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Repression of Wnt/b-catenin response elements by p63 (TP63)
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ABSTRACT
Submitted: TP63 (p63), a member of the tumor suppressor TP53 (p53) gene family, is expressed in
keratinocyte stem cells and well-differentiated squamous cell carcinomas to maintain cellular potential for
growth and differentiation. Controversially, activation of the Wnt/b-catenin signaling by p63 (Patturajan M.
et al., 2002, Cancer Cells) and inhibition of the target gene expression (Drewelus I. et al., 2010, Cell Cycle)
have been reported. Upon p63 RNA-silencing in squamous cell carcinoma (SCC) lines, a few Wnt target
gene expression substantially increased, while several target genes moderately decreased. Although
DNp63a, the most abundant isoform of p63, appeared to interact with protein phosphatase PP2A, neither
GSK-3b phosphorylation nor b-catenin nuclear localization was altered by the loss of p63. As reported
earlier, DNp63a enhanced b-catenin-dependent luc gene expression from pGL3-OT having 3 artificial Wnt
response elements (WREs). However, this activation was detectable only in HEK293 cells examined so far,
and involved a p53 family-related sequence 50 to the WREs. In Wnt3-expressing SAOS-2 cells, DNp63a
rather strongly inhibited transcription of pGL3-OT. Importantly, DNp63a repressed WREs isolated from the
regulatory regions of MMP7. DNp63a-TCF4 association occurred in their soluble forms in the nucleus.
Furthermore, p63 and TCF4 coexisted at a WRE of MMP7 on the chromatin, where b-catenin recruitment
was attenuated. The combined results indicate that DNp63a serves as a repressor that regulates
b-catenin-mediated gene expression.
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Introduction

TP63 (p63), a TP53 (p53)-related gene, is expressed in kerati-
nocyte stem cells to maintain the cellular potential of prolifera-
tion and keratinocyte differentiation.1-5 It is essential for
morphogenesis of ectodermal tissues including skin, glands,
head-and-neck, limb and urinary tracts.6,7 Mutations of this
gene cause the EEC and related syndromes.8,9 Furthermore, the
chromosome 3q amplification in head-and-neck squamous cell
carcinomas (SCCs) underlies the high level expression of p63
(3q27-q29).10,11 This gene produces at least 6 proteins termed
variant 1-6 (National Center for Biotechnology Information,
USA). Due to the 2 different transcription initiation sites, the
TA-isoforms (variant 1-3) with the trans-activation domain
and the DN-isoforms (variant 4-6) without TA are produced.
For each N-terminal variant, alternative RNA splicing causes 3
different C-terminal structures, a, b, and g 1.

TAp63g, originally identified as p51A, has a trans-acti-
vating ability similar to p53 to act on the same consensus
sequences.1,3,12 Many of the direct target genes determined

for TAp63g are involved in cell-cell and cell-matrix interac-
tions.12-17 In contrast to the lower level expression of
TAp63g, DNp63a (variant 4) is the most abundant isoform
detected in the basal layer stem cells, SCCs, and cancers
originating from basal cells of ectoderm.13,18-21 DNp63a
comprises DNA binding domain, oligomerization domain
and sterile a motif with which various proteins can inter-
act.22 Although initial studies experimentally identified
DNp63a as a dominant negative-type protein against
TAp63g and p53,1 the trans-activating ability of TAp63g
seems vital in keratinocytes and SCCs. The dominant nega-
tive-type action may not be the only function of
DNp63a.23,24

Because invasion of SCCs coincides with a steep decline in
p63 expression, maintenance of the well-differentiated status
by p63 has been proposed.23-26 As well-documented for colo-
rectal and hepatocellular carcinomas, carcinogenesis and malig-
nant progression are often accompanied by somatic mutations
resulting in Wnt signal activation.27-29 Head-and-neck SCCs,
however, rarely have a mutation in the major factors such as
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APC and CTNNB1 (b-catenin).10 The possibilities of positive
and negative regulation of Wnt/b-catenin signaling by p63 has
been proposed in earlier studies. Patturajan M. et al. reported
activation of the Wnt signaling to accumulate b-catenin
through protein phosphatase 2A (PP2A) inhibition by
DNp63a.30 On the other hand, Drewelus I. et al. proposed that
p63 blocks b-catenin-induced transcription.31 The authors
detected a specific interaction between DNp63a and the HMG
box of TCF1, TCF3, TCF4, and LEF1 by a pulldown assay.

Confusingly, however, these reports concurred in one point
that DNp63a enhances luc gene expression from the prototype
reporter plasmids in HEK293 cells. TOPflash (referred to as
Lef1:luciferase reporter plasmid by Patturajan et al.30) and
pGL3-OT (referred to as TOPflash by Drewelus et al.31) have 3
copies of artificial Wnt response element (WRE),32 while super-
TOPflash has 8 repeats. Moreover, the impacts of DNp63a on
the chromosomal WRE sequences and the assembly of TCFs/
LEF and b-catenin at the transcriptionally functional WREs
have not been investigated.

Our gene expression profiling of SCC lines showed substan-
tial alterations in target genes of p53 and p63, and basal layer
keratinocyte-specific genes by p63 knockdown. It was of inter-
est that some Wnt target genes were activated by p63-silencing,
while some others were down-regulated. These results, in con-
junction with the above described conflicting reports, led us to
deeply investigate the influence of p63 over the Wnt/b-catenin
signaling pathway and the target gene expression. We reex-
amined the reporter gene expression assay, and the signaling
proteins in the cytosol and nucleus. Furthermore, we tested
endogenous WRE sequences upstream of the Wnt/b-catenin
target genes for their sensitivity to b-catenin and p63. Eliminat-
ing the ambiguity caused by the reporter assay, our results
strongly suggest that b-catenin-mediated gene expression is
impaired by DNp63a in SCCs. This study provides new evi-
dence for the prediction by Drewelus I. et al.,31 and offers
deeper insights into the function of p63.

Results

Alteration of Wnt target gene expression by p63 RNA
silencing

FaDu cells are derived from a hypopharyngeal carcinoma, and
expresses DNp63a with other p63 isoforms.25,30 Based on the
Catalogue of Somatic Mutations in Cancer (COSMIC) database
(Sanger Institute, UK), this cell line has a missense mutation
(c.743G>T, p.R248L) in TP53 and an intronic mutation
(c.151-1G>T) in CDKN2A (cyclin-dependent kinase inhibitor
2A, also termed p14ARF/p16INK4a). No mutation related to
the canonical Wnt signaling has been identified in these cells so
far.

We performed gene expression profiling with FaDu cells
transfected with p63-specific siRNA (p63si) and control
siRNA (Csi). p63 RNA was decreased to 1/4 – 1/6.5 in
p63si-transfected cells compared with Csi-transfected cells,
indicating efficient RNA silencing (Table 1). NOTCH, JAG2,
COL7A1, CLDN1, and DST among the reported p63-target
genes,33 were obviously downregulated by p63 silencing in
varied magnitudes. Concerning the TP53 target genes,34

suppression of GADD45A and BAX35 and activation of
P53INP136 and P53INP237 were evident in p63 knockout
cells, implying involvement of the trans-activating and
dominant-negative functions of the p63 isoforms. Further-
more, expression of the basal cytokeratin genes, KER14
(K14), and KER5 (K5), decreased with p63-silencing, consis-
tent with the notion that p63 is specifically expressed in the
basal layer of keratinocytes and well-differentiated SCCs. Of
interest was that some of the Wnt target genes, AXIN2/
CONDUCTIN,38 MITF 39 and MMP7 (matrix metalloprotei-
nase-7)40 were upregulated by p63-silencing, whereas some
others including CCND2 (cyclin D2)41 and SNAI2/SLUG42

were down-regulated.
We confirmed these changes in the Wnt target gene

expression by reverse transcription-quantitative polymer-
ase chain reaction (RT-qPCR) and Western blotting
(Fig. 1). p63 proteins decreased to less than 15% in p63si-
transfected cells, while total p63 RNA decreased to 40%
when quantified with our primers. RNA of CONDUCTIN/
AXIN2 and MMP7 was increased by 2.5-fold and 3-fold,
respectively (Fig. 1A), while SNAI2/SLUG and CCND2 was
reduced to 80% and 50%, respectively. Western blotting
also showed 3.5-fold increase in the MMP-7 protein and
2.5-fold decrease in the CCND2 protein (Fig. 1B).

Table 1. Alteration of gene expression by p63 silencing in squamous carcinoma
FaDu cells.

Experiment 1 2 3

Fold change (p63si versus Csi)�

p63
TP63 -6.519 -3.904 -4.355
Reported p63 target genes
NOTCH1�� -3.187 -1.609 -1.967
JAG2�� -3.339 -1.583 -1.654
COL7A1�� -2.826 -3.068 -2.954
JAG1�� -2.812 -1.678 -1.565
CLDN1�� -2.082 -1.048 -1.207
DST�� -1.339 -3.071 -3.391
p53 target genes
GADD45A -6.761 -3.333 -2.083
BAX -5.534 -1.176 -1.078
TP53INP1 ND C3.518 C3.978
TP53INP2 ND C2.780 C1.180
Keratinocyte-specific genes
LCE5A -6.338 C1.502 -1.819
KRT5 (basal) -3.250 -2.849 -2.849
KER17(basal) -3.382 -2.108 -2.108
KER16 -3.496 -1.083 -1.083
KRT14�� (basal) -3.030 -2.240 -2.240
Wnt target genes
AXIN2 C14.411 C7.302 C4.311
MMP7 C5.469 C7.221 C5.989
MITF C4.432 C2.681 C2.914
DKK1 ND C2.190 C2.753
SNAI2 (SLUG) -5.877 -3.323 -3.045
CCND2 -3.489 -2.353 -2.391
LBH -3.415 -1.822 C1.039
NEGFA -3.087 -2.897 -2.426
JAG1�� -2.812 -1.678 -1.565
MYC -2.628 -1.760 -2.228
CLDN1 -2.082 -1.048 -1.207
TWIST1 -1.343 -1.327 -4.047
EDN3 -1.746 -2.188 -1.400

�Upregulation (C) and downregulation (-) are indicated.
��reported p63 target gene.
ND, not determined.
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Interaction of DNp63a with PP2A phosphatase

We next analyzed proteins in the Wnt/b-catenin signaling
pathway focusing on GSK-3b and b-catenin phosphorylation
by cell fractionation and immunoprecipitation (Fig. 2). The
FaDu cell cytosol fractions were enriched in the PP2A catalytic
subunit (PP2A-C), while the nuclear fractions showed localiza-
tion of the PP2A B56a (PPP2R5A) regulatory subunit
(Fig. 2A). An antibody against PP2A-C (clone ID6) precipi-
tated not only PP2A-C but also PP2A-B56a. As reported ear-
lier,43 DNp63a existed in the PP2A-C immune complex from
the control (Csi) nucleus, but not from the p63 knockdown
nucleus (p63si) (Fig. 2A). After PP2A-C gene (PPP2CA,
PPP2CB) silencing with siRNA (PPsi), immunoprecipitation
was carried out with the PP2A-C antibody (Fig. 2B). When the
PP2A-C protein amount decreased to~25% in the immunopre-
cipitate (IP, PPsi) as well as in the nuclear fraction (input,
PPsi), the amount of co-precipitatied DNp63a decreased
concomitantly.

We performed a PP2A phosphatase assay in which the
release of phosphate from a phospho-threonine peptide sub-
strate was quantified. The PP2A activity in the whole-cell
extracts did not substantially change with p63-silencing

(Fig. 2C). GSK-3b (a substrate of PP2A) and b-catenin (a sub-
strate of GSK-3b) showed no significant alteration in the pro-
tein amount, phosphorylation or subcellular localization
(Fig. 2A, lower panels). Immunofluorescence analysis showed
dense stain of b-catenin at the cell periphery and its spread
throughout the cytosol. The nuclei were stained only weakly.
No significant difference appeared between the p63-knock-
down and control cells regarding b-catenin fluorescence inten-
sity and distribution (Supplementary Information-1).

Association of DNp63a with TCF4

To further analyze protein interactions between Wnt signal-
ing proteins and p63, we introduced flag-tagged b-catenin
in combination with DNp63a or the empty expression vec-
tor into HeLa cells. Flag-b-catenin was immunoprecipitated
with an anti-flag antibody from the cytosol and nuclear
extracts (Fig. 2D). Fractionation efficiency was assessed with
HSP90 and p84, representing the cytosol and nuclear pro-
teins, respectively. The flag-b-catenin immune complex did
not contain endogenous TCF4 observed as a triplet includ-
ing a major band of 75 kD corresponding to the longest

Figure 1. Alteration of the Wnt/b-catenin target gene expression by p63-silencing.(A) Expression of indicated genes was quantified by RT-qPCR. (B) Western blot analyses
for the proteins. Positions of p63 isoforms and smolylated (SUMO) p63 are also shown.25 Molecular masses of the standard proteins are marked in parentheses (in kD).
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form of the splicing variants, nor was DNp63a associated
with flag-b-catenin. Furthermore, DNp63a did not influence
b-catenin nuclear translocation. In addition, PP2A-C and
PP2A-B56a interacted with Flag-b-catenin only poorly, if at
all.

When Myc-tagged TCF4 expression plasmid was co-trans-
fected with DNp63a or the vector plasmid, immunoprecipita-
tion with an anti-Myc antibody revealed a strong association of
Myc-TCF4 with DNp63a in the nucleus (Fig. 2E). PP2A-B56a
and PP2A-C were poorly detectable in the precipitates

Figure 2. Analyses of the interactions of PP2A, p63 and Wnt/b-catenin signaling proteins. (A) Csi and p63si-transfected FaDu cells were fractionated to the cytosol (Cyt)
and nuclear (Nuc) extracts. Cytosol and nuclear samples were loaded on the gel in a ratio of 1:2. Proteins detected in each fraction (Input) are shown. Immunoprecipitates
(IP) by a PP2A-C antibody (mouse IgG) were subjected to Western blotting (WB) for proteins indicated. DNp63a detected by a p63 monoclonal antibody, 4A4, is marked
by arrow. IgG heavy chain (HC) and light chain (LC) are shown. (B) PP2A-C gene silencing and immunoprecipitation. Nuclear extracts from FaDu cells transfected with
siRNA targeting PP2A-C (PPsi) and Csi were analyzed as in (A). Western blotting for detection of PP2A-C and p63 are shown. (C) PP2A phosphatase activity in Csi and
p63si-transfected FaDu cells. Released phosphate amounts are shown in picomoles (pmol). (D) HeLa cells were transfected with Flag-b-catenin in combination with
DNp63a or the vector plasmid, fractionated, and immunoprecipitated with an anti-Flag antibody (rabbit IgG). Obtained fractions (Input) and the immunoprecipitates (IP)
were analyzed for indicated proteins. Arrowheads indicate the positions of 75 kD and 50 kD standard proteins. (E) HeLa cells were cotransfected with DNp63a, Myc-TCF4
and Flag-b-catenin as in (D). The nuclear extracts (Input) and immunoprecipitates (IP) with an anti-Myc antibody (rabbit IgG) were analyzed. Myc-tagged TCF4 appeared
as a single band of~80 kD. Control experiment was carried out by cotransfection of DNp63a and Myc-tagged b-catenin (Myc-b-cat) followed by nuclear fractionation and
immunoprecipitation with the anti-Myc antibody (right panels)
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regardless of DNp63a. Furthermore, we did not found p53 or
Flag-b-catenin by the anti-myc immunoprecipitation. As a
control experiment, Myc-tagged b-catenin expression plasmid
was cotransfected with DNp63a (Fig. 2E, right panels). The
anti-Myc antibody efficiently precipitated Myc-b-catenin, but
not DNp63a. We thus confirmed the specific interaction
between DNp63a and TCF4.31

luc reporter assay with pGL3-OT

To assess the influence of p63 on the b-catenin-mediated gene
expression, a luc gene reporter assay was performed with
pGL3-OT, pGL3-OF and the truncated forms (Fig. 3A-C).
Consistent with the previous reports, DNp63a dose-depen-
dently enhanced luc expression from pGL3-OT only when acti-

vated by b-catenin in HEK293 cells (Fig. 3D). Cotransfection
of TCF4 (25 ng of the plasmid in each well) neither positively
nor negatively influenced the response to b-catenin (25 ng)
with p63 (0-50 ng) (Supplementary Information 2A). Among
the p63 isoforms transfected, DNp63a exhibited the strongest
b-catenin-enhancing ability with pGL3-OT (Supplementary
Information-2B). When the maximum transcriptional activa-
tion (~50-fold) was achieved with a S33Y b-catenin mutant (20-
50 ng/105 cells), DNp63a could not further increase the luc
expression (Supplementary Information-2C). pGL3-OF which
has 2 nucleotide mutations in each WRE did not respond to
b-catenin or DNp63a (Fig. 3E).

Intriguingly, we found a repeat of 10 nucleotide sequences
corresponding to the originally proposed half site of p53 bind-
ing motif 44 immediately 50 to the WREs. We tentatively termed

Figure 3. luc expression assay with pGL3-OT in HEK293. (A) Proposed WRE consensus sequences32 and WREs in pGL3-OT and pGL3-OF are aligned. (B) p53 binding con-
sensus sequence and p53FM are aligned. (C) Enhancer structures of pGL3-OT and the mutants are shown. Blue boxes represent WREs and related stretches, and orange
boxes p53 consensus half-sites. Letter X indicates the mutated nucleotide in pGL3-OF. Nucleotide numbers between the elements are in parentheses. (D)-(G) Results of
the luc assays with indicated plasmids at 48 hr of transfection. Amounts (ng) of regulator plasmids (p63, b-catenin) are indicated for each reaction. Luciferase activities
are shown in relation to the control reaction with the empty vector (1.0).

CELL CYCLE 703



it p53FM (p53 family protein binding motif), because it was
recognizable by p63 proteins12,33 (Fig. 3B). Deletion of p53FM
from pGL3-OT preserved its sensitivity to b-catenin, but can-
celed the transcriptional activation by DNp63a (Fig. 3F). The
p53FM sequence per se showed neither positive nor negative
response to DNp63a (Fig. 3G).

SAOS-2 is a p53-null osteosarcoma cell line,45 by which
functions of p53 family proteins are sensitively monitored
(Supplementary Information-3A).46 In addition, these cells
constantly express a higher level of Wnt3a, b-catenin and
LEF1, which maintain the cellular signaling and growth poten-
tial.47 luc expression from pGL3-OT was boosted to 10-fold
and 50-fold by transfection of 50 and 67 ng of b-catenin-

encoded plasmid, respectively, in each well (Fig. 4A). TCF4-
expression plasmid (25 ng in each reaction) was contained in
every reaction with SAOS-2 cells, by which the level of tran-
scriptional activation by b-catenin (50 ng) was 3-fold elevated.
(Compare panel A with Supplementary Information-3B.)
pGL3-OT-del-p53FM responded to b-catenin at nearly the
same sensitivity (Fig. 4B). Unexpectedly, DNp63a strongly
inhibited luc expression from pGL3-OT and pGL3-OT-del-
p53FM when induced by b-catenin transfection in SAOS-2
cells. DNp63a also decreased the basal level transcription from
these luc plasmids without b-catenin transfection.

In hepatocellular carcinoma Huh7 cells, luc expression from
pGL3-OT was also decreased by DNp63a in the persistent and

Figure 4. luc expression assay with pGL3-OT in SAOS-2, Huh7 and FaDu cells. Results of the luc assays with pGL3-OT (A) and del-p53FM (B) in SAOS-2 cells. After transfec-
tion of FaDu cells with Csi and p63si (for 24 hr), pGL3-OT was introduced. Luciferase activity was measured at 48 hr of the luc plasmid transfection (C). Huh7 cells were
transfected with pGL3-OT (D) and MMP7-WRE1-rep-luc (E) in combination with DNp63a, b-catenin and TCF4. Luc activities are indicated as in Figure 3.
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b-catenin-induced conditions (Fig. 4D). Furthermore, p63-
silencing in FaDu cells caused a 2.8-fold increase in the lucifer-
ase activity (Fig. 4C). Thus, these results obtained with pGL3-
OT in SAOS-2, Huh7 and FaDu cells were consistent with the
result that endogenous MMP7 and AXIN2 were activated by
p63-silencing (Table 1, Fig. 1).

Repression of chromosomal WREs by p63

To explore the transcriptional control of Wnt target gene by
DNp63a, we analyzed endogenous WREs for their activities and

regulation. Using the proposed consensus sequences,32 we
detected several WREs in the 10 kb regulatory regions of MMP7
and CCND2, and cloned 3 segments containing repetitive WREs
into a reporter plasmid (pGL3-basic promoter vector). The
MMP7-WRE1 segment located 5.6 kb upstream from the initia-
tion site had a pair of WRE core sequences, 50-YCTTTGAT-30,
with one nucleotide mismatch in the second WRE (Fig. 5A).
The region containing the known WREs at ¡109 and ¡194 (ref-
erence 40) was referred to as MMP7-WRE2 in this study
(Fig. 5B). At 2.2 kb upstream of CCND2, we identified an inter-
esting segment termed CCND2-WREb, which comprised a

Figure 5. Structural and functional analyses of WREs of MMP7 and CCND2.(A)-(C), Line drawings and nucleotide sequences for the WREs analyzed in this study. Endoge-
nous promoter region containing TATA box (TATA) and initiator site (Inr), and the body of the gene are shown by white boxes. Bold lines mark the endogenous sequen-
ces, while the thin lines mark sequences in the plasmids. The light blue and green boxes signify the promoter and the luc gene in pGL3-promoter, respectively.
Nucleotides matching the WRE consensus 32 in the positive and negative strands are indicated by arrows. Nucleotides deviated from the consensus are in lower case. (D)-
(G), Results of the luc assays with SAOS-2 cells using the reporter plasmids shown in (A)-(C). Transfected plasmids and the DNA amounts are shown for each experiment.
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palindromic WRE repeat preceded by 3 half-sites (10 nucleoti-
des) of p53 binding consensus (Fig. 5C). We also constructed
MMP7-WRE1-rep-luc and CCND2-WREb-rep-luc by inserting
an additional copy of the corresponding WRE pair.

In SAOS-2 cells, both MMP7-WRE1-luc and MMP7-
WRE2-luc caused only a 1.5-1.8-fold increase when co-trans-
fected with the b-catenin expression plasmid (67 ng in each
well) (Fig. 5D, F). This moderate activation was canceled by
DNp63a. The basal level transcription was also affected. The
MMP7-WRE1-rep-luc and CCND2-WREb-rep-luc plasmids
showed 2-fold and 3-4-fold activation by cotransfection with
50 and 67 ng of the b-catenin plasmid, respectively (Fig. 5E,
G). DNp63a suppressed the luc expression from these plasmids
in a dose-related manner.

Huh7 with an endogenous Wnt signaling activity48 caused
only 2-fold activation of MMP7-WRE1-rep-luc when trans-
fected with b-catenin (67 ng). DNp63a decreased the luciferase
activity in the persistent and b-catenin-transfected conditions
(Fig. 4E). In HEK293, luc expression from MMP7-WRE1-luc
was slightly (20%) increased by b-catenin, which was inhibited
by DNp63a. Only a 50% increase was found with CCND2-
WREb-rep-luc upon induction by active form S33Y b-catenin,
which was also blocked by DNp63a (data not shown). Thus,
DNp63a repressed the endogenous WREs in SAOS-2, Huh7
and HEK293 cells. The sequences related to p53 half-sites in
CCND-WREb did not act like p53FM that allowed positive reg-
ulation of WREs by DNp63a in HEK293.

Association of p63 with MMP7-WRE1 on the chromatin

Chromatin immunoprecipitation was carried out with Csi and
p63si-transfected FaDu cells. Sheared chromatin containing

200-800 bp DNA fragments were immunoprecipitated with
anti-p63, anti-TCF4, anti-b-catenin and control IgG. Recov-
ered DNA fragments were quantified by qPCR with primers
targeting MMP7-WRE1 and CCND2-WREb (Fig. 6). Both p63
and TCF4 were detected at the MMP7-WRE1 site in Csi-trans-
fected cells (Fig. 6A). By p63 RNA silencing, p63 protein at
MMP7-WRE1 was significantly decreased, which was accom-
panied by an approximately 2.5-fold increase of b-catenin pro-
tein bound to the site. Thus, p63 coexisted with TCF4 at
MMP7-WRE1, by which recruitment of b-catenin was
impaired. However, none of the immunoprecipitates from Csi
or p63si-transfected cells contained the CCND2-WREb seg-
ment, suggesting that this site on the chromatin does not func-
tion as a Wnt/b-catenin target site in FaDu cells (Fig. 6B).

Discussion

This study strongly suggests that p63 serves as a repressor of
WREs to attenuate Wnt/b-catenin target gene expression.
Gene expression profiling of p63 knockdown cells implied neg-
ative regulation of Wnt/b-catenin target genes by p63. DNp63a
suppressed luc expression driven by cloned endogenous WREs
with b-catenin. Furthermore, p63-TCF4 association in the
nuclear extract, coexistence of p63 with TCF4 at a chromo-
somal WRE site, and interference of b-catenin binding to the
target site by p63 may explain the mechanism of transcriptional
downregulation.

As used in many studies, pGL3-OT in combination of
HEK293 cells provides a standard reporter assay for analyses of
Wnt/b-catenin signaling pathway activation. With this system,
however, we observed the opposite outcome regarding the p63
function. At least p53FM in the plasmid seemed to contribute

Figure 6. ChIP analysis for the MMP7-WRE1 and CCND2-WREb sites in FaDu.Relative positions of the primers used in the PCR are shown for MMP7-WRE1 (A, left) and
CCND2-WREb (B, left). Filled and open boxes indicate WREs and p53 consensus half-sites, respectively. The amount of DNA precipitated by each antibody was quantified
by PCR. After subtraction of the background value obtained with control IgG, DNA copy numbers relative to the input DNA (1.0) were determined (A, B, right). Statistic sig-
nificance: �, 0.01 < P < 0.05
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to the reaction. TOPflash and SuperTOPflash, the earlier ver-
sions of pGL3-OT, also have sequences related to p53FM at a
position close to the WRE repeats, which may have caused the
contradiction in previous studies.30,31 Drewelus et al. hypothe-
sized a switching mechanism between the positive and negative
regulation depending on the p63 concentration.31 However, we
failed to detect it in the luc assays with different amounts of the
DNp63a expression plasmid.

HEK293 cells were transformed by adenovirus type-5 E1A
and E1B genes and constitutively express them. The small E1A
oncoprotein interacts with Rb, p300/CBP, etc. to cause
genome-wide transcriptional and epigenetic changes,49 while
E1B 55 kD protein binds p53 to block the function. These viral
proteins potentially influence p63 and nuclear factors of the
Wnt signaling pathway. Hypothetically, the (p53FM)-(WREs)
structure of pGL3-OT might allow DNp63a, TCF and b-cate-
nin to form an activating complex under the influence of E1A
and/or E1B. However, there has been so far no evidence for a
chromosomal gene controlled by the (p53FM)-(WREs)-type
enhancer. Intriguingly, the twin gene of Xenopus laevis has a
tandem arrangement of (Smad binding sites)-(Lef1/Tcf binding
sites), which is activated synergistically by Smad, Lef1 and
b-catenin.50

Wnt3a-expressing p53-null SAOS-2 cells provided a sensi-
tive assay system for b-catenin-driven luc expression. DNp63a
evidently repressed luc expression from pGL3-OT. Importantly,
the WRE repeats cloned from the MMP7 and CCND2 regula-
tory regions also positively responded to b-catenin albeit
weakly (4-fold at most), and were repressed by DNp63a.
Experiments with Huh7 and FaDu cells supported this result.
In addition to the previously identified WREs at ¡109 and
¡194 (collectively termed WRE2 in this study) of MMP7,
WRE1 at ¡5.4 kb was also able to mediate b-catenin-induced
transcriptional activation.

In the previously proposed model, formation of a quadruple
protein complex of p63, TCF/LEF, b-catenin and unidentified
repressor molecule was hypothesized.31 Our ChIP experiment
suggests that interaction of p63 with TCF4 bound to MMP7-
WRE1 reduces the accessibility of b-catenin to TCF4. Although
the antibody against p63 does not discriminate p63 isoforms,
DNp63a most likely represents the precipitated p63 isoforms
based on its abundance and ability to form a complex with
TCF4 as detected by immunoprecipitation (Fig. 2D). It remains
to be investigated whether or not DNp63a requires corepressor
Groucho/TLE1 for the control of b-catenin.

Among the TCF/LEF family proteins, we focused on TCF4.
Tcf3 and Tcf4 are expressed in keratinocyte stem cells, and play
essential roles for skin homeostasis in mice.51 Furthermore,
TCF4 binding sequences were extensively studied in colon can-
cer cells52,53 and found to match the proposed WREs.32,54

The Wnt/b-catenin target genes moderately downregulated
in p63 knockdown cells, including CCND2 and JAG1, may not
be governed by the Wnt signaling pathway in FaDu. Whereas
CCND2-WREb responded to b-catenin in the reporter assay,
TCF4, p63 and b-catenin were missing at the site on the chro-
mosome of FaDu. JAG1 is not only a Wnt target gene but also a
p63 target gene.16 The interaction between DNp63a and PP2A
B56a found in the previous 30 study might be functional in
some way, apart from the Wnt signaling. Ruptier et al. reported

that the DNp63 promoter is activated by b-catenin in human
hepatocellular carcinomas.55 In fact, HepG2 and Huh7 cells
express DNp63 isoforms poorly in comparison with SCC lines.
In some cellular contexts, DNp63a might play a negative feed-
back function to limit the DNp63 transcription.

MMP7 was identified as a target gene of TCF-4/b-catenin,
being overexpressed in colorectal cancers with Wnt signaling
pathway activation.40 Matrix metalloproteinase-7 catalyzes
breakdown of extracellular matrix proteins, and is frequently
expressed in the phase of invasion and metastasis of gastric and
renal carcinomas.56 57 In SCCs, its transcriptional suppression
may be abolished by the loss of p63 with the malignant conver-
sion. Although Axin2 was originally found as a negative regula-
tor of Wnt/b-catenin signaling,58 a recent study observed a
tumor promoting activity of the protein in colorectal cancers.59

Thus, the WRE-repressing function of p63 provides an expla-
nation for the generally accepted notion that SCCs gain a
malignant phenotype when p63 is diminished.

Materials and methods

Cell lines

FaDu (HTB-43) and SAOS-2 (HTB-85) were from American
Type Culture Collection. HEK293 (JCRB9068), HeLa
(JCRB9004) and Huh7 (JCRB0403) were from Japanese Collec-
tion of Research Bioresources.

RNA interference

siRNA transfection was described.25 Anti-p63 siRNA (p63si)
consisted of IMXRU (sense RNA, 50-ggacguauuccacugaacutt-
30; antisense RNA, 50-aguucaguggaauacgucctt-30) and CUBCP
(sense RNA, 50-gcacugaauucacgacagutt-30; antisense RNA, 50-
acugucgugaauucagugctt-30). Control siRNA Csi (AM4636,
Ambion) was from (Thermo Fisher Scientific). Stealth siRNA
(HSS108360, HSS108361) targeting PP2A-C genes (PPP2CA,
PPP2CB) were from Invitrogen (Thermo Fisher Scientific).

Gene expression profiling

RNA was obtained from cells transfected with Csi and p63si,
and clarified with RNeasy MinElute Cleanup Kit (Qiagen).
DNA microarray analysis was performed by Oncomics with
the system from Agilent technologies including Quick Amp
labeling kit, 2-color (5190-0444), Agilent RNA Spike-In kit, 2-
color (5188-5279), Whole Human Genome Microarray kit
(version 2.0), Gene Expression Hybridization kit (5188-5242)
and GeneSpring GX software (version12.5.0).

qRT-PCR

RNAwas purified with High Pure RNA Isolation kit (Roche). Ran-
dom primed reverse transcription was with RevertAid Reverse
Transcriptase (Thermo Fisher Scientific). PCR was performed with
DyNAmo ColorFlash SYBR Green qPCR kit in the PikoReal Real-
Time PCR System (Thermo Fisher Scientific). Primers were:
hGAPDH-F2 (50-acaactttggtatcgtggaagg-30), hGAPDH-R2 (50-
gccatcacgccacagtttc-30), p63ALL-F (50-ccctccaacaccgactaccc-30),
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p63ALL-R (50-caccgcttcaccacctccgt-30), MMP7-F2 (50-gagtgagcta-
cagtgggaaca-30), MMP7-R2 (50-ctatgacgcgggagtttaacat-30), AXIN2-
F1 (50-caacaccaggcggaacgaa-30), AXIN2-R1 (50-gcccaataaggagtg-
taaggact-30), CCND2-F (50-accttccgcagtgctccta-30), CCND2-R(50-
cccagccaagaaacggtcc-30), SNAI2-F2 (50-cgaactggacacacatacagtg-30),
SNAI2-R2 (50-ctgaggatctctggttgtggt-30) c-Myc-F (50-aaaggcccc-
caaggtagtta-30) and c-Myc-F (50-aaaggc ccccaaggtagtta-30).

Antibodies used for immunoprecipitation and Western
blotting

A PP2A-C subunit antibody (clone ID6, 05-421) and a TCF4
antibody (05-511) were from Merck Millipore. A PPR2R5A
(B56a) antibody (Ab72028), a nuclear protein p83 antibody
(Ab487) and a Myc tag antibody (ab9106) were from Abcam.
Cell Signaling Technology supplied antibodies against GSK-3b
(#9315), phospho-GSK-3b (Ser9) (#9323), C-terminal b-cate-
nin (#9587), phospho-b-Catenin (Ser33/37) (#2009) and
DYKDDDDK (#8146). Also supplied were alkaline phopha-
tase-conjugated secondary antibodies against mouse IgG
(#7056) and rabbit IgG (#7054). Santa Cruz Biotechnology
(Dallas, TX) supplied anti-MMP7 (sc-80205), anti-Cyclin D2
(sc-181) and anti-p53 (Pab1801, sc-98) antibodies. An anti-p63
monoclonal antibody (4A4) was from Santa Cruz Biotechnol-
ogy (sc-8431) and also from Abcam (Ab735). An anti-DDDK
tag antibody from Origene (TA50011-5) was also used. Images
obtained with the Immun-Star Chemiluminescent Protein
Detection system (Bio-Rad) were captured by ECL minicamera
and ImageQuant LAS 4000mini (GE Healthcare).

PP2A enzyme assay

PP2A Immunoprecipitation Phosphatase Assay Kit (Millipore)
was used for immunoprecipitation and enzyme activity quanti-
fication. One reaction contained PP2A from sonicated cell
lysate (aliquot corresponding to 2.5£105 cells). Released phos-
phate amounts were measured by a malachite green colorimet-
ric assay. Experiments were performed 4 times with 2 technical
replicates.

Plasmids

pGL3-OT, pGL3-OF, wild-type b-catenin cloned in pCIneo,
S33Y b-catenin cloned in pCIneo, Flag-tagged b-catenin
cloned in pSG5 (MF66), and Myc-TCF4 cloned in pcDNA
were described.60 CMV promoter-driven p63 expression
plasmids were described.13 Deletion mutants, del-p53FM
and del-WREx3 were constructed by MluI-PstI and PstI-
BglII digestion, respectively, followed by ligation with syn-
thetic nucleotides minimizing the sequences to be deleted.
The MMP7-WRE1 sequences were obtained from genomic
DNA by PCR with primers MluI-MMP7-WRE1-F1 (50-
cttacgcgtaaccggggctgaataactct-30) and BglII-MMP7-WRE1-
R1 (50-gaaagatctactgccaaatccaaggtcac-30), and inserted at the
MluI-BglII sites of the pGL3-promoter vector (Promega,
Madison, WI). The CCND2-WREb sequences were ampli-
fied with primers MluI-CCND2-WREb-F1 (50-
cttacgcgtgggtggaagagaccttgctc-30) and BglII-CCND2-WREb-
R1 (50-gaaagatcttttgagtcaccccggataag-30) to be inserted at the

same sites. The region covering MMP7-WRE2, TATA box
and initiation site was amplified with MMP7-Amp-F3 (50-
cttacgcgtaatttatgcagcagacagaaaaa-30) and MMP7-Amp-R3
(50-cgcagatcttgttcttggacctatggttga-30), and inserted at the
MluI-BglII site of pGL3-OT after excising the p53FM-
WREx3-promoter region.

Luciferase reporter assay

Plasmids were transfected with Effectene transfection reagent
(Qiagen). Cells were plated in 24-well plates at 5£104¡105

cells/well 24 hr before transfection. At 48 hr of transfection cells
were harvested. Luciferase assay was performed with the lucif-
erase assay systems and Steady-Glo luciferase assay system in
combination with Glo lysis buffer (Promega). The enzyme
activity was quantified with Lumat LB9507 (Perkin Elmer,).
Experiments were performed in 2 biological replicates with 3
technical replicates.

Chromatin Immunoprecipitation (ChIP)

We used the ChIP-IT High Sensitivity kit (Active Motif, Carls-
bad, CA). ChIP-validated antibodies for p63 (39739, Active
Motif), TCF4 (17-10109, Millipore) and b-catenin (#9587, Cell
Signaling Technology) were applied. Pretreated ChIP IgG
(4 mg) and sheared chromatin (10 mg) were incubated over-
night at 4�C, combined with washed protein G-agarose beads,
and incubated for additional 3 hr. Purified DNA was quantified
by qPCR with primers: MMP7-WRE1-F1 (50-aaccggggctgaa-
taactct-30), MMP7-WRE1-R1 (50-actgccaaatccaaggtcac-30),
CCND2-WREb-F2 (50-ttgcctgtcgggttagattt-30) and CCND2-
WREb-R2 (50-tttgagtcaccccggataag-30).

Abbreviations

SCC squamous cell carcinoma
WRE Wnt response element
PP2A protein phosphatase 2A
ChIP chromatin immunoprecipitation
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