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The p53 tumor suppressor protein, found mutated in over 50% of all human tumors, is a sequence-specific
transcriptional activator. Recent studies have identified a p53 relative, termed p73. We were interested in
determining the relative abilities of wild-type and mutant forms of p53 and p73a and -b isoforms to trans-
activate various p53-responsive promoters. We show that both p73a and p73b activate the transcription of
reporters containing a number of p53-responsive promoters in the p53-null cell line H1299. However, a number
of significant differences were observed between p53 and p73 and even between p73a and p73b. Additionally,
a Saccharomyces cerevisiae-based reporter assay revealed a broad array of transcriptional transactivation
abilities by both p73 isoforms at 37°C. Recent data have shown that p73 can associate with p53 by the yeast
two-hybrid assay. When we examined complex formation in transfected mammalian cells, we found that p73a
coprecipitates with mutant but not wild-type p53. Since many tumor-derived p53 mutants are capable of
inhibiting transactivation by wild-type p53, we tested the effects of two representative hot-spot mutants (R175H
and R248W) on p73. By cotransfecting p73a along with either p53 mutant and a p53-responsive reporter, we
found that both R175H and R248W reduces the transcriptional activity of p73a. This decrease in transcrip-
tional activity is correlated with the reduced ability of p73a to promote apoptosis in the presence of tumor-
derived p53 mutants. Our data suggest the possibility that in some tumor cells, an outcome of the expression
of mutant p53 protein may be to interfere with the endogenous p73 protein.

A new gene family whose encoded products show significant
sequence similarity to the tumor suppressor protein p53 have
been identified (32, 33, 50, 59, 60, 72). KET, the first to be
identified, was cloned from a rat circumvallate taste papilla
cDNA library (59). p73, the second identified from a COS cell
cDNA library, encodes for at least two splicing variants, p73a
and p73b (32, 33). Finally, the human homolog of KET, re-
ferred to as either p51 or p63, encodes at least six isoforms
(p63a/p51B/p73L, p63b, p63g/p51A, DNp63a, DNp63b, and
DNp63g) that are expressed in a tissue-specific manner and
harbor different transactivation potentials (50, 60, 72). It has
been proposed that this family of proteins is ancestral to hu-
man p53, in that all show significant amino acid similarity in
their C-terminal p53-unrelated extensions to the squid p53
protein (33, 59, 72).

The p53 protein is modular and can be divided into at least
four distinct domains: (i) the amino-terminal transcriptional
transactivation domain (residues ;1 to 70) (6, 7, 15, 55, 68),
(ii) the PXXP domain (residues ;61 to 94) (70), (iii) the
sequence-specific DNA binding domain (residues ;102 to
292) (1, 27, 51, 71), and (iv) the carboxy-terminal regulatory
and tetramerization domains (residues ;320 to 393 and ;320
to 360, respectively) (3, 4, 57, 71). The various isoforms of p73
and p51/p63 display a modular structure similar to that of p53,
having extensive homology to p53 within their DNA binding
domains (63 and 60%, respectively), as well as possessing ho-
mologous amino-terminal transcriptional transactivation do-
mains (29 and 22% [except DNp63 isoforms], respectively) and
tetramerization domains (38 and 37%, respectively).

Given this degree of amino acid similarity between p53,
p51/p63, and p73, it is not surprising that ectopic expression of

p73 and p51/p63 can transactivate endogenous targets of p53,
such as the cell cycle inhibitor gene p21 (32, 33, 50) as well as
p21 and RGC (ribosomal gene cluster) promoter-containing
reporters in p53-null cell lines (32, 50, 72). However, it is of
interest to ascertain whether the various isoforms of p73 and
p51/p63 are also capable of transactivating additional physio-
logically relevant p53 targets, such as the proapoptotic genes
Bax (49) and IGF-BP3 (insulin-like growth factor binding pro-
tein 3) (5), and others (reviewed in references 22 and 37). The
percent homology between the tetramerization domains of
p53, p51/p63, and p73 suggests that these protein families may
form heterotetramers. Indeed, Kaghad et al. have shown that
p73b, but not p73a, can interact modestly with p53 in a yeast-
two hybrid assay (33). It remains to be determined if these
complexes can form in mammalian cells and whether they
function during the developmental and/or pathological pro-
cess.

One of the cellular functions of p53 is to induce apoptosis in
response to genotoxic stress, such as damaged DNA (reviewed
in references 22, 37, and 41). Similarly, it has been found that
overexpression of both p73 and p51/p63 can inhibit cell growth
by inducing apoptosis (32, 50, 72). However, despite these
similarities to p53, p73 is not induced by exposure of cells to
DNA-damaging agents such as UV irradiation (33), suggesting
that p73 may have cellular functions distinct from those of p53.
Supporting this notion is the fact that in contrast to the ubiq-
uitous expression of p53, p51/p63 and KET have restricted
tissue expression patterns (50, 59, 72). Nevertheless, mutations
in p51 have been identified in some human epidermal tumors,
whereas p73 is monoallelically expressed in cancers, including
neuroblastoma, suggesting a potential tumor suppressor role
for both p51 and p73 (33, 50).

In this study, we examined the ability of ectopically ex-
pressed p73a and p73b to transactivate p53-responsive report-
ers in the p53-null cell line H1299 as well as in a yeast-based
reporter assay. Additionally, we determined if p73 can associ-
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ate with wild-type and tumor-derived mutant p53 in mamma-
lian cells. Based on these coimmunoprecipitation studies, we
analyzed the effects of tumor-derived p53 mutants on p73
function in transient cotransfection assays. Finally, we discuss
the role that tumor-derived p53 mutants may play in cellular
transformation by their ability to selectively inactive other p53
family members.

MATERIALS AND METHODS

Yeast strains, media, and transformation. All yeast strains were isogenic with
S288C except that they were wild type at GAL2. Prior to the introduction of the
wild-type or mutant p53, p73a, and p73b constructs, CUY5 (trp1-1 ura3-52
his3,200 leu2-3-112 lys2-801) was transformed with one of the HIS3 reporter
plasmids (see below) or control plasmid. Rich (YP) and synthetic complete (SC)
media were constituted as described elsewhere (58) except that the YP medium
also contained 0.1 g of tryptophan per liter and 0.1 g of adenine per liter and the
SC medium contained 0.2 g of leucine, 0.1 g of all other amino acids, 0.1 g of
uracil, and 0.1 g of adenine per liter. All strains were grown in glucose to a final
concentration of 2%. Yeast strains were transformed by a modified version of the
lithium acetate method (24) as described elsewhere (12).

Yeast and mammalian expression plasmids. pLS76 (pCUB7) and pFW601
(pCUB6) express full-length p53 and p53R273H cDNAs from the ADH1 (alcohol
dehydrogenase) promoter with the CYC1 terminator downstream of the p53
cDNA, CEN6, and ARSH4 for stable, low-copy-number replication and the
LEU2 gene for plasmid maintenance (29). The plasmid expressing full-length
mutant p53R273H was isolated by FASAY (29) and sequenced to confirm that
the p53 cDNA contained the missense mutation. pCUB274 expresses full-length
hemagglutin epitope (HA) tagged p53 (HA:p53) cDNA from the ADH1 pro-
moter, with the CYC1 terminator downstream of the p53 cDNA, the yeast 2 mm
origin of replication, and the LEU2 gene for plasmid maintenance. pC53-SN3,
pC53-175, and pC53-248 express full-length p53, p53R175H, and p53R248W
cDNAs, respectively, from the cytomegalovirus (CMV) promoter (35). pCUB263
expresses full-length HA:p53 cDNA from the CMV promoter in pCDNA3.
pCUB215, pCUB217, pCUB219, and pCUB221 express full-length HA:p73a,
HA:p73aR292H, HA:p73b, and HA:p73bR292H cDNAs, respectively, from the
ADH1 promoter, with the CYC1 terminator downstream of the p53 cDNA, the
yeast 2 mm origin of replication, and the LEU2 gene for plasmid maintenance.
Expression of simian HA:p73a, HA:p73aR292H, HA:p73b, and HA:p73bR292H
cDNAs from the CMV promoter are as described elsewhere (32).

Yeast and mammalian reporter plasmids. Yeast p53-responsive reporter plas-
mids are as described elsewhere (12). Briefly, a duplex oligonucleotide encoding
one of the p53-responsive cis-acting elements was cloned upstream of the inac-
tive GAL1 promoter which drives the HIS3 coding sequence on a TRP1/CEN
plasmid. The RGC-containing p53-responsive reporter plasmid pSS1 (29) and
the mammalian p53-responsive reporter plasmids (19) are as described else-
where. p21min-luc (pCUB230) contains a duplex oligonucleotide encoding the
p53-responsive cis-acting element from p21, cloned upstream of the minimal
c-fos promoter (253 to 142) in pGL3-OFLUC (kindly provided by N. Clarke).
The sequences of the synthesized oligonucleotides (CUO3 and CUO4; Operon
Technologies, Inc.) encoding the p21 cis-acting p53-responsive element were
59GATCCTCGAGGAACATGTCCCAACATGTTGCTCGAG39 and 59GATC
CTCGAGCAACATGTTGGGACATGTTCCTCGAG39. The resulting plasmid
was sequenced for the orientation and insert number of the oligoduplex.

Preparation of yeast whole-cell extracts and detection of p53, p73a, and p73b
by immunoprecipitation and Western immunoblot analysis. Procedures for
preparation of yeast whole-cell extracts and Western immunoblotting were as
described elsewhere (12). Immunoprecipitations of p53 proteins were performed
by incubating 5 mg of whole-cell extract with 4 ml of anti-p53 monoclonal
antibodies (MAbs; at 50 ng/ml) and rocking at 4°C for 1 h. After the primary
incubation, 30 ml of protein A-Sepharose beads (Pharmacia) was added, and the
samples were rocked at 4°C for 1 h. The samples were washed four times with 1
ml of lysis buffer (100 mM Tris-HCl [pH 7.5], 200 mM NaCl, 1 mM EDTA, 5%
glycerol, 0.5 mM dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride),
excess liquid was aspirated with a 1-ml syringe, and 30 ml of 23 sample buffer
(62) was added. Samples were heated to 95°C for 5 min, centrifuged for 3 min at
13,000 3 g and electrophoresed through a sodium dodecyl sulfate (SDS)–10%
polyacrylamide gel. Protein gels were transferred to polyvinylidene fluoride
membranes (Millipore). For p53 detection, we used a mixture of purified p53
MAbs (MAb 421, MAb 1801, MAb 240, and DO-1), each at a 1/3,000 dilution of
a 50-ng/ml stock; for HA:p53, HA:p73a, and HA:p73b detection, the primary
MAb was 12CA5 at a 1/3,000 dilution of a 50-ng/ml stock. Proteins were visu-
alized with an enhanced chemiluminescence detection system (Amersham).

Cell culture, transfection, and luciferase assays. H1299 cells (American Type
Culture Collection) were maintained in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) in 5% CO2 at 37°C.
Cells were transfected by a lipopolyamine-based (Transfectam) protocol as de-
scribed previously (21). Briefly, cells were grown in DMEM–10% FBS and
transfected with various amounts of DNA. The precipitate was left on the cells
for 6 h, after which fresh DMEM–10% FBS was added for the periods indicated.

For luciferase assays, cells were seeded in 12-well, 3.8-cm2 plates and transfected
with one of the expression vectors (200 ng of each) and two different reporter
constructs (250 ng of each), a CMV-expressed luciferase cDNA from renilla and
a p53-responsive luciferase cDNA from firefly. Luciferase activity was measured
in each well 24 h later by a dual-luciferase reporter gene assay (Promega).

Preparation of mammalian whole-cell extracts and immunoprecipitation
analysis. H1299 cells were transfected in 10-cm plates with 20 mg of DNA and
harvested at 48 h posttransfection. Cells were lysed in 300 ml of lysis buffer (10
mM Tris-HCl [pH 7.5], 1 mM EDTA, 0.5% NP-40, 150 mM NaCl, 1 mM DTT,
10% glycerol, 0.5 mM phenylmethylsulfonyl fluoride, protease inhibitor), and the
extracts were centrifuged at 8,000 3 g for 15 min to remove cell debris. Protein
concentrations were determined by the Bio-Rad Laboratories (Hercules, Calif.)
assay. Immunoprecipitations of p53 proteins were performed by incubating 1.5
mg of whole-cell extract with 100 mg each of anti-p53 MAbs 240, 421, and 1801
and rocking at 4°C for 1 h. After the primary incubation, 20 ml of protein
A-Sepharose beads (Pharmacia) was added, and the samples were rocked at 4°C
for 1 h. The samples were washed four times with 1 ml of wash buffer (10 mM
Tris-HCl [pH 7.5], 1 mM EDTA, 0.5% NP-40, 1 mM DTT, 10% glycerol), the
excess liquid was aspirated, and 30 ml of 23 sample buffer (62) was added.
Samples were heated to 95°C for 5 min, centrifuged for 3 min at 13,000 3 g, and
electrophoresed through an SDS–10% polyacrylamide gel. Protein gels were
transferred to nitrocellulose membranes (Schleicher & Schuell). For p53 detec-
tion, a mixture of p53 MAb (MAb 421, 1801, or 240) containing supernatants was
used, each at a 1/4 dilution; for HA:p73a detection (Fig. 5C), a supernatant
containing MAb 12CA5 was used at a 1/3 dilution; for HA:p73a, HA:p73b, and
HA:p53 detection (Fig. 1C), MAb 16B12 (1 mg/ml; BAbCo) was used at 1/1,000.
Proteins were visualized with an enhanced chemiluminescence detection system
(Amersham).

Apoptosis assays. H1299 cells were cotransfected in 10-cm-diameter plates
with 7 mg of expression vector containing either p73a, wild-type p53, or mutant
p53 and 7 mg of a green fluorescent protein (GFP)-containing internal ribosomal
entry site construct (Clontech). When appropriate, 7 mg of pRC-CMV vector
(Invitrogen) was included to keep the total amount of transfected DNA constant
in each sample. At 72 h after transfection, cells were observed under epifluores-
cence (Nikon Diaphot 300) and images were photographed with an Optronics
3CCD video camera linked to a Macintosh. For each condition, three plates were
used and 500 GFP-stained cells were counted in randomly selected fields from
each plate. Among the GFP-stained populations, apoptotic cells were identified
by the presence of apoptotic bodies or membrane blebbing.

To confirm the apoptotic phenotype, cells were also subjected to fluorescence-
activated cell sorting (FACS) analysis as described elsewhere (38). Briefly, 72 h
posttransfection, cells were fixed in paraformaldehyde 2% [100 mM NaCl, 10
mM piperazine-N,N9-bis(2-ethanesulfonic acid) (PIPES; pH 6.8), 300 mM su-
crose, 3 mM MgCl2, 1 mM EGTA] for 20 min and then in 95% methanol for 1 h.
Fixed cells were washed three times with phosphate-buffered saline and exposed
to propidium iodide (PI; 60 mg/ml) and RNase A (50 mg/ml) for 30 min before
counting by FACS (FACScalibure; Becton Dickinson). Harvesting of cells and
FACS analysis were performed on the same day to avoid loss of GFP staining.
Cells (100,000) were gated for GFP staining with a 530/20-nm bandpass filter and
then analyzed for DNA content (PI) with a 610-nm longpass filter. An excitation
wavelength of 488 nm was used for GFP and PI. Data were analyzed with
CELLQuest software (Becton Dickinson). From the DNA content profile, the
sub-G1 fraction was gated and counted.

RESULTS

p73a and p73b differentially transactivate p53-regulated
promoters in mammalian cells. To analyze the transactivation
potential of the two naturally occurring p73 isoforms for p53
target genes, a p53-null cell line (H1299) was transiently co-
transfected with mammalian expression plasmids encoding
HA:p53, HA:p73a, or HA:p73b under the control of the CMV
promoter, and reporter plasmids containing either full-length
promoters (p21, mdm2, cyclin G, and Bax) or p53 binding sites
(GADD45, IGF-BP3 box A, and IGF-BP3 box B) from p53
target genes placed upstream of a luciferase cDNA (see Ma-
terials and Methods and reference 19). The simian p73 iso-
forms that we used are 97.6% identical (98.3% similar) to their
human counterparts. As previously shown (19), wild-type p53
transactivated all promoters (full length or partial) in H1299
cells to various degrees (Fig. 1A and B). In addition, as previ-
ously demonstrated (32), p73a and p73b transactivated the p21
promoter-luciferase reporter, albeit to a lesser degree than p53
(Fig. 1A). Both p73a and p73b transactivated the remaining
p53-responsive promoters to various degrees (Fig. 1), with one
exception (IGF-BP3 box A, [Fig. 1B]; see below). While we
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observed a 20- to 25-fold induction of the p21 and mdm2
promoters by wild-type p53, both p73 isoforms activated tran-
scription of these same promoters to a lesser degree (seven- to
ninefold induction [Fig. 1A]). In contrast, the Bax and
GADD45 promoters were transactivated by both p73a and
p73b as well as, or somewhat better than, wild-type p53 (Fig.
1A and B, respectively). It should be noted that in these cells
these two promoters are transactivated by wild-type p53 to a
greater degree than any other. Interestingly, we observed sig-

nificant differences between p73a and p73b in the ability to
transactivate the cyclin G, IGF-BP3 box A, and IGF-BP3 box B
promoters (Fig. 1A and B). Whereas p73b activated the cyclin
G promoter 20-fold, p73a activated the same promoter less
than 8-fold. Conversely, whereas p73a activated the IGF-BP3
box B promoter 40-fold, p73b activated this same promoter
less than 16-fold. Finally, whereas both p53 and p73a activated
the IGF-BP3 box A promoter 16 to 17-fold, p73b only acti-
vated this same promoter less than 2-fold. It should be noted as

FIG. 1. Wild-type p53, p73a, and p73b transactivate p53-responsive reporters in mammalian cells (A and B). H1299 cells (grown in DMEM supplemented with 10%
FBS) were transiently cotransfected with the CMV-HA:p53, CMV-HA:p73a, or CMV-HA:p73b expression plasmid along with the luciferase (luc) reporter constructs
indicated in boxes at the bottom. Cells were harvested for luciferase assay 18 h after cotransfection. Results are represented as fold induction of luciferase activity
compared to control cells transfected with an empty CMV expression plasmid. Histograms show the mean of a typical experiment of three performed in triplicate; bars
indicate the standard deviation of the mean. (C) Representative Western blot analysis. A blot loaded with 100 mg of extract was probed with the anti-HA antibody 16B12
to detect the expression levels of HA:p53, HA:p73a, and HA:p73b in transfected cells. Ct, control plasmid.
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well that under these conditions, IGF-BP3 box B appears to a
better target for p73a than for wild-type p53. As detected by
Western blot analysis with MAb 16B12, the protein levels of
ectopically expressed wild-type p73a and p73b were readily
detected (Fig. 1C).

The ability of p53 to drive transcription from a reporter gene
is dependent on the expression level of p53 (14, 40). The levels
of p53/p73 expression constructs used for Fig. 1 were well
within the range used in other such transient transfection stud-
ies (30, 32, 49, 54). However, it is frequently observed that a
dose-response assay shows progressively increasing amounts of
reporter activity as a function of p53-expressing constructs
introduced into cells (10 to 200 ng) until a plateau is reached,
while at still higher concentrations (e.g., 0.5 to 1 mg of DNA)
p53 can “self-squelch” (53), leading to reduced transcriptional
activation. To ensure that we were in the plateau range of
activity, we examined the effects of increasing amounts (25 ng
to 500 ng) of either p53, p73a, or p73b expression vectors on
two distinct reporter genes. We chose the p21 promoter-lucif-
erase reporter, which is transactivated to a lesser degree by
both p73 isoforms than by p53 (Fig. 1), and the IGF-BP3 box
A promoter-luciferase reporter, which is transactivated by both
p53 and p73a and, very weakly, by p73b (Fig. 1). At expression
vector concentrations ranging from 25 to 100 ng, p53, p73a,
and p73b progressively increased the activity of the p21 pro-
moter-luciferase reporter (Fig. 2A). At vector concentrations
of 100 ng and 200 ng, p21 reporter activity plateaued. Further
increasing the p53 and p73b, but not p73a, expression vector
concentrations to 500 ng reduced p21 reporter transactivation,
somewhat suggesting a squelching effect. The IGF-BP3 box A
promoter-luciferase reporter gene, while similarly induced by
p53 and p73a, was not strongly induced by p73b (Fig. 1), even
at the highest concentration. Importantly, at lower DNA con-
centrations (50 and 100 ng), we did not observe transactivation
of the IGF-BP3 box A reporter by p73b, ruling out the possi-
bility of squelching (Fig. 2B). In contrast, the transactivation
profiles of p53 and p73a were very similar, reaching a maxi-
mum at 100 ng and leveling off at 200 ng (Fig. 2). These results
suggest that the different isoforms of p73 can discern between
these two distinct p53-responsive reporters.

These results taken together suggest that both isoforms of
p73 have the ability to transactivate p53-responsive genes (al-
beit at possibly higher than normal protein levels) in the ab-
sence of endogenous p53. They also demonstrate significant
quantitative differences in the relative transactivation abilities
of these different related gene products.

p73a and p73b differentially transactivate p53-regulated
promoters in yeast. To further characterize the transactivation
potential of p73a and p73b for p53 target genes, we con-
structed yeast strains (12) which contained the HIS3 gene
under the control of one of the following derived p53-respon-
sive human or murine target gene cis-acting elements: p21,
mdm2, GADD45, cyclin G, Bax, IGF-BP3 box A, IGF-BP3 box
B, RGC (34), and an artificial high-affinity-binding p53 con-
sensus element (termed SCS) (26). Each of the above-men-
tioned reporter strains was transformed with a plasmid ex-
pressing either human wild-type or mutant p53 under the
control of the constitutive ADH1 minimal promoter (29),
which does not express extremely high levels of p53 (12). The
growth assay used for our phenotypic analysis relies on the fact
that the HIS3 gene is under the control of an inactive GAL1
promoter. This promoter is activated, and HIS3 is expressed
only when bound by a transcriptional activator, such as p53 (or
p73 [see below]), at sites placed upstream of the minimal
GAL1 promoter. We scored transactivation as growth or lack
thereof on histidine-deficient medium.

As previously demonstrated, we observed wild-type p53-de-
pendent HIS3 transcription of all reporters to various degrees,
with the exception of those containing the IGF-BP3 box A and
box B cis-acting elements (Table 1 and reference 12). As a
control, isogenic strains expressing either (i) wild-type p53 and
containing a HIS3 reporter with no p53-responsive cis-acting
element or (ii) vector control and any one of the p53-respon-
sive cis-acting element reporters did not grow on histidine-
deficient media (Table 1). Whereas the RGC- and Bax-con-
taining reporter strains grew slowly on histidine-deficient
media (Table 1), the p21-, SCS-, mdm2-, GADD45-, and cyclin
G-containing reporter strains grew at the wild-type rate (Table
1). While IGF-BP3 box A and box B have been shown to be
p53-responsive cis-acting elements in mammalian cells (Fig. 1
and references 5, 19, and 43), we detected no such activation in
yeast (Table 1 and reference 12).

To examine the transactivation ability of p73 in yeast, each
of the above reporter strains was transformed with plasmids

FIG. 2. Transactivation of the p21 promoter and IGF-BP3 box A sequence
by increasing amounts of p53, p73a, or p73b. Increasing amounts (0 to 500 ng)
of CMV-HA:p53, CMV-HA:p73a, or CMV-HA:p73b expression plasmid along
with one of the luciferase (luc) reporter constructs indicated in boxes at the
bottom were transiently cotransfected into H1299 cells. DNA concentration was
kept constant with an empty CMV expression vector. Cells were harvested for
luciferase assay 18 h after cotransfection. Results are represented as fold induc-
tion of luciferase activity compared to control cells transfected with an empty
CMV expression vector. Data points represent the mean of a typical experiment
of two performed in triplicate; bars indicate the standard deviation of the mean.
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expressing either wild-type or mutant p73a and p73b under the
control of the constitutive ADH1 minimal promoter. We ob-
served wild-type p73-dependent HIS3 transcription of all re-
porters to various degrees, with the exception of those con-
taining the IGF-BP3 box A and box B cis-acting elements
(Table 1). In contrast, the p73aR292H and p73bR292H mu-
tants, homologs of the p53R273H mutant that have been
shown to be unable to transactivate an RGC- and p21-contain-
ing reporter in transient cotransfection assays (32), were sim-
ilarly inactive for transactivation in our yeast-based assay. A
representative example comparing the transactivation activi-
ties of wild-type and mutant p73a and -b to those of wild-type
p53 in the p21:HIS3 strain is shown in Fig. 3C. As a control,
isogenic strains expressing wild-type p73a and p73b and con-
taining a HIS3 reporter with no p53-responsive cis-acting ele-
ment did not grow on histidine-deficient medium (Table 1).
Whereas the RGC-containing reporter strains grew slowly on
histidine-deficient media (Table 1, p73a and p73b) and the
Bax-containing reporter strains grew extremely slowly (Table
1), the p21-, SCS-, mdm2-, GADD45-, and cyclin G-containing
reporter strains grew at rates ranging from 11 to 111 (Table
1). While p73a and p73b transactivated the p21-, mdm2-, and
SCS-containing reporters as well as p53, both transactivated
the cyclin G- and GADD45-containing reporters to lesser ex-
tents than p53 (Table 1). Additionally, p73b transactivated the
RGC-containing reporter better than its isoform, p73a (Table
1).

As detected by Western blot analysis with MAb 12CA5, the
protein levels of wild-type and mutant HA:p73 in their respec-
tive reporter yeast strains were readily detected and quite
similar (Fig. 3A and data not shown). Therefore, the growth
rate differences are not due to variations in the levels of wild-
type and mutant p73 protein but are due to the ability of
wild-type p73a and p73b to transactivate the cis-acting element
present in each reporter. Interestingly, when we examined the
expression levels of wild-type p73a and wild-type p73b by
Western blot analysis and serial dilution of extracts from iso-
genic strains, we consistently observed ;25-fold less p73b than
p73a (Fig. 3B and data not shown). We also observed slower-

FIG. 3. Expression levels of p73 in yeast. (A) Wild-type- and mutant p73a-
expressing strains were grown to log phase; extracts were prepared and subjected
to Western blot analysis in which 50 mg of total cell extract was loaded. The
Western blot was probed with an anti-HA antibody at a 1/3,000 dilution. Shown
is the expression from two independently isolated wild-type and mutant p73a
clones. “Cont” (lane 1) refers to a strain containing a control vector (ADH1
promoter on a LEU2/2mm plasmid). (B) Wild-type p73a- and p73b-expressing
strains were grown to log phase; extracts were prepared and subjected to West-
ern blot analysis in which 100 mg of total cell extract was loaded. The Western
blot was probed with an anti-HA antibody at a 1/3,000 dilution (top) and a
mixture of anti-p53 antibodies at a 1/3,000 dilution (bottom). These strains also
express wild-type untagged p53, which was used as a loading control. “Cont”
(lane 1) refers to a strain containing a control vector (ADH1 promoter on a
LEU2/2mm plasmid) and wild-type p53 (ADH1 promoter p53 on a URA3/CEN
vector). (C) Strains expressing wild-type p53, p73a, or p73b, or mutant p73a or
p73b, and containing a p53-responsive reporter (p21:HIS3 on a TRP/CEN plas-
mid) were patched onto SC-minus-leucine-minus-tryptophan plates and grown
for 1 day at 37°C. Patches were replica plated onto SC-minus-leucine-minus-
tryptophan-minus-histidine plates and grown for 1.5 days at 37°C. *, mutant
p73aR292H or p73bR292H; C, strain containing a control vector (ADH1 pro-
moter on a LEU2/CEN plasmid). Sizes in panels A and B are indicated in
kilodaltons on the left.

TABLE 1. Activation of reporters by p53 and the p73 isoforms a

cis-acting element p53 p73a p73b

None 2 2 2
RGC 11 1 11
SCS 111 111 111
p21 111 111 111
mdm2 111 111 111
cyclin G 111 11 11
GADD45 111 11 11
Bax 1 2/1 2/1
IGF-BP3 box A 2 2 2
IGF-BP3 box B 2 2 2

a Strains expressing wild-type or mutant p53, p73a, and p73b (on a LEU2
plasmid) and containing (on a TRP1 plasmid) one of the p53-responsive report-
ers (RGC, SCS, p21, mdm2, cyclin G, GADD45, Bax, IGF-BP3 box A, IGF-BP3
box B) or control reporter (None) were (i) streaked out for single colonies onto
SC-minus-leucine-minus-tryptophan-minus-histidine plates and grown for ;2
days at 37°C and (ii) replica plated from SC-minus-leucine-minus-tryptophan
plates grown at 30°C to SC-minus-leucine-minus-tryptophan-minus-histidine
plates and grown for 1 to 2 days at 37°C. Growth of wild-type p73-containing
strains on histidine-deficient medium was scored against growth of strains ex-
pressing wild-type p53 and the relevant reporter. The LEU2/CEN (no p53, p73a,
and p73b expression), p53R273H-, p73aR292H-, and p73bR292H-containing
strains were inactive for transactivation with all reporters, scored 2, 2, no
growth; 2/1, slow growth; 1, growth; 11, moderate growth; 111, wild-type
growth.
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migrating species for p73a (and p73b under certain gel condi-
tions) which were not seen for p53 (Fig. 3A and B and data not
shown). Despite being present at a lower concentration than
p73a, p73b can activate transcription comparably to p73a. We
do not know whether this represents a qualitative difference in
the p73 gene products or the presence of both at levels greater
than that required for transactivation in this yeast-based assay.

p73a coprecipitates with tumor-derived p53, but not wild-
type p53, in mammalian cells. Utilizing the yeast two-hybrid
system, Kaghad et al. demonstrated both homotypic and het-
erotypic interactions between p53 and p73b but not p73a (33).
To test whether p73 associates with p53 in mammalian cells, we
performed coimmunoprecipitation experiments from extracts
of human H1299 cells ectopically expressing either wild-type or
mutant forms of p53 and p73. Wild-type and mutant p53 were
immunoprecipitated with a mixture of anti-p53 MAbs 240 and
1801, and HA:p73a was detected on Western blots of the
immunoprecipitates by use of the anti-HA antibody 16B12.
Surprisingly, p73a coprecipitated both with p53R248W and
p53R175H but did not detectably coprecipitate with wild-type
p53 (Fig. 4). By Western blot analysis of extracts, we estimated
that 5 to 10% of p73a is stably associated with mutant p53
under these transient overexpression conditions. In contrast,
despite repeated attempts using a variety of extraction and
immunoprecipitation conditions, we were unable to detect pro-
tein-protein interactions between either wild-type or mutant
p53 and either wild-type p73a or p73b by overexpression in
yeast (data not shown).

Tumor-derived p53 mutants reduce p73a transcriptional
activity in mammalian cells. That we detected interactions
between tumor-derived p53 mutants and p73 suggests that p53
mutants may affect p73 function. To test this, we cotransfected
the p53-null cell line H1299 with p73a along with two tumor-
derived p53 mutants and a reporter construct containing a
p53-responsive human target gene cis-acting element derived
either from the p21 promoter (Fig. 5B; see Materials and
Methods) or from the Bax promoter (Fig. 5E). We confirmed
that (i) wild-type p53 and p73a are transcriptionally active
toward both reporters, while the two tumor-derived p53 mu-
tants, R175H and R248W, are inactive, and (ii) that both p53
mutants reduced the transcriptional activity of wild-type p53
(Fig. 5A and E), as previously described (13, 17, 35); reviewed
in reference 69). Importantly, we found that these same tumor-

derived p53 mutants markedly reduced the transcriptional ac-
tivity of p73a (Fig. 5A and E). To normalize for the reporter
DNA utilized in each transfection, an additional reporter con-
taining a CMV promoter upstream of the renilla luciferase
cDNA (Promega) was employed. Under these experimental
conditions, the ectopically expressed wild-type HA:p73a, as
detected by Western blot analysis with MAb 12CA5, was
readily detected and was not significantly affected by either
wild-type or mutant p53 proteins (Fig. 5C). It is worth men-
tioning that in these experiments, we used a DNA transfection
ratio of 1:1 for the various p53- and p73a-expressing vectors.
Previous work has shown that the ratio of mutant to wild-type
p53 DNA used for transfection determines the level of tran-
scription measured (35, 68): more mutant p53 DNA trans-
fected per wild-type p53 DNA leads to greater inhibition of
transactivation (Fig. 5D). To further examine this dosage-de-
pendent abrogation of transactivation with regard to p73a,
increasing amounts of the expression plasmid p53R248W were
cotransfected with constant amounts of either wild-type p53 or
the HA:p73a expression plasmid. We found that a fivefold
excess of transfected mutant p53 DNA decreased the tran-
scriptional activity of p53 by a factor of 10 and that of p73a by
a factor of 3 (Fig. 5D). Increasing the ratio to 10-fold did not
further reduce activation in either case, although with p53 the
level of repression approached that observed with the control
vector. Thus, even this level of mutant p53 is not sufficient to
completely abolish all transcriptional activity associated with
p73a.

Expression of p53 mutants inhibits the ability of p73a to
induce apoptosis. Both isoforms of p73, analogous to p53, can
induce apoptosis (32). It was of interest to determine if the
reduction in p73 transactivation activity by p53 mutants can be
correlated with diminution of apoptosis as a result of overex-
pression of p73. To test this, we transfected H1299 cells with
wild-type p73a, wild-type p53, and mutant p53 variants either
alone or in combination along with a GFP-containing vector
and analyzed the morphology of transfected cells. An example
of the morphological changes induced in cells expressing p73a
is shown in Fig. 6B, and an example of cells expressing a
control plasmid is shown in Fig. 6A. As seen in Fig. 6B, p73
overexpression induced the apoptotic bodies and membrane
blebbing characteristic of apoptotic cells (28). By enumerating
such morphologically distinguishable cells as a function of the

FIG. 4. Association of p73a with tumor-derived p53 mutants but not wild-type p53. H1299 cells were transfected with an expression plasmid for either wild-type
p53 (p53 wt), p53R175H, p53R248W, or p73a, alone and in combination as indicated. p53 was precipitated from extracts (1.5 mg of protein) incubated with 100 ng
each of anti-p53 MAbs 240 and 1801. Western blots of the immunoprecipitates (IP) were probed with either the anti-HA antibody 16B12 (upper panel) or the anti-p53
antibody 1801 (lower panel) (see Materials and Methods). The middle panel is a Western blot loaded with 100 mg of extract and probed with the anti-HA antibody
to detect p73a.
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FIG. 5. Tumor-derived p53 mutants reduce the transcriptional activity of p73a. (A) H1299 cells were transiently cotransfected with a reporter plasmid (p21min-luc)
containing a derived p53-responsive human target gene cis-acting element from the p21 promoter (see panel B and Materials and Methods), and a plasmid expressing
either p73a, wild-type p53 (p53), p53R175H (175), or p53R248W (248). In each transfection, equivalent amounts of DNA were used for all expression plasmids except
where indicated (“23” refers to a twofold increase in the amount of expression plasmid DNA transfected). (C) Representative Western blot loaded with 100 mg of
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total GFP-expressing cells, we could quantitate the effects of
the various forms of p53 and p73 separately and together (Fig.
6C). As expected, wild-type p53, but not the tumor-derived p53
mutants, induced apoptosis after transient overexpression (Fig.
6C). As previously demonstrated for other cell types (BHK and
SaOs2 [32]), ectopically expressed p73a induced apoptosis in
H1299 cells (Fig. 6B [representative profile] and C). It should
be noted that the ability of p73a to induce apoptosis in H1299
cells is slightly better than that of wild-type p53. Moreover,
coexpression of both tumor-derived p53 mutants with either
wild-type p53 or p73a resulted in a reduction of apoptotic cells
to a level approximately 50 and 44%, respectively, of that seen
with either wild-type protein alone (Fig. 6C). Since the p53
mutants also caused a modest reduction in the number of
apoptotic cells compared to the control vector, we cannot rule
out the possibility that they have an additional counter apo-
ptotic function. Nevertheless, our results show a good corre-
lation between the ability of tumor-derived p53 mutants to
inhibit the transactivation and proapoptotic functions of both
wild-type p53 and of a closely related family member, p73a.

To confirm the reduction of apoptosis induced by the two
p53 tumor-derived mutants, we used FACS analysis to quantify
the amount of the sub-G1 fraction, which represents apoptotic
cells. H1299 cells cotransfected with a p53 or p73a expression
vector and a GFP expression vector as described in the legend
to Fig. 6 and in Materials and Methods were fixed 72 h post-
transfection, stained by PI, and analyzed by FACS. First, GFP-
stained cells were gated by comparing cells transfected with an
empty vector (Fig. 7A) to cells transfected with the GFP-
expressing vector (Fig. 7B); then the GFP-positive cells were
analyzed for DNA content to quantify the sub-G1 fraction
when only GFP is expressed (Fig. 7C), when p73a is expressed
alone (Fig. 7D), or when p73a is coexpressed with either
p53R175H (Fig. 7E) or p53R248W (Fig. 7F). The results of the
FACS analysis are summarized in Fig. 7G. Overexpression of
p73a alone in H1299 cells induced a level of apoptotic cells
(sub-G1 fraction) nearly the same as that induced by p53 alone.
Importantly, both p53 tumor-derived mutants reduced the
sub-G1 fraction (apoptotic cells) induced by both p53 and
p73a. Thus, using two different assays, we demonstrated that
expression of p53 mutants can lead to reduced apoptosis in-
duced by p73a.

DISCUSSION

In this study, we provide evidence that (i) p73a and p73b
have the ability to transactivate several distinct p53-responsive
reporters to various degrees, in both mammalian and yeast
cells; (ii) two representative tumor-derived p53 mutants coim-
munoprecipitate with p73 in vivo; and (iii) expression of these
same tumor-derived p53 mutants can reduce the transcrip-
tional and the proapoptotic activity of p73.

Both p73 isoforms differentially transactivate p53 targets.
We found that in transient cotransfection assays, p73a and
p73b are both capable of inducing many p53 target gene pro-
moters in mammalian cells and p53 binding sites in yeast cells
but to variable extents. In mammalian cells, the GADD45 and
Bax promoters are stimulated to the same extent by all three

proteins, but p53 is a more potent transactivator of p21 and
mdm2 promoters than p73. The two p73 isoforms differ in that
while p73a is more active than p73b toward the A box of the
IGF-BP3 promoter, p73b is more active toward the cyclin G
promoter. An additional confirmation of the transcriptional
activity associated with p73a and p73b was performed with a
rapid and qualitative yeast-based assay. While both p73 iso-
forms are able to transactivate many of the p53-responsive
reporters tested, we found lesser differences in the relative
abilities of both isoforms to transactivate. Interestingly, in
yeast p73a is expressed at higher levels than p73b. Whether
this is due to stabilization or modification of p73a or enhanced
degradation of p73b is not clear. What is clear is that this lower
level of p73b than of p73a and p53 is sufficient to activate
transcription as well as p53 (for p21, SCS, and mdm2) and
better than p73a (for RGC).

While results for mammalian and yeast cells do not abso-
lutely correlate with regard to p73’s transactivation ability, the
yeast-based assay has proven useful for screening patients (29),
cell lines, blood, and tumors (16) for somatic or germ line
mutations in p53 as well as for monitoring adenovirus p53
transduction efficiency during gene therapy (64). Moreover,
this approach allows one to distinguish among functionally
silent mutations, inactivating mutations, and polymorphisms,
which is not easily done by more widely used methods such as
immunohistochemistry, single-stranded conformation poly-
morphism, anti-p53 antibody screening, and denaturing gradi-
ent gel electrophoresis. Our demonstration that wild-type, but
not mutant, p73a and p73b are transcriptionally active in yeast
should provide the ability to similarly assess the status of p73
(or p51/p63) in cell lines and in patient tumors.

Tumor-derived p53 mutants inhibit p73 function. We have
demonstrated that tumor-derived p53 mutants can be coimmu-
noprecipitated with other p53-related family members, specif-
ically p73a, and that this interaction can lead to inhibition of
p73a’s function. It is known that p53 missense mutations are
expressed frequently at high levels in a wide variety of human
tumors. Moreover, studies have shown that certain p53 mu-
tants can abrogate wild-type p53 function in a dominant neg-
ative manner (13, 25, 35, 45, 47, 68). This dominant negative
effect can also vary depending on the particular germ line
mutation of p53 examined and the tumorigenic cell line as-
sayed (17, 63). Overexpression of mutant p53 can also result in
induction of a number of cellular genes, such as MDR-1,
PCNA, VEGF, EGFR, IL-6, HSP70, and BFGF (8, 11, 36, 42,
44, 65, 66). More recently it has been demonstrated that cer-
tain tumor-derived p53 mutants, in addition to inhibiting wild-
type p53 tumor suppressor activity, possess an activity that
leads to the induction of endogenous cellular targets that pro-
mote tumorigenicity, such as c-myc (18), as well as promote
genetic instability by disrupting spindle checkpoint control
(23). Our observation that overexpression of tumor-derived
p53 mutants inhibits transactivation by p73a and p73a-induced
apoptosis suggests another possible mechanism by which tu-
mor-derived p53 mutants may act, i.e., by physical association
with related family members. Our data also lend support to the
contention that tumor-derived p53 mutants may play an active
role in cellular transformation, not only by activating genes

extract and probed with anti-HA antibody 12CA5 to detect p73a in cells expressing either p73a alone, p73a plus wild-type p53 (wt), or p73a plus p53R248W (248).
Ct, control plasmid; p, a nonspecific protein band that migrates more slowly than p73a and cross-reacts with the anti-HA antibody. (D) H1299 cells were cotransfected
with increasing amounts of the p53R248W expression plasmid and a constant amount of either wild-type p53 or p73a and the p21min-luc reporter as for panel B. Ct,
control plasmid; 0, 1/5, 1, 5, and 10, fold excess of p53R248W DNA used in the cotransfection. (E) H1299 cells were cotransfected as described for panel A except that
the luciferase reporter construct used (Bax-luc) contained the full length Bax promoter. For the luciferase assays in panels A, D, and E, histograms represent relative
luciferase units (rlu) and diagrams show the mean of a typical experiment of three performed in triplicate (bars indicate standard deviations).
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involved in tumorigenicity, such as c-myc, but also by inacti-
vating proapoptotic proteins such as p73. While the cellular
function(s) of p73 and p51/p63 awaits further investigation, it is
tempting to speculate that in cells which express both tumor-
derived mutant p53 and p63 or p73 isoforms, the function of
the latter may be abrogated or altered. Indeed, Prabhu et al.
(52) found that p73a, but not p73b, lacks growth suppression
activity in SW480 cells, a colon cancer cell line harboring
mutant p53.

How do p53 and p73 proteins interact? Wild-type p53 exists
predominantly as tetramers in solution (20), and the structure
of the tetramerization domain has been solved (10, 31, 39).
Additionally, wild-type and tumor-derived mutant forms of
p53 can readily form heterotetramers when cotranslationally
expressed (2, 47, 48, 61, 63). Such wild-type/mutant p53 cotet-

ramers are frequently inactive for DNA binding and transac-
tivation (reviewed in reference 69). While it has not yet been
determined whether wild-type p73 exists as tetramers, our ob-
servation that certain p53 mutants can associate with and in-
hibit p73 function suggests that cotetramers may exist in vivo.
Alternatively, the association of mutant p53 with p73a may
involve interactions distinct from those engendered by their
oligomerization domains or even may be mediated by as yet
unidentified cellular proteins. However, why were we not able
to detect wild-type p73 complexed with wild-type p53 by co-
immunoprecipitation? The crystal structure of the DNA bind-
ing domain of p53 bound to its cognate site (9) has helped to
explain how mutations in this region interfere with DNA bind-
ing. It is plausible that these same mutations affect the overall
structure of p53, including the transactivation and tetramer-

FIG. 6. Tumor-derived p53 mutants reduce p73a-induced apoptosis. H1299 cells were transiently cotransfected with wild-type p53, p53R175H, p53R248W, and
p73a expression plasmids, singly or in combination as indicated, and a GFP expression plasmid. After 72 h, the morphology of the cells was observed under an
epifluorescence microscope. (B) Representative apoptotic morphology of cells overexpressing p73a compared to control cells in panel A transfected with an empty
CMV expression plasmid. (C) Results represented as percentage of apoptotic cells over 500 GFP-stained cells in a 10-cm-diameter plate (mean of a typical experiment
performed with triplicates cultures; bars indicate standard deviations).
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ization domains, and not just the DNA binding domain. Per-
haps only in this altered configuration does association by
tumor-derived p53 mutants with p73a occur. It is noteworthy
that a subset of tumor-derived mutations when fused to the
GAL4 DNA binding domain are inert (46, 56, 67), suggesting
propagation of the mutation within the p53 DNA binding
domain to either the p53 activation region or the GAL4 DNA

binding domain (or both). Clearly, determination of the do-
main(s) required for association and demonstration that other
tumor-derived p53 mutants bind to p73 are required to better
understand the nature of this potentially important interaction.

The experiments investigating p73 interactions shown in
Figs. 4 to 7 were performed exclusively with p73a. Similar
experiments with p73b are in progress; interestingly, we have

FIG. 7. Tumor-derived p53 mutants reduce p73a-induced sub-G1 populations. H1299 cells were transiently cotransfected with a wild-type p53, p53R175H,
p53R248W, or p73a expression plasmid singly or in combination as indicated, and a GFP expression plasmid. After 72 h, cells were fixed and analyzed by FACS analysis.
(A and B) Representative gating of control cells and cells expressing GFP, respectively. Populations from gate R1 were analyzed for DNA content (C to F) and the
sub-G1 population counted by the gate indicated M1. (G) Summary of results. Each bar represents the percentage of sub-G1 cells (gate M1) over the total number of
GFP-stained cells.
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preliminary indication that this isoform differs from p73a in
that it can interact with both wild-type and mutant forms of
p53 (data not shown). We are currently determining (i) which
regions of the p53 and p73 proteins are required for their
interactions and (ii) why p73a and p73b differ from each other.

There are a number of plausible explanations for the lack of
detectable association between either wild-type or mutant p53
and p73 in yeast. If the interaction that we detect in mamma-
lian cells requires an as yet unidentified adaptor protein, we
would not see coimmunoprecipitation of both proteins if yeast
cells lack such a factor. Suggestive of this are the results of
Kaghad et al. (33), who detected no interaction between wild-
type p53 and p73a in the yeast two-hybrid assay. Additionally,
p73a and p73b may be posttranslationally modified in a yeast-
specific manner, and it is this modification that may preclude
any association with p53, wild type or mutant. Moreover, if an
adaptor protein is required, this modification might also pre-
clude association between p53 and p73 if the adaptor were
modified. These possibilities, or others, remain to be tested.

Do p53 and p73 have overlapping functions? The discovery
that additional p53-related proteins exist requires a reexami-
nation of the functions that we had previously attributed to
p53. Not only do p73 and p51/p63 show structural similarities
to p53, but the results of Jost et al. (32), Kaghad et al. (33),
Osada et al. (50), and Yang et al. (72), as well as those pre-
sented here, demonstrate that p73 and p51/p63 show func-
tional similarities to p53. That p73 and p51/p63 have activities
overlapping those of p53 suggests that these proteins may be
functionally interchangeable. However, the fact that p532/2

mice develop tumors argues against this assumption. Our re-
sults have demonstrated that both isoforms of p73, when over-
expressed, can transactivate those target genes once thought of
as being p53 specific, and they do so in a p53-independent
context. What we have not shown is that these same target
genes are transactivated by physiologically relevant levels of
p73 in vivo. However, given the previous demonstration by Jost
et al. (32) that p73 can indeed transactivate endogenous p21, it
is possible that most, if not all, of these additional p53-respon-
sive promoters can also be targets of p73 under the appropriate
conditions in vivo. It is also of interest to examine whether in
cells expressing both p53 and p73, the two factors compete or
collaborate to activate the above-mentioned targets. More-
over, since p73a and p73b are not induced by DNA damage, it
will be of interest to determine how p73 expression is regulated
in cell types where it is found and what role(s) the two proteins
play in p53-mediated growth arrest and/or apoptosis. Finally,
we cannot exclude that one or both isoforms of p73 hetero-
oligomerize with wild-type p53 under certain as yet unidenti-
fied physiological conditions and modulate some or all of their
target genes. Elucidation of these questions, as well as the
specific signals which regulate p73, will be necessary to uncover
p73’s role in the cell. As more information about the normal
expression of p73 is obtained, these and other questions can be
approached.
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