino acids 370 and 380 that is essential for mutant p53
transactivation of the c-myc promoter.

Previous studies demonstrated that mutation of p53-281 at
amino acids 22 and 23, which disrupts its interaction with
transcription-associated factors (TAFs) (20, 22, 43), blocked its
ability to transactivate the MDR1 promoter (21). Similarly, the
p53-22-23/281 triple mutant is defective in transactivation of
the murine c-myc promoter and is functionally impaired to the
same extent as p53-281D360 (Fig. 7D). Therefore, the N- and

FIG. 5. Mapping of the mutant p53 response region in c-myc to the 39 end of exon 1. PvuCAT c-myc promoter reporter deletion constructs were transfected into
(10)1 cells with and without mutant p53-281, and promoter activity was measured by CAT assay as described in Materials and Methods. (A) Schematic diagram of the
c-myc–CAT reporter constructs. The PvuCAT reporter spans 2140 to 1413 and contains the P2 promoter, nontranslated exon 1, and the exon 1/intron 1 (Ex/Int)
junction. The c-myc promoter 39 deletion constructs span the regions from 2140 to 1358 (D5), 1271 (D4), 1189 (D3), 179 (D2), and 17 (D1). (B) Basal and
p53-281-induced promoter activities are presented from two independent experiments that were each conducted in duplicate. Similar results were also obtained when
the BgCAT and derivative 39 deletion promoter-reporter constructs were used (data not shown).
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FIG. 6. The mutant p53 response region in c-myc is position and orientation dependent. The c-myc-heterologous minimal promoter reporters were constructed as
described in Materials and Methods and are schematically diagrammed. The heterologous reporters were transfected into (10)1 cells with and without mutant p53-281,
and transactivation was measured by CAT assays as described in Materials and Methods. Results are presented as the fold induction of reporter activity with mutant
p53-281 compared to basal expression of the reporter only. The basal promoter activities of p1634CAT and each of the heterologous promoters are approximately equal
but close to background. c-myc exon 1 sequences spanning 222 to 1413 (H fragment) (A) and c-myc exon 1 sequences from 1174 to 1413 (N fragment) (B) cloned
into the p1634CAT minimal heterologous promoter reporter. Results of multiple independent experiments are presented. INT, tdt initiator element.
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C-terminal domains of mutant p53 are necessary for transac-
tivation of the c-myc promoter.

Inhibition of mutant p53 gain of function through a trans-
dominant negative mechanism. In human cancers, mutation of
the p53 gene is almost always reduced to homozygosity. One
interpretation of this phenomenon is that the wild-type allele
must be inactivated to eliminate residual tumor suppressor
activity, despite the ability of the mutant p53 protein to inhibit
wild-type p53 functions through a transdominant negative
mechanism (14). Alternatively, we propose that wild-type p53
may serve as a dominant negative regulator of mutant p53 gain
of function, and that the wild-type allele must be deleted to
exert the full tumor-promoting function of mutant p53. To
address this issue, we examined the effects of wild-type p53 and
derivative proteins on mutant p53-mediated transactivation of
the c-myc (BgCAT) promoter (Fig. 8). Consistent with our
hypothesis, inclusion of wild-type p53 completely blocked mu-
tant p53 transactivation function (.99% inhibition) in p53-null
cells. However, wild-type p53 can indirectly transrepress pro-

FIG. 8. Inhibition of mutant p53 gain of function through a transdominant
negative mechanism. (10)1 cells were transiently cotransfected with the BgCAT
reporter (0.5 mg) in combination with CMV vector only (Control; 2 mg), mutant
p53-281 (mtp53-281; 2 mg), wild-type p53 (wtp53; 5 mg), DD1 (5 mg), and deltaSS
(5 mg) and analyzed for CAT activity as described in Materials and Methods. The
experiment was repeated at least three independent times, and representative
data are presented. Similar results were obtained when the MDR1-CAT reporter
was used.

FIG. 7. The N and C termini are required for mutant p53 transactivation. (A)
Schematic diagram of p53 highlights the domains for transactivation (acidic),
sequence-specific DNA binding, oligomerization (oligo), single-strand DNA/
RNA binding, and amino acid 392, which is covalently associated with 5.8S RNA.
Point mutations in the acidic domain at amino acids 22 (L3Q), 23 (W3S), and
392 (S3A), as well as the C-terminal truncations, were constructed in wild-type
and mutant p53-281 as described in Materials and Methods. Lower left, mutant
p53-281 transactivation function requires the C terminus. (10)1 cells were co-
transfected with BgCAT and either CMV empty vector (C), mutant p53-281, or
mutant p53-281D360. Lower right, the C terminus is dispensable for wild-type
p53 transactivation function. (10)1 cells were cotransfected with CosXCAT,
which is a wild-type p53 response reporter, and either CMV empty vector (C),
wild-type p53 (WT), or p53D360. (B and C) Amino acids 372 to 380 are essential
for mutant p53-281 transactivation function. (10)1 cells were transfected with
BgCAT alone and cotransfected with BgCAT and either the p53-281 or p53-281
truncation mutant. (B) Western blot analysis of full-length mutant p53-281 and
truncated mutant p53 in cell extracts analyzed for CAT activity in panel C. Equal
amounts of protein were analyzed by using polyclonal antibody Ab-7 as described
in Materials and Methods. Baculo, purified wild-type p53 protein. Full-length
mutant p53-281 and truncated proteins are as indicated. (C) BgCAT reporter
activity in response to mutant p53. Data are presented as fold induction of
reporter activity with mutant p53 compared to basal promoter expression. (D)
Mutant p53 transactivation function requires the N terminus. (10)1 cells were
cotransfected with BgCAT and either CMV empty vector, p53-281, triple mutant
22-23/281, or 281D360. Samples were transfected in duplicate, and data are
presented as fold induction of reporter activity with mutant p53 compared to
basal expression. These experiments were repeated at least three times, and
representative data are presented.
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moters lacking p53 binding sites (such as c-myc) in transient
transfection assays possibly by titrating TATA binding protein
(TBP), TAFs, or CBP/p300 (11, 19, 20, 22, 34, 43). To circum-
vent this limitation, we also tested the effects of murine p53
miniproteins (35), which do not repress c-myc reporter activity
under the conditions used in these studies, on mutant p53
transactivation function (Fig. 8). The DD1 miniprotein essen-
tially contains only the C terminus of p53 (amino acids 1 to 14
fused to 302 to 390) and is competent for dimerization with
full-length p53 protein (35). By contrast, the deltaSS minipro-
tein is identical to DD1 but lacks amino acids 330 to 344, which
span the oligomerization domain, and is therefore defective in
dimerization (35). As shown in Fig. 8, DD1 blocked mutant
p53-281 transactivation of the c-myc promoter (.95% inhibi-
tion), whereas deltaSS had little or no effect. Similarly, inter-
ference with mutant p53-281 transactivation function has also
been demonstrated in assays using wild-type p53, the p53 mini-
proteins, and the MDR1 promoter reporter (data not shown).
These results therefore indicate that mutant p53 gain of func-
tion can be repressed in a transdominant negative manner
through dimerization with inactive forms of p53 and are con-
sistent with our p53 truncation analyses demonstrating that the
C terminus is required for transactivation.

DISCUSSION

The results presented here demonstrate that tumor-derived
missense mutants of p53 can regulate expression of the c-myc
gene. The well-established role of c-myc (40) as a proto-onco-
gene capable of promoting cell cycle progression and tumori-
genesis makes this gene an attractive target for p53 gain-of-
function mutants. Furthermore, our analyses demonstrate that
the efficient activation of the c-myc promoter by mutant p53
occurs by a mechanism that is distinct from wild-type p53
transactivation.

Induction of murine c-myc promoter activity by mutant p53
in cell lines that are null for endogenous p53 protein is rou-
tinely 30- to 60-fold and, to our knowledge, represents the
strongest activation of a murine c-myc reporter. Deletion anal-
ysis of the murine c-myc promoter demonstrated that a mutant
p53 response element resides near the exon 1/intron 1 bound-
ary and that these sequences confer mutant p53 responsiveness
to a heterologous minimal promoter only when cloned down-
stream and in the correct orientation. Preliminary fine map-
ping data indicate that mutant p53 transactivation of the c-myc
promoter is independent of splicing since there are no known
splice acceptor sites in the reporter and point mutations in the
splice donor site reduces but does not eliminate mutant p53
responsiveness (data not shown). Interestingly, the mutant p53
response region of the c-myc promoter maps near a site impli-
cated in transcription attenuation (1, 29), and a corresponding
region of c-myc exon 1 inhibits expression of an a-globin trans-
gene when cloned downstream from the globin transcription
start site and in the correct orientation (45). It remains a
formal possibility that mutant p53 can transactivate the c-myc
promoter by allowing transcription to read through this region
(see below).

The orientation- and position-dependent nature of the mu-
tant p53 response element indicates that it does not function as
an enhancer and that it may need to be transcribed into RNA.
These findings predict that the C terminus of mutant p53,
which expresses a single-strand DNA and RNA binding activ-
ity (28, 30, 33, 47), may be required for transactivation of the
c-myc promoter. Consistent with this concept, truncation of the
last 33 amino acids of mutant p53-281 (D360) inhibited trans-
activation by more than an order of magnitude. These results

are in agreement with the previous findings that the last 66
amino acids are required for mutant p53-281 activation of the
human epidermal growth factor receptor promoter (23). How-
ever, the authors of the latter study concluded that the
oligomerization domain is required for mutant p53 transacti-
vation function. In our study, we demonstrate that the oli-
gomerization domain is not sufficient for activation of c-myc
gene expression and that additional C-terminal sequences are
required for transactivation. Detailed mapping of the C termi-
nus demonstrated that the last 13 amino acids, including the
5.8S RNA modification site (9, 25), are dispensable and that
amino acids 372 to 380 are critical for mutant p53 transactiva-
tion function (Fig. 7). Interestingly, Levine and coworkers have
identified the last 27 amino acids of p53 as a necessary domain
for promoting the reassociation of single-stranded RNAs and
that monoclonal antibody PAb421, which recognizes an
epitope encompassing amino acids 372 to 378, completely
blocks this annealing activity (47). Taken together, these re-
sults raise the possibility that mutant p53 regulates c-myc gene
expression through an RNA-dependent mechanism. Addi-
tional studies will be necessary to test this hypothesis.

The requirement for the response element to be located
downstream from the transcriptional start site and in the cor-
rect orientation is not without precedent. In particular, tran-
scriptional regulation of the human immunodeficiency virus
long terminal repeat by the Tat transactivator is mediated
through the TAR element, which must be downstream from
the promoter and in the correct orientation (for a review, see
reference 17). Transcription of the long terminal repeat is
attenuated near the TAR site, and binding of the Tat transac-
tivator to an RNA stem-loop structure in TAR releases the
transcriptional block and promotes elongation. In our studies,
Northern blot and RNase protection analysis demonstrated
that the steady-state levels of endogenous c-myc and P2-de-
rived c-myc–CAT mRNAs are elevated in response to mutant
p53. It is not yet clear whether mutant p53 activates the c-myc
promoter by enhancing transcription initiation and/or elonga-
tion rates or by increasing mRNA stability. However, since the
acidic domain of mutant p53 is strictly required for transacti-
vation of c-myc and presumably for its interaction with various
components of the RNA polymerase II complex (TBP, TFIIH,
and TAFs) (22, 34, 43, 48), we favor the concept that mutant
p53 activates c-myc gene expression at a transcriptional level.

Mutant p53-281, as well as other naturally occurring mutant
p53 proteins, activates the c-myc promoter reporter, whereas
wild-type p53 represses expression. How does a single missense
mutation turn a transrepressor into a potent activator? One
possibility is that specific cellular factors cooperate with mu-
tant p53 in transactivation. In support of this hypothesis, a
recent study has demonstrated that mutant p53 proteins that
are competent for transactivation of the MDR promoter, but
not transactivation-defective mutants or wild-type p53, selec-
tively associate with two cell cycle-regulated proteins (p38 and
p42) (2). It remains to be determined what functional conse-
quence these proteins or other associated factors may have on
mutant p53 gain of function.

A large effort is under way to devise strategies that convert
mutant p53 into the wild-type conformation. This approach is
ideal in the sense that mutant p53 would lose its tumor-pro-
moting properties while regaining its tumor suppressor activity.
However, this goal may be difficult to achieve based on ther-
modynamic constraints. In light of the previous gain-of-func-
tion studies and the results presented here, it may be more
reasonable to develop therapies that are designed to inactivate
mutant p53. The findings that the C terminus is dispensable for
wild-type p53 in transactivation and growth suppression (31,
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36, 39) but strictly required for mutant p53 gain of function
suggests that it may be possible to selectively target tumors
with mutant p53 but not normal tissue expressing wild-type
p53.
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