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The p53-related p63 gene encodes six isoforms with differing N and C termini. TAp63 isoforms possess a
transactivation domain at the N terminus and are able to transactivate a set of genes, including some targets
downstream of p53. Accumulating evidence indicates that TAp63 plays an important role in regulation of cell
proliferation, differentiation, and apoptosis, whereas transactivation-inert ⌬Np63 functions to inhibit p63 and
other p53 family members. Mutations in the p63 gene that abolish p63 DNA-binding and transactivation
activities cause human diseases, including ectrodactyly ectodermal dysplasia and facial clefting (EEC) syndrome. In this study, we show that mutant p63 proteins with a single amino acid substitution found in EEC
syndrome are DNA binding deficient, transactivation inert, and highly stable. We demonstrate that TAp63
protein expression is tightly controlled by its specific DNA-binding and transactivation activities and that p63
is degraded in a proteasome-dependent, MDM2-independent pathway. In addition, the N-terminal transactivation domain of p63 is indispensable for its protein degradation. Furthermore, the wild-type TAp63␥ can act
in trans to promote degradation of mutant TAp63␥ defective in DNA binding, and the TA domain deletion
mutant of TAp63␥ inhibits transactivation activity and stabilizes the wild-type TAp63 protein. Taken together,
these data suggest a feedback loop for p63 regulation, analogous to the p53-MDM2 feedback loop.
The p63 gene is a recently discovered member of the p53
gene family (38). Unlike p53, p63 has six different isoforms.
The transactivation (TA) isoforms, which resemble p53, are
generated by the use of an upstream promoter and consist of
an acidic N-terminal transactivation domain, a central DNAbinding domain, and a C-terminal oligomerization domain (25,
39). The primary amino acid sequences in the DNA-binding
domains of p63 and p53 share over 60% identity, whereas in
the TA domain they share 25% identity. TAp63 isoforms are
capable of transactivating a set of target genes, some of which
overlap with targets downstream of p53, including Bax,
MDM2, and p21 (39). The ⌬N isoforms, produced from an
intronic promoter, contain the same DNA-binding and oligomerization domains as the TA isoforms but lack the transactivation domain. The ⌬N isoforms also contain a region of 26
amino acids (aa) at the very N-terminal end of the protein
(TA2) in which an activation function was recently identified
(7). In addition, the ⌬N isoforms are capable of forming protein complexes with p53 family proteins to inhibit the function
of p53 family members (39). Furthermore, both the TAp63 and
⌬Np63 isoforms can undergo alternative splicing to yield three
different C-terminal tails (TAp63␣, -␤, and -␥ isoforms and
⌬Np63␣, -␤, and -␥ isoforms). Among these isoforms, TAp63␥
is the most transactivation-active isoform of p63 (39). In the
C-terminal extension of the ␣-isoforms, there is a sterile alpha

motif implicated in protein-protein interactions and thought to
be important for mammalian development (32).
Despite their structural homology, the p53 family members
have distinctive biological functions. While p53 is a key gatekeeper for genomic stability by regulating cell cycle, DNA
damage repair, and apoptosis, p73 and p63 are critical during
development and differentiation. In particular, p63 appears to
be essential in epithelial and limb development as demonstrated by the mouse models (33). Several dominant human
syndromes involving limb development and ectodermal dysplasia have been mapped to the p63 gene, including ectrodactyly,
ectodermal dysplasia and cleft lip/palate (EEC) syndrome;
nonsyndromic split hand/foot malformation (SHFM); ankyloblepharon, ectodermal dysplasia, clefting (AEC) syndrome;
acro-dermato-ungual-lacrimal-tooth (ADULT) syndrome; and
limb-mammary syndrome (LMS) (2, 4). Most mutations in the
p63 gene identified in EEC patients so far result in amino acid
substitutions that are predicted to abolish the DNA-binding
capacity of p63. In contrast to p53, the p63 gene is rarely
mutated in cancer (12, 21, 25). However, overproduction of
⌬Np63 isoforms has been reported in squamous cell carcinoma
(10) and in many other types of epithelial tumors (6, 24, 26,
27).
The p53 protein is usually labile in normal cells but is dramatically stabilized upon a variety of cellular stresses. The key
negative regulator of p53 is the MDM2 protein, which functions as an E3 ubiquitin ligase for p53 to promote its protein
degradation (9, 15). In addition, MDM2 physically binds to the
p53 N-terminal transactivation domain, thereby directly inhibiting p53 transactivation activity (5). Importantly, MDM2 is a
bona fide target gene downstream of p53. Thus, activation of
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FIG. 1. The transactivation activity of p63 correlates with its protein stability. (A) TAp63␥ and ⌬Np63␥ were transiently expressed in U2-OS
and HeLa cells. Cell lysates were subjected to Western blot analysis for p63 and actin. V, vector. (B) U2-OS or HeLa cells transfected with TAp63␥
and ⌬Np63␥ expression plasmids were treated with proteasome inhibitor MG132 (⫹). Cell lysates were subjected to Western blot analysis. The
endogenous p53 protein levels were also analyzed. (C) U2-OS cells transiently transfected with TAp63␥ or ⌬Np63␥ were treated with cycloheximide (CHX) for the indicated times (in hours). Equal amounts of total proteins were subjected to Western blot analysis for p63. Quantitation of
the p63 protein bands was performed using densitometry scanning and presented as a percentage of the remaining p63 protein level.

p53 up-regulates its own inhibitor (MDM2). This feedback
loop ensures that p53 protein levels are maintained at low
levels in normal cells.
Here we show that, like p53, the protein stability of the
transactivation form of p63, TAp63␥, is also tightly regulated
by its DNA-binding and transactivation activities. The N-terminal TA domain is required for its protein degradation independent of MDM2. Our data suggest that TAp63␥ is regulated
through a feedback mechanism similar to the p53-MDM2
feedback loop.
MATERIALS AND METHODS
Cell culture and drug treatment. U2-OS, HeLa, and Saos-2 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin G/streptomycin sulfate at 37°C

in a humidified 5% CO2 incubator. Wild-type or p53⫺/⫺ MDM2⫺/⫺ mouse
embryonic fibroblasts (MEF) were maintained in DMEM supplemented with
15% FBS. U2-OS-Tet-TAp63␥ and U2-OS-Tet-Luciferase cells were maintained
in DMEM supplemented with 10% FBS, 2 g/ml doxycycline (BD Biosciences–
Pharmingen), and 200 g/ml hygromycin (BD Biosciences–Pharmingen).
Plasmid construction and transfection. pcDNA-myc-TAp63␥ and pcDNAmyc-⌬Np63␥ were described previously (39). A BamHI/XhoI or BamHI/XbaI
PCR fragment containing TAp63␥ was subcloned into pcDNA-HA or pTREtight (BD Biosciences–Pharmingen) to generate pcDNA-HA-TAp63␥ or pTREtight-TAp63␥. The pcDNA-myc-TAp63␥ and pcDNA-HA-TAp63␥ plasmids
were used to generate deletion mutants or point mutants by site-directed mutagenesis according to the manufacturer’s instructions (Stratagene). The TA
domain swapping mutant of TAp63␥, HA-p53TA-p63␥, was generated from
pcDNA-HA-TAp63␥ and pcDNA-HA-p53 (40) using overlapping extension as
described previously (11). All constructs were confirmed by DNA sequencing.
U2-OS and HeLa cells were transfected with FuGENE 6 (Roche). Saos-2 cells
were transfected with CalPhos transfection kit (BD Biosciences–Pharmingen).
MEF were transfected with Lipofectamine 2000 (Invitrogen). To examine
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FIG. 2. The DNA-binding activity of p63 is essential for its protein
degradation. (A) Saos-2 cells were transfected with either wild-type
(WT) TAp63␥ or a mutant TAp63␥ defective in DNA binding
(R204W, R304W, or C306R) in the presence of Bax-Luciferase reporter and ␤-galactosidase plasmids. Cell lysates were subjected to
luciferase and ␤-galactosidase assays. The luciferase activity was normalized to ␤-galactosidase activity and reported as an increase in
activation (mean ⫾ standard deviation [error bar]). (B) U2-OS cells
transfected with an indicated plasmid were treated with MG132 (⫹).
Cell lysates were subjected to Western blot analysis. (C) U2-OS cells
transfected with TAp63␥ or TAp63␥(R304W) were treated with cycloheximide (CHX) for the indicated times (in hours). Cell lysates
were subjected to Western blot analysis for p63 and actin.

FIG. 3. The transactivation activity of p63 is critical for its protein
degradation. (A) Saos-2 cells transfected with wild-type (WT) TAp63␥
or a mutant TAp63␥, either lacking the TA domain (⌬TAp63␥) or
defective in DNA binding (R204W and R304W) in the presence of
Bax-Luciferase reporter and ␤-galactosidase plasmids. The luciferase
activity was normalized to ␤-galactosidase activity and reported as an
increase in activation (mean ⫾ standard deviation [error bar]).
(B) Protein expression was examined by Western blot analysis. V,
vector. (C) U2-OS cells transfected with TAp63␥ or ⌬TAp63␥ were
treated with cycloheximide (CHX) for the indicated times (in hours).
Cell lysates were subjected to Western blot analysis.

TAp63␥ protein stability, U2-OS or HeLa cells were transfected with 500 ng of
pcDNA-TAp63␥ or cotransfected with 500 ng of pcDNA-TAp63␥ and 1.0 g of
either pcDNA-TAp63␥(R304W), pcDNA-⌬TAp63␥, or pcDNA-TAp63␥(FWLA). Sixteen hours posttransfection, cells were treated with cycloheximide (Sigma)
at a final concentration of 50 g/ml. Cells were collected at time intervals. For
MG132 treatment, cells transfected for 30 h were treated with MG132 (20 M)
(Sigma) for 5 h. To generate U2-OS-Tet-TAp63␥ and U2-OS-Tet-Luc cells,
U2-OS-Tetoff cells (gift from Qiang Yu, Boston University School of Medicine)
were cotransfected with 5 g of pTRE-tight-TAp63␥ or pTRE-tight-Luciferase
(BD Biosciences–Pharmingen) and 0.5 g of pTK-Hyg. Twelve hours posttransfection, cells were selected with doxycycline (2 g/ml) and hygromycin (400
g/ml) for 4 weeks. Single colonies were selected. All clonal cell lines were tested
for induction of TAp63␥ or luciferase in the absence of doxycycline by Western

blot analysis or luciferase activity assay. A stable U2-OS-TetTAp63␥ cell line
(clone 2) was chosen for further analysis for its effective repression and induction
by doxycycline administration or withdrawal.
Luciferase reporter assay and Western blot analysis. For luciferase report
assay, Saos-2 cells grown in six-well tissue culture dishes at 80% confluence were
transfected with 100 ng of either wild-type or mutant pcDNA-TAp63␥ in the
presence of 2 g of Bax-Luciferase (Bax-Luc) and 100 ng of pCMV-␤-galactosidase plasmids. To examine the dominant-negative effect of p63 mutants, Saos-2
cells were transfected with 100 ng of pcDNA-myc-TAp63␥, 400 ng of either
pcDNA-HA-⌬TAp63␥ or pcDNA-HA-TAp63␥(R304W) in the presence of 2 g
of Bax-Luc and 100 ng of pCMV-␤-galactosidase. Thirty-six hours posttransfection, cells were harvested in 1⫻ reporter lysis buffer (BD Biosciences–Pharmingen) and subjected to ␤-galactosidase assay and luciferase activity assay (BD
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extracts in binding buffer [10 mM HEPES, pH 7.5, 50 mM NaCl, 1 mM DTT, 1
mM EDTA, 5% glycerol, 0.25 g/l bovine serum albumin, and 0.1 g/l of
poly(dI-dC)] was incubated at room temperature for 20 min. The competition
assay was performed by the addition of 50-fold excess of unlabeled wild-type
oligonucleotide (sc-2579; Santa Cruz Biotechnology) or mutant oligonucleotide
(sc-2580; Santa Cruz Biotechnology) into the reaction mixture and incubation for
20 min prior to the addition of 32P-labeled probe. DNA-protein complexes were
resolved by electrophoresis on 4% polyacrylamide gels in Tris-glycine buffer and
revealed by autoradiography. Thirty nanograms of oligonucleotide containing
the p53-binding consensus site (sc-2579; Santa Cruz Biotechnology) was end
labeled in the presence of 25 Ci of [␥32P]ATP (NEG002H; New England
Nuclear) and 10 U of T4 polynucleotide kinase (M0201; New England BioLabs)
for 30 min at 37°C.
Immunofluorescence staining. U2-OS cells in six-well plates were cotransfected with either 500 ng of pcDNA vector or pcDNA-TAp63␥, or 200 ng of
pcDNA-TAp63(R304W), pcDNA-TAp63(C306R), pcDNA-TAp63(FWL-A), or
pcDNA-TAp63(⌬TA) in the presence of 50 ng of pEG-GFP using FuGENE 6.
Twelve hours posttransfection, cells were trypsinized and 5 ⫻ 104 cells were
plated onto Lab-Tek II chamber slides (154461; Nalge Nunc International).
Twenty-four hours later, cells were fixed in 4% paraformaldehyde (in phosphatebuffered saline, pH 7.4), permeabilized with 0.2% Triton X-100, blocked in
phosphate-buffered saline containing 1% bovine serum albumin, and then immunostained with p63 antibody (sc-8431; Santa Cruz Biotechnology) followed by
a Cy3-conjugated goat anti-mouse immunoglobulin G antibody (115-165-146;
Jackson ImmunoResearch Laboratory). The cells were counterstained with 4⬘,6⬘diamidino-2-phenylindole (DAPI) (300 nM) prior to mounting using ProLong
Gold Antifade (P36930; Molecular Probes). Staining was visualized using the
following excitation/emission wavelengths: 358/461 nm for DAPI, 595/615 nm for
Cy3, and 494/518 nm for green fluorescent protein (GFP). Fluorescent images
were captured on a Zeiss Axiovert 200M microscope with Axiovision v 4.3
program.

RESULTS

FIG. 4. The mutant TAp63␥(FWL-A) bearing three point mutations at the FWL motif in the TA domain retains partial transactivation activity but is highly stable. (A) The FWL motif (indicated by
asterisks) is evolutionarily conserved among p53 family members.
Gaps introduced to maximize alignment are indicated by dashes. Hu,
human; Mu, murine. (B) Saos-2 cells were transfected with wild-type
or mutant TAp63␥(FWL-A) in the presence of Bax-Luciferase and
␤-galactosidase constructs. The luciferase activity was normalized to
␤-galactosidase activity and reported as an increase in activation
(mean ⫾ standard deviation [error bar]). V, vector. (C) U2-OS cells
transfected with TAp63␥ or TAp63␥(FWL-A) were treated with cycloheximide (CHX) for the indicated times (in hours). Cell lysates
were subjected to Western blot analysis for p63 and actin.

Biosciences–Pharmingen). Luciferase activity was normalized to ␤-galactosidase
activity and presented as the mean ⫾ standard deviation of three independent
experiments performed in triplicate.
For Western blot analysis, cells were lysed in EBC buffer (50 mM Tris-HCl,
pH 8.0, 250 mM NaCl, 0.5% Nonidet P-40, 0.2 mM phenylmethylsulfonyl fluoride [PMSF], 2 g/ml leupeptin, 2 g/ml aprotinin, 50 mM NaF, and 0.5 mM
Na3VO4). Equal amounts of total protein were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and Western blot analysis. Antibodies
used were specific for p63 (4A4; Santa Cruz), hemagglutinin (HA) (Y-11; Santa
Cruz), p53 (DO-1; Santa Cruz), Myc (9E10; Santa Cruz), ␤-galactosidase (23781;
Promega), and actin (C-11; Santa Cruz).
Electrophoresis mobility shift assay (EMSA). H1299 cells were transfected
with 3 g of p53 or a TAp63␥ construct. Twenty-four hours posttransfection,
nuclear extracts were prepared. Briefly, cells were collected and lysed in hypotonic buffer (10 mM HEPES, pH 7.6, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM
dithiothreitol [DTT], 0.5 mM PMSF, 0.2% Nonidet P-40), followed by centrifugation at 4,000 rpm for 10 min at 4°C. The pellets were then lysed in hypertonic
buffer (20 mM HEPES, pH 7.6, 1.5 mM MgCl2, 420 mM NaCl, 0.5 mM DTT, 0.5
mM PMSF, 25% glycerol), followed by centrifugation at 14,000 rpm for 20 min
at 4°C. The reaction mixture (total volume of 25 l) containing 20 g nuclear

p63 protein instability correlates with its transactivation
activity. It is well documented that the predominant species of
p63 in epithelial cells and cancer cells are ⌬N isoforms, which
lack the transactivation domain at the N terminus, whereas the
levels of TA isoforms are very low under physiological conditions (10, 20, 38). We asked whether this phenomenon is reminiscent of p53, whose mutants defective in transactivation
activity unavoidably become stabilized. Thus, we examined the
protein expression levels of transactivation-potent TAp63␥
and transactivation-inert ⌬Np63␥ in U2-OS or HeLa cells by
transient transfection. As shown in Fig. 1A, the protein levels
of TAp63␥ were significantly less than those of ⌬Np63␥ in both
cell lines. Treatment with proteasome inhibitor MG132 led to
stabilization of endogenous p53 proteins, as expected, and to a
dramatic increase of TAp63␥ protein levels. ⌬Np63␥ protein
was also stabilized, albeit to a much lesser extent (Fig. 1B).
These data suggest that TAp63␥ is degraded through a proteasome-dependent pathway and that the differences in the
protein levels of ectopically expressed TAp63␥ and ⌬Np63␥
are likely due to different protein turnover rates. Thus, we
performed cycloheximide treatment to determine the protein
half-lives of TAp63␥ and ⌬Np63␥ in U2-OS cells. As shown in
Fig. 1C, TAp63␥ exhibited a much shorter half-life (⬃90 min)
than ⌬Np63␥ did (⬎5 hours). These data revealed a correlation between the transactivation activity and protein stability of
p63 isoforms.
The specific DNA-binding and transactivation activities of
TAp63␥ are essential for its protein degradation. Mutations in
the p63 gene have been linked to several human genetic diseases, including EEC syndrome and SHFM (33). In EEC syndrome and SHFM, the germ line mutations in the p63 gene are
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FIG. 6. The TA domain of p63 is essential for its protein instability independent of MDM2. (A) Saos-2 cells were transfected with wild-type TAp63␥
or a chimeric construct (HA-p53TAp63␥) in the presence of Bax-Luciferase and ␤-galactosidase constructs. The luciferase activity was normalized to
␤-galactosidase activity and reported as an increase in activation (mean ⫾ standard deviation [error bar]). (B) Saos-2 (p53⫺) or U2-OS (p53⫹) cells
transfected with wild-type HA-TAp63␥ or HA-p53TA-p63␥ were treated by cycloheximide (CHX) for the indicated times (in hours). Cell lysates were
subjected to Western blot analysis using antibodies specific for HA tag or actin. (C) Cell lysates (50 g of total protein) from U2-OS or Saos-2 cells were
subjected to Western blot analysis for MDM2 or actin. (D) Wild-type (WT) or p53⫺/⫺ MDM2⫺/⫺ MEF were transfected with TAp63␥, followed by
cycloheximide (CHX) treatment for the indicated times (in hours). Cell lysates were subjected to Western blot analysis using antibody specific for p63.

frequently located in the central DNA-binding domain (4, 34,
36). Strikingly, these missense mutations correspond very well
with the somatic mutational hot spots in the p53 gene, which
inactivate p53 DNA binding and p53 growth suppression func-

tion. We generated three point mutations in the DNA-binding
domains of TAp63␥, TAp63␥(R204W), TAp63␥(R304W), and
TAp63␥(C306R). These mutations are found in EEC syndrome and are predicted to abolish the DNA-binding activity

FIG. 5. The mutant TAp63␥ proteins defective in DNA binding or in transactivation are nuclear and stable. (A) H1299 cells were transfected with
an indicated p53 or TAp63␥ expression plasmid. Equal amounts of nuclear extracts were subjected to EMSA using a 32P-labeled p53 oligonucleotide
(Oligo) (top panel). Cold competition was performed using either the wild-type (wt) p53 oligonucleotide (lanes 3 and 6) or a mutant (mt) p53
oligonucleotide (lanes 4 and 7). Expression of ectopically expressed p53 or p63 proteins was shown by Western blot analysis for p53, p63, and actin
(bottom panel). V, vector. (B) Dose effects of wild-type or mutant TAp63␥ on transactivation activity. Saos-2 cells were transfected with the indicated
amounts of wild-type or mutant TAp63␥ [TAp63␥(FWL-A) or TAp63␥(R304W)] in the presence of Bax-Luciferase reporter and pCMV-␤-galactosidase
plasmids. Equal amounts of total proteins (20 g) were subjected to Western blot analysis for p63 and actin (top panel) or to assays measuring luciferase
and ␤-galactosidase activities. The luciferase activity was normalized to ␤-galactosidase activity and reported as an increase in activation (n-fold) (mean
⫾ standard deviation [error bar]) (bottom panel). V, vector. (C) U2-OS cells were cotransfected with wild-type or mutant TAp63␥ and GFP expression
plasmids. Thirty-six hours posttransfection, cells were fixed and subjected to immunohistochemical staining with p63-specific antibody (4A4). Nuclei were
costained with DAPI. Coexpressed GFP is shown (magnification of ⫻400).
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FIG. 7. TAp63␥ can act in trans to promote degradation of the p63
DNA-binding mutant, but not the p63 TA domain mutants. U2-OS
cells were cotransfected with Myc-tagged wild-type TAp63␥ and a
HA-tagged TAp63␥ mutant, HA-TAp63␥(R304W) (A), HATAp63␥(FWL-A) (B), or HA-⌬TAp63␥ (C). Cells were then treated
with cycloheximide (CHX) for the indicated times (in hours). Cell
lysates were subjected to Western blot (WB) analysis using antibodies
specific for HA tag or actin. Quantitative analysis of the data in panel
A was performed.

of p63 (4). Indeed, all three mutant proteins exhibited no
DNA-binding activity (see Fig. 5A) and, as expected, no detectable transcriptional activity (Fig. 2A), yet they were expressed at much higher levels than wild-type TAp63␥ (Fig. 2B).
Inhibition of proteasomes led to a dramatic increase in protein
stability of wild-type TAp63␥ but not the p63 mutant proteins
defective in DNA binding (Fig. 2B). Indeed, the mutant proteins exhibited significantly prolonged protein half-lives (Fig.
2C and data not shown). Thus, these data indicate that the
specific DNA-binding activity of TAp63␥ is essential for its
protein degradation.
To further demonstrate the link between the transactivation
activity of TAp63␥ and its protein degradation, we generated
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an N-terminal deletion mutant of TAp63␥, ⌬TAp63␥, which
lacks the entire TA domain (aa 1 to 69). Although ⌬TAp63␥
possessed a strong DNA-binding activity (see Fig. 5A) and
localized in nuclei (see Fig. 5C), it exhibited no transactivation
activity (Fig. 3A) and was highly stable (Fig. 3B and C). Therefore, these data indicate that the transcriptional activity of
TAp63␥ is critical for its protein instability.
The FWL motif in the TA domain is essential for p63 protein
degradation. The p53-MDM2 feedback regulation is a wellestablished mechanism for the control of p53 protein levels.
Three hydrophobic amino acids within the p53 N terminus,
F19 W23 L26, which are buried in a cleft within the interface
between p53 and MDM2, are critical for the MDM2-mediated
degradation of p53 protein (16). Despite a poor homology
(25%) among the p53 family members in the N-terminal transactivation domain, the FWL motif is well conserved (Fig. 4A).
Therefore, we examined whether the FWL motif is also critical
for p63 degradation. As shown in Fig. 4, the triple point mutant, TAp63␥(FWL-A) in which these three amino acid residues (F16, W20, and L23) are replaced by alanine, retained
strong DNA-binding activity (Fig. 5A) and partial transactivation activity in a dose-dependent manner (Fig. 4B and 5B), yet
the protein was highly stable (Fig. 4C). These data suggest
either that the partial transactivation activity is insufficient to
promote p63 protein degradation or that the FWL motif is
critical for p63 protein turnover. To address this question, we
generated a HA-tagged chimeric protein HA-p53TA-p63␥ in
which the TA domain (aa 1 to 64) of TAp63␥ is replaced with
the TA domain (aa 1 to 45) of p53. As shown in Fig. 6,
p53TA-p63␥ was fully competent in transactivation (Fig. 6A).
Strikingly, it was stable in Saos-2 cells (Fig. 6B), indicating that
the transactivation activity alone is not sufficient for protein
degradation. However, in contrast to remarkable protein stability in Saos-2 cells, p53TA-p63␥ protein was rapidly turned
over in U2-OS cells (Fig. 6B). Since U2-OS cells contain wildtype p53 and express much higher levels of MDM2 in comparison to the p53 null Saos-2 cells (Fig. 6C), it is likely that
degradation of the p53TA-p63␥ chimeric protein is dependent
on MDM2, which binds to the TA domain of p53. Of note, the
FWL motif is important for p53 interaction with MDM2 (16).
Thus, the conserved FWL motif in the TA domain of TAp63␥
may serve as a binding site for MDM2, which might in turn
promote p63 degradation. However, the ectopically expressed
TAp63␥ exhibited similar protein half-lives in wild-type MEF
and p53⫺/⫺ MDM2⫺/⫺ MEF (Fig. 6D), indicating that degradation of TAp63␥ does not require MDM2. Thus, the FWL
motif in the TA domain of TAp63␥ is critical for its protein
degradation in an MDM2-independent manner.
Wild-type TAp63␥ can act in trans to promote degradation
of the p63 DNA-binding mutant, but not the p63 TA domain
mutants. Since both the transcriptional activity and the FWL
motif of TAp63␥ are crucial for its protein instability, it is very
possible that there may be a feedback control mechanism for
regulation of p63 protein levels, analogous to the p53-MDM2
feedback loop. This hypothesis would predict that TAp63␥
transactivates expression of an unidentified target gene whose
product interacts with the FWL motif in the TA domain to
promote TAp63␥ protein degradation via a proteasome-dependent pathway. Accordingly, the wild-type TAp63␥ should
be able to act in trans to promote the degradation of mutant
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FIG. 8. Induction of TAp63␥ promotes degradation of p63 DNA-binding mutant. Doxycycline-repressible stable U2-OS cells, U2-OS-TetTAp63␥ and U2-OS-Tet-Luc, were transfected with HA-TAp63␥(R304W). Transfected cells were grown in the presence (⫹) or absence (⫺) of
doxycycline for 24 h, followed by cycloheximide (CHX) treatment for the indicated times (in hours). Cell lysates were subjected to Western blot
(WB) analysis using antibodies specific for HA tag or actin (A). The data in panel A were subjected to quantitative analysis and presented as a
percentage of remaining protein levels (B). Induction of TAp63␥ expression in U2-OS-Tet-TAp63␥ stable cells was assessed by Western blot
analysis for p63 (C).

p63 protein defective in DNA binding, but not the mutant p63
lacking the TA domain or the mutant p63 with a defective
FWL motif. Indeed, in cotransfection experiments, the protein
half-life of HA-tagged TAp63␥(R304W) was decreased by
50% in the presence of Myc-tagged wild-type TAp63␥, while
the half-life of HA-tagged ⌬TAp63␥ or TAp63␥(FWL-A) was
not affected by the presence of wild-type TAp63␥ (Fig. 7). A
similar phenomenon was observed using an inducible U2-OSTet-TAp63␥ stable cell line. Upon withdrawal of doxycycline,
expression of TAp63␥ was markedly induced (Fig. 8C). Induction of TAp63␥, but not induction of luciferase in the control
cell line, led to a significant decrease in the protein half-life
(⬃2 h) of HA-TAp63␥(R304W) (Fig. 8A and B).
It has been shown that nontransactivation ⌬Np63 isoforms
are predominantly expressed in cancer cells and in epithelial
progenitor cells (10, 20, 38). We therefore investigated the
influence of transactivation-inert p63 mutant ⌬TAp63␥ on the
wild-type TAp63␥ protein stability. As shown in Fig. 9, coexpression of ⌬TAp63␥ led to a marked suppression of transactivation activity and significant stabilization of TAp63␥ protein.
Interestingly, coexpression of DNA-binding-defective TAp63␥
(R304W) exhibited a much lower inhibitory effect on the
TAp63␥ transactivation activity and no significant effect on the
stability of TAp63␥ protein (Fig. 9). Thus, nontransactivation
⌬TAp63␥ can effectively function in a dominant-negative fashion in suppression of transactivation activity of wild-type
TAp63␥ and modulate the stability of transactivation p63 isoforms.

DISCUSSION
Although the regulation of p53 protein stability has been
extensively studied, how p63 protein stability is regulated is
largely unknown (19). Here we demonstrate that the transactivation-potent species of p63, TAp63␥, is tightly regulated
likely through a feedback mechanism, analogous to the p53Mdm2 feedback loop (Fig. 10). We show that both DNAbinding and transactivation activities are essential for TAp63␥
instability and, furthermore, that the unique features of the
TAp63␥ TA domain play an important role in protein degradation. Moreover, we show that the wild-type TAp63␥ can act
in trans to induce the degradation of the p63 DNA-binding
mutant and that the p63 deletion mutant lacking the TA domain can stabilize the TAp63␥ protein through its dominantnegative effect.
p53 is frequently mutated in human cancers with a high
frequency of point mutations, referred to as hot spots, in the
DNA-binding domain. These mutant p53 proteins are usually
stable, since they are incapable of inducing the expression of
MDM2 (22). Strikingly, many of the naturally occurring p63
mutations, especially those found in human EEC syndrome,
correspond very well with hot spot mutations found in the p53
gene (2, 4). For instance, the missense mutations creating
R204W, R304W, and C306R substitutions in the p63 DNAbinding domain correspond to R175, R273, and C275 of p53,
respectively. These DNA-binding-defective TAp63␥ proteins
are highly stable, thus supporting the notion that specific
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FIG. 9. ⌬TAp63␥ exhibits dominant-negative effects on the transactivation activity and protein stability of wild-type TAp63␥.
(A) U2-OS cells were cotransfected with Myc-TAp63␥ and HA⌬TAp63␥ (A) or HA-TAp63␥(R304W). Cells were then treated with
cycloheximide (CHX) for the indicated times (in hours). Cell lysates
were subjected to Western blot (WB) analysis using an monoclonal
antibody specific for Myc. (B) Saos-2 cells were cotransfected with the
indicated plasmids in the presence of Bax-Luciferase and ␤-galactosidase plasmids. The luciferase activity was normalized to ␤-galactosidase activity and reported as an increase in activation (mean ⫾ standard deviation [error bar]). Vec, vector; WT, wild-type TAp63␥; ⌬TA,
HA-⌬TAp63␥; R304W, HA-TAp63␥(R304W).

DNA-binding activity, while being a prerequisite for TAp63␥mediated transcription, is critical for its protein degradation.
Alternatively, it is possible that interaction of TAp63␥ with
DNA is required for its protein degradation in a manner similar to some transcription factors, such as estrogen receptor,
Myc, and VP16, whose DNA-binding activity is critical for
protein degradation (13, 28, 29, 35). However, our data reveal
that wild-type TAp63␥ can promote the degradation of a
DNA-binding-defective mutant, suggesting that TAp63␥ interaction with DNA is not a prerequisite for its protein degradation. Notably, high levels of wild-type p53 or MDM2 have been
shown to promote the degradation of mutant p53 proteins
defective in DNA binding (1, 22).
The N-terminal domain of TAp63␥ is indispensable for its
protein degradation. The ⌬TAp63␥ mutant, which lacks the
entire transactivation domain and thus is completely inert in
transactivation, is highly stable. Replacement of the TA domain of TAp63␥ with the p53 TA domain in the chimeric
protein p53TA-p63␥ results in increased protein stability in
cells expressing low levels of MDM2, despite its high transac-
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FIG. 10. Feedback model for TAp63␥ regulation. p53 activates the
expression of MDM2 which in turn binds to the N-terminal transactivation domain of p53 to promote proteasome-dependent degradation.
Similarly, TAp63␥ binds to a subset of specific DNA promoters and
activates transcription of downstream target genes, one of which encodes protein X. Protein X interacts with the TA domain of TAp63␥
and promotes its protein degradation via proteasome-dependent pathway. Since TAp63␥ contains a unique transactivation domain that is
distinct from p53, MDM2 is unable to promote degradation of
TAp63␥. ⌬TAp63␥ can bind DNA but is unable to transactivate,
thereby acting as a dominant-negative mutant.

tivation activity, indicating that transcription activity is not
sufficient for p63 protein degradation. In addition, the
TAp63␥(FWL-A) mutant bearing the point mutations in the
F16-W20-L23 motif also leads to protein stability. Of note, not
only are both ⌬TAp63␥ and TAp63␥(FWL-A) highly stable
but both are also resistant to the degradation induced by wildtype TAp63␥. These data indicate that the TA domain is required for the degradation of TAp63␥ protein, probably by
serving as an interaction domain for a p63 transcription target
protein that can induce the degradation of TAp63␥. Interestingly, a recent study reported that the F16-W20-L23 motif
functions as a protein-protein interaction site with which the
transactivation-inhibitory domain on the C terminus of
TAp63␣ is able to interact, resulting in stabilization of the
TAp63␣ protein (31). Importantly, these three hydrophobic
amino acids (F19-W23-L26) within the p53 N terminus are
critical for the MDM2-mediated degradation of p53 protein
(16). Despite the poor homology between the p53 family members, those three amino acids are well conserved in p53, p63,
and p73; this may mean that MDM2 might also be able to bind
the FWL motif and promote p63 protein degradation. However, our data indicate that MDM2 is not required for p63
degradation, as evidenced by the observation that p63 protein
can be degraded equally well in p53⫺/⫺ MDM2⫺/⫺ MEF and
wild-type MEF. These data are consistent with the observations indicating that overexpression of MDM2 does not lead to
p63 protein instability (3, 18).
The notion that p63 is regulated by a feedback loop is further supported by the observation that the ⌬TAp63␥ mutant
can significantly inhibit the transactivation activity of the wild-
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type TAp63␥ and lead to its protein stabilization. It is possible
that excess expression of ⌬TAp63␥ may occupy the promoter
regions to which the transactivation p63 normally binds and
thereby block TAp63-mediated transcription, which may in
turn suppress the expression of proteins involved in p63 protein degradation (Fig. 10). Interestingly, a recent study showed
that the transactivation activity of p73 is also critical for p73
protein degradation (37). It is plausible that cells may have
developed similar feedback regulation mechanisms during evolution in regulation of p53 family protein expression despite
their distinct biological functions.
It has been established that certain unstable transcription
factors contain the degron sequences in the transactivation
domains so that transcription can be coupled to proteolysis (17,
23, 30). Our data demonstrated that TAp63␥ degradation is
also tightly coupled to its transcriptional activity, which may
partially explain the low levels of expression of transactivationactive p63 isoforms in most tissues and cell lines. Recent studies have demonstrated that among the p63 proteins TAp63
isoforms are the first to be expressed during embryogenesis
and are required for commitment to an epithelial stratification
program. ⌬Np63 is the predominant isoform expressed in the
basal cells of many epithelial tissues (14, 20). Since TAp63
isoforms seem to inhibit terminal differentiation, their activities must be counterbalanced by various mechanisms, such as
transcription-coupled degradation of TAp63 and expression of
⌬Np63 in neutralizing TAp63, to allow cells to respond to
signals required for the maturation of embryonic epidermis. It
is possible that uncontrolled expression of transactivation-potent p63 isoforms leads to adverse effects on cells, since
TAp63␥ has been shown as an inducer for apoptosis (8, 39).
Interestingly, the p63 mutations in the DNA-binding domain
observed in several dominant human syndromes are highly
stable. It is conceivable that these mutations may regulate the
function of p53 family proteins to disrupt normal cell proliferation and development.
Although our data indicate the TAp63 protein stability is
tightly controlled by its transcriptional activity, the precise molecular mechanism, however, remains to be elucidated.

5.

6.

7.

8.

9.
10.

11.

12.

13.

14.

15.
16.

17.
18.
19.
20.
21.
22.

23.
24.

ACKNOWLEDGMENTS
⫺/⫺

⫺/⫺

We thank Guillermina Lozano for wild-type and p53
MDM2
MEF and Qiang Yu for U2-OS-Tet cells. We thank Gail Sonenshein,
Yujun Zhang, Michael Sherman, and Duc Tran for technical assistance on EMSA, construction of chimeric proteins, and immunofluorescence analysis.
This work was supported by Public Health Service grant GM-70017
(to Z.-X.J.X.) from the National Institute of General Medical Sciences.

25.

26.

27.

REFERENCES
1. Asher, G., J. Lotem, P. Tsvetkov, V. Reiss, L. Sachs, and Y. Shaul. 2003. p53
hot-spot mutants are resistant to ubiquitin-independent degradation by increased binding to NAD(P)H:quinone oxidoreductase 1. Proc. Natl. Acad.
Sci. USA 100:15065–15070.
2. Brunner, H. G., B. C. Hamel, and H. Van Bokhoven. 2002. The p63 gene in
EEC and other syndromes. J. Med. Genet. 39:377–381.
3. Calabro, V., G. Mansueto, T. Parisi, M. Vivo, R. A. Calogero, and G. La
Mantia. 2002. The human MDM2 oncoprotein increases the transcriptional
activity and the protein level of the p53 homolog p63. J. Biol. Chem. 277:
2674–2681.
4. Celli, J., P. Duijf, B. C. Hamel, M. Bamshad, B. Kramer, A. P. Smits, R.
Newbury-Ecob, R. C. Hennekam, G. Van Buggenhout, A. van Haeringen,
C. G. Woods, A. J. van Essen, R. de Waal, G. Vriend, D. A. Haber, A. Yang,
F. McKeon, H. G. Brunner, and H. van Bokhoven. 1999. Heterozygous

28.

29.

30.

31.

6163

germline mutations in the p53 homolog p63 are the cause of EEC syndrome.
Cell 99:143–153.
Chen, J., X. Wu, J. Lin, and A. J. Levine. 1996. mdm-2 inhibits the G1 arrest
and apoptosis functions of the p53 tumor suppressor protein. Mol. Cell. Biol.
16:2445–2452.
Crook, T., J. M. Nicholls, L. Brooks, J. O’Nions, and M. J. Allday. 2000.
High level expression of deltaN-p63: a mechanism for the inactivation of p53
in undifferentiated nasopharyngeal carcinoma (NPC)? Oncogene 19:3439–
3444.
Dohn, M., S. Zhang, and X. Chen. 2001. p63alpha and DeltaNp63alpha can
induce cell cycle arrest and apoptosis and differentially regulate p53 target
genes. Oncogene 20:3193–3205.
Flores, E. R., K. Y. Tsai, D. Crowley, S. Sengupta, A. Yang, F. McKeon, and
T. Jacks. 2002. p63 and p73 are required for p53-dependent apoptosis in
response to DNA damage. Nature 416:560–564.
Haupt, Y., R. Maya, A. Kazaz, and M. Oren. 1997. Mdm2 promotes the rapid
degradation of p53. Nature 387:296–299.
Hibi, K., B. Trink, M. Patturajan, W. H. Westra, O. L. Caballero, D. E. Hill,
E. A. Ratovitski, J. Jen, and D. Sidransky. 2000. AIS is an oncogene amplified in squamous cell carcinoma. Proc. Natl. Acad. Sci. USA 97:5462–5467.
Ho, S. N., H. D. Hunt, R. M. Horton, J. K. Pullen, and L. R. Pease. 1989.
Site-directed mutagenesis by overlap extension using the polymerase chain
reaction. Gene 77:51–59.
Kaghad, M., H. Bonnet, A. Yang, L. Creancier, J. C. Biscan, A. Valent, A.
Minty, P. Chalon, J. M. Lelias, X. Dumont, P. Ferrara, F. McKeon, and D.
Caput. 1997. Monoallelically expressed gene related to p53 at 1p36, a region
frequently deleted in neuroblastoma and other human cancers. Cell 90:809–
819.
Kim, S. Y., A. Herbst, K. A. Tworkowski, S. E. Salghetti, and W. P. Tansey.
2003. Skp2 regulates Myc protein stability and activity. Mol. Cell 11:1177–
1188.
Koster, M. I., S. Kim, A. A. Mills, F. J. DeMayo, and D. R. Roop. 2004. p63
is the molecular switch for initiation of an epithelial stratification program.
Genes Dev. 18:126–131.
Kubbutat, M. H., S. N. Jones, and K. H. Vousden. 1997. Regulation of p53
stability by Mdm2. Nature 387:299–303.
Kussie, P. H., S. Gorina, V. Marechal, B. Elenbaas, J. Moreau, A. J. Levine,
and N. P. Pavletich. 1996. Structure of the MDM2 oncoprotein bound to the
p53 tumor suppressor transactivation domain. Science 274:948–953.
Lipford, J. R., and R. J. Deshaies. 2003. Diverse roles for ubiquitin-dependent proteolysis in transcriptional activation. Nat. Cell Biol. 5:845–850.
Little, N. A., and A. G. Jochemsen. 2001. Hdmx and Mdm2 can repress
transcription activation by p53 but not by p63. Oncogene 20:4576–4580.
Maisse, C., P. Guerrieri, and G. Melino. 2003. p73 and p63 protein stability:
the way to regulate function? Biochem. Pharmacol. 66:1555–1561.
McKeon, F. 2004. p63 and the epithelial stem cell: more than status quo?
Genes Dev. 18:465–469.
Michael, D., and M. Oren. 2002. The p53 and Mdm2 families in cancer. Curr.
Opin. Genet. Dev. 12:53–59.
Midgley, C. A., and D. P. Lane. 1997. p53 protein stability in tumour cells is
not determined by mutation but is dependent on Mdm2 binding. Oncogene
15:1179–1189.
Muratani, M., and W. P. Tansey. 2003. How the ubiquitin-proteasome system controls transcription. Nat. Rev. Mol. Cell Biol. 4:192–201.
Nylander, K., P. J. Coates, and P. A. Hall. 2000. Characterization of the
expression pattern of p63 alpha and delta Np63 alpha in benign and malignant oral epithelial lesions. Int. J. Cancer 87:368–372.
Osada, M., M. Ohba, C. Kawahara, C. Ishioka, R. Kanamaru, I. Katoh, Y.
Ikawa, Y. Nimura, A. Nakagawara, M. Obinata, and S. Ikawa. 1998. Cloning
and functional analysis of human p51, which structurally and functionally
resembles p53. Nat. Med. 4:839–843.
Park, B. J., S. J. Lee, J. I. Kim, C. H. Lee, S. G. Chang, J. H. Park, and S. G.
Chi. 2000. Frequent alteration of p63 expression in human primary bladder
carcinomas. Cancer Res. 60:3370–3374.
Parsa, R., A. Yang, F. McKeon, and H. Green. 1999. Association of p63 with
proliferative potential in normal and neoplastic human keratinocytes. J. Investig. Dermatol. 113:1099–1105.
Reid, G., M. R. Hubner, R. Metivier, H. Brand, S. Denger, D. Manu, J.
Beaudouin, J. Ellenberg, and F. Gannon. 2003. Cyclic, proteasome-mediated
turnover of unliganded and liganded ERalpha on responsive promoters is an
integral feature of estrogen signaling. Mol. Cell 11:695–707.
Salghetti, S. E., A. A. Caudy, J. G. Chenoweth, and W. P. Tansey. 2001.
Regulation of transcriptional activation domain function by ubiquitin. Science 293:1651–1653.
Salghetti, S. E., M. Muratani, H. Wijnen, B. Futcher, and W. P. Tansey.
2000. Functional overlap of sequences that activate transcription and signal
ubiquitin-mediated proteolysis. Proc. Natl. Acad. Sci. USA 97:3118–3123.
Serber, Z., H. C. Lai, A. Yang, H. D. Ou, M. S. Sigal, A. E. Kelly, B. D.
Darimont, P. H. Duijf, H. Van Bokhoven, F. McKeon, and V. Dotsch. 2002.
A C-terminal inhibitory domain controls the activity of p63 by an intramolecular mechanism. Mol. Cell. Biol. 22:8601–8611.

6164

YING ET AL.

32. Thanos, C. D., and J. U. Bowie. 1999. p53 family members p63 and p73 are
SAM domain-containing proteins. Protein Sci. 8:1708–1710.
33. van Bokhoven, H., and H. G. Brunner. 2002. Splitting p63. Am. J. Hum.
Genet. 71:1–13.
34. van Bokhoven, H., and F. McKeon. 2002. Mutations in the p53 homolog p63:
allele-specific developmental syndromes in humans. Trends Mol. Med.
8:133–139.
35. von der Lehr, N., S. Johansson, S. Wu, F. Bahram, A. Castell, C. Cetinkaya,
P. Hydbring, I. Weidung, K. Nakayama, K. I. Nakayama, O. Soderberg, T. K.
Kerppola, and L. G. Larsson. 2003. The F-box protein Skp2 participates in
c-Myc proteosomal degradation and acts as a cofactor for c-Myc-regulated
transcription. Mol. Cell 11:1189–1200.
36. Walker, D. R., J. P. Bond, R. E. Tarone, C. C. Harris, W. Makalowski, M. S.
Boguski, and M. S. Greenblatt. 1999. Evolutionary conservation and somatic

MOL. CELL. BIOL.

37.
38.
39.

40.

mutation hotspot maps of p53: correlation with p53 protein structural and
functional features. Oncogene 18:211–218.
Wu, L., H. Zhu, L. Nie, and C. G. Maki. 2004. A link between p73 transcriptional activity and p73 degradation. Oncogene 23:4032–4036.
Yang, A., M. Kaghad, D. Caput, and F. McKeon. 2002. On the shoulders of
giants: p63, p73 and the rise of p53. Trends Genet. 18:90–95.
Yang, A., M. Kaghad, Y. Wang, E. Gillett, M. D. Fleming, V. Dotsch, N. C.
Andrews, D. Caput, and F. McKeon. 1998. p63, a p53 homolog at 3q27-29,
encodes multiple products with transactivating, death-inducing, and dominant-negative activities. Mol. Cell 2:305–316.
Zheng, H., H. You, X. Z. Zhou, S. A. Murray, T. Uchida, G. Wulf, L. Gu, X.
Tang, K. P. Lu, and Z. X. Xiao. 2002. The prolyl isomerase Pin1 is a regulator
of p53 in genotoxic response. Nature 419:849–853.

