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Abstract
The p53 family member p63 is a master regulator of epithelial development. One of its isoforms, ΔNp63α, is
predominantly expressed in the basal cells of stratified epithelia and plays a fundamental role in control of
regenerative potential and epithelial integrity. In contrast to p53, p63 is rarely mutated in human cancers, but
it is frequently overexpressed in squamous cell carcinomas (SCC). However, its functional relevance to tumorigenesis remains largely unclear. We previously identified the Notch1 gene as a novel transcriptional target of
p53. Here, we show that ΔNp63α functions as a transcriptional repressor of the Notch1 gene through the p53responsive element. Knockdown of p63 caused upregulation of Notch1 expression and marked reduction in
proliferation and clonogenicity of both normal human keratinocytes and cervical cancer cell lines overexpressing ΔNp63α. Concomitant silencing of Notch1 significantly rescued this phenotype, indicating the growth
defect induced by p63 deficiency to be, at least in part, attributable to Notch1 function. Conversely, overexpression of ΔNp63α decreased basal levels of Notch1, increased proliferative potential of normal human keratinocytes, and inhibited both p53-dependent and p53-independent induction of Notch1 and differentiation
markers upon genotoxic stress and serum exposure, respectively. These results suggest that ΔNp63α maintains the self-renewing capacity of normal human keratinocytes and cervical cancer cells partly through transcriptional repression of the Notch1 gene and imply a novel pathogenetical significance of frequently observed
overexpression of ΔNp63α together with p53 inactivation in SCCs. Cancer Res; 70(10); 4034–44. ©2010 AACR.

Introduction
p63, a member of the p53 family of transcription factors,
plays a pivotal role in epithelial development and morphogenesis (1–3). Like other p53 family members, the p63 gene
encodes multiple isoforms and contains two different promoters to drive the expression of two classes of proteins with
or without the NH2-terminal major transactivation domains
TAp63 and ΔNp63, respectively. In addition, TAp63 and
ΔNp63 each have three variants with different COOH-termini
(α, β, and γ) generated through alternative splicing. TAp63
isoforms are expressed in the initiation period of epithelial
stratification during embryogenesis (4) and are hardly detectable in adult epidermis (3, 5, 6), although they were very recently reported to be expressed in dermal and epidermal
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ing adult stem cell populations and genomic stability (7). The
ΔNp63α, the predominant isoform expressed in developmentally mature keratinocytes, is localized in the proliferative basal layers of stratified epithelia, where it essentially
contributes to maintenance of regenerative potential or
stemness (5, 8–11). Whereas ΔNp63α was initially shown
to have dominant-negative activity toward TAp63 isoforms
as well as p53 in a competitive manner (12), studies also suggest the presence of a second transactivation domain in the
COOH-terminal region (13). In contrast to p53, p63 is rarely
mutated in human cancers, but tumor suppressor functions have
been proposed, particularly for TAp63 isoforms (7, 14, 15). p63
expression is diminished during progression to invasion
and metastasis of bladder carcinomas, and loss of p63 expression is associated with poor prognosis (5, 16). Sequestering p63 functions with mutant-p53 is also suggested to be
linked with metastatic risk in breast cancer patients (17).
Furthermore, it has been experimentally shown that loss of
p63 in squamous cell lines results in upregulation of genes
involved in invasion (18) and an increase in cell motility
(18, 19). On the other hand, overexpression of ΔNp63α has
been found in >50% of human squamous cell carcinomas
(SCC), including examples in the lung, head and neck, and
cervix, often as a result of gene amplification (6, 16, 20, 21).
However, the pathologic relevance to tumorigenesis remains
obscure. In addition, although a number of genes have been
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identified as p63 targets (22–25), the significance of each in
epithelial biology and oncology is not fully understood.
Cervical cancer is thought to arise from cervical keratinocytes, and high-risk human papillomaviruses (HR-HPV), such
as HPV-16 and HPV-18, have been well characterized as
causative agents (26). Two viral proteins, E6 and E7, are
known to inactivate the major tumor suppressors p53 and
retinoblastoma protein, respectively, and are considered responsible for both genesis and maintenance of the transformed phenotype. The HR-HPV E6 protein is known to
suppress keratinocyte differentiation, although the underlying molecular mechanism has been elucidated to only a limited extent (27).
The Notch family genes encode evolutionarily conserved
cell surface receptors playing crucial roles in cell fate specification during development as well as in maintenance of
self-renewing tissue organization (28). The biological consequence of Notch activation is critically dependent on cell type
and cellular context (29–31). In normal keratinocytes, Notch1
has been identified as a key inducer of differentiation (32–34),
and accumulating evidence suggests a tumor suppressive
role in mammalian postnatal epidermis (29, 31, 35–37).
Previously, through analysis of the E6 proteins of HRHPVs, we identified the Notch1 gene as a novel p53 target
and showed that genotoxic stress activates the p53-Notch1
pathway to induce differentiation of normal human keratinocytes (38). E6-mediated p53 inactivation can disrupt this
pathway, leading to Notch1 downregulation and thus inhibition of differentiation. Others have also reported p53-driven
Notch1 expression contributing to tumor suppression (39). In
addition, our previous finding that the p53-responsive
element in the Notch1 promoter is occupied by p63 and
replaced by p53 upon genotoxic stress prompted us to investigate the possible involvement of p63 in Notch1 gene expression. Herein, we show that the Notch1 gene is a critical
negative regulatory target of ΔNp63α and that overexpressed
ΔNp63α endows epithelial cells with an increased proliferative potential and tumorigenic properties through constitutive downregulation of Notch1.

Materials and Methods
Cell culture. Normal human cervical keratinocytes (HCK)
were obtained with written consent from a patient who underwent abdominal surgery for a gynecologic disease other
than cervical cancer and were retrovirally transduced with
the catalytic subunit of human telomerase reverse transcriptase for immortalization (HCK1T; ref. 38). HCK1T and primary human dermal keratinocytes (HDK) were cultured in
serum-free keratinocyte-SF medium supplemented with
5 ng/mL epidermal growth factor and 50 μg/mL of bovine
pituitary extract (Invitrogen). The source, authentication,
and methods of maintenance of cell lines used are described
in the Supplementary Materials and Methods.
Retroviral vector construction. Retroviral vector plasmids
were constructed using the Gateway system according to the
manufacturer's instructions (Invitrogen). Segments of ΔNp63α
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and ΔNp63αY449F (Itch E3 ubiquitin ligase-binding site
mutant; ref. 40) were cloned and recombined into retroviral expression vectors to generate pCLXSN-ΔNp63α,
pCLXSN-ΔNp63α Y449F , PQCXIN-ΔNp63α, and PQCXINΔNp63α Y449F . To generate a p63-specific short hairpin
RNA (shRNA) expression vector, pCL-SI-MSCVpuro-p63Ri,
5′-GGGTGAGCGTGTTATTGATGCT-3′ was chosen as the
targeted sequence.
Immunoblotting. Immunoblotting was conducted as described previously (38). Antibodies used were listed in Supplementary Materials and Methods.
Northern blotting. Total RNA (15 μg) was electrophoresed
on 1% agarose-formaldehyde gels, transferred to nylon membranes, and hybridized to 32P-labeled probes. The Notch1
probe was generated by random primer labeling (Amersham
Biosciences) of a Notch1 cDNA corresponding to the intracellular domain.
Dual-luciferase reporter assay. Construction of the
Notch1 promoter reporter N1PR-Luc and its p53-binding
site-mutant N1PRmut-Luc was as described previously (38).
Another version of reporter harboring a longer region of
the Notch1 promoter N1PR2-Luc was constructed by inserting
a Notch1 promoter region spanning −2,153 to −1 relative to
the translation initiation site (cloned from BAC clone, RP11611D20) into a promoterless luciferase reporter plasmid,
PGV-B (Toyo Ink). Cells were cotransduced with the Notch1
promoter reporters and the Renilla luciferase construct for
normalization, and lysates were harvested and subjected to
dual-luciferase reporter assay, following the manufacturer's
instructions (Promega).
Clonogenic assay. Aliquots of 500 cells were seeded on
35-mm dishes under sparse conditions. After cultivation for
2 weeks, the cells were stained with Giemsa's dye, and the
number of colonies was counted.
Colony formation in soft agar. Aliquots of 5 × 104 cells
were suspended in a 0.4% agarose-containing medium and
seeded on 35-mm dishes with a 0.7% agarose underlay. The
next day, cells were overlaid with 0.6% agarose and then
medium was added on top of the agar. Medium was changed
weekly to feed cells, and the number of colonies over 50 μm
in diameter was counted after 3 weeks.
Tumorigenesis in nude mice. All surgical procedures and
care given to the animals were in accordance with institutional guidelines. Cells were resuspended in 50% Matrigel
(BD Biosciences) and s.c. injected into female BALB/c nude
mice (Clea Japan, Inc.).

Results
ΔNp63α downregulates Notch1 expression and differentiation of normal human keratinocytes upon genotoxic
stress. Previously, we detected p63 binding to the p53responsive element identified in the Notch1 promoter and its
replacement by p53 upon genotoxic stress in normal human
keratinocytes (38). The observation prompted us to speculate
that the predominant isoform of p63, ΔNp63α, may function
as a transcriptional repressor for the Notch1 gene. To address
this, we first examined the effect of ΔNp63α expression on
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Notch1 levels in normal human epithelial cells. Because
ΔNp63α is the major isoform in keratinocytes and the other
isoforms are expressed at low to undetectable levels, hereafter we refer to endogenous ΔNp63α as “p63” except where
required. The wild-type ΔNp63α and a degradation-resistant
mutant ΔNp63αY449F (40) were expressed under the control
of different promoters, LTR or CMV, in normal HCKs
(HCK1T; ref. 38). Upon ΔNp63α transduction, the endoge-

nous level of Notch1 was downregulated to an extent parallel
with the ΔNp63α level (Fig. 1A). Notch1 downregulation by
overexpressed ΔNp63α was also observed in other different
types of normal human epithelial cells, including primary
HDKs, bronchial epithelial cells, small airway epithelial cells,
and mammary epithelial cells (Supplementary Fig. S1), indicating a common control mechanism for Notch1 expression
in human epithelial cells. Consistent with the previous

Figure 1. ΔNp63α represses p53-dependent expression of the Notch1 gene and inhibits differentiation of normal human keratinocytes upon genotoxic
stress. A, HCK1T cells were stably transduced with the indicated genes by retroviral gene transfer. v cont, vector control. Cells were exposed to 10 Gy IR (+)
or left untreated (−), and cell lysates were prepared at 24 h posttreatment. Extracts were analyzed by immunoblotting with the indicated antibodies. B,
HCK1T cells were transduced with either control shRNA (cont)– or p63 shRNA–encoding retroviral vectors. At 48 h after transduction, cells were exposed to
10 Gy IR (+) or left untreated (−). Cell lysates were prepared after another 24 h of incubation, and immunoblotting was performed. C, Notch1 mRNA
levels in HCK1T cells expressing p63 shRNA, Notch1 shRNA, or control shRNA. 36B4 was used as the loading control. D, left, HCK1T cells stably
expressing p53 shRNA or control shRNA were first introduced with the reporters of 1-kb Notch1 promoter (N1PR-Luc) or the 1-kb Notch1 promoter having
the p53-binding site mutated (N1PRmut-Luc). Cells were then transduced with retroviral vectors encoding LTR-driven or CMV-driven ΔNp63α,
p63 shRNA, or control shRNA. At 48 h after transduction, cells were exposed to 10 Gy IR (+) or left untreated (−), and 24 h thereafter, cell lysates were
prepared. Cell extracts were subjected to dual-luciferase reporter assays. Rel. luc., relative luciferase. D, right, HCK1T cells stably expressing either
the 2-kb Notch1 promoter reporter (N1PR2-Luc) or N1PR-Luc were transduced with the indicated genes. Cells were processed as for A, and
dual-luciferase reporter assays were performed.
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reports showing down-modulation of ΔNp63α in response to
UV radiation (41, 42), treatment with ionizing radiation (IR)
resulted in drastic reduction of ΔNp63α in control cells.
However, CMV-driven expression of ΔNp63α seemed to be
maintained at a higher level and abrogated the p53-mediated
Notch1 induction even after IR. We also observed downregulation of a representative differentiation marker, involucrin,
in concert with the Notch1 level. Another differentiation
marker, K10, was also induced upon IR treatment only in
control cells, and this response was diminished in cells expressing exogenous ΔNp63α. In contrast, expression of
K14, a marker of the proliferating basal layer and a direct
target of ΔNp63α (11), was upregulated by ΔNp63α dose dependently, confirming the functionality of exogenously introduced ΔNp63α. Interestingly, p21 expression seemed to be
unaffected by excess ΔNp63α and was induced upon genotoxic stress in ΔNp63α-overexpressing cells, suggesting target specificity of ΔNp63α in this cellular context.
It has previously been shown that down-modulation of
ΔNp63α is induced upon keratinocyte differentiation (43, 44)
and Notch1 activation (ref. 45; Supplementary Fig. S2). Then
we further examined the ΔNp63α-mediated repression of
Notch1 and the causal role for ΔNp63α downregulation in
keratinocyte differentiation by the loss-of-function approach.
Knockdown of p63 by shRNA-mediated RNA interference indeed resulted in upregulation of Notch1 and involucrin, as
well as another terminal differentiation marker, loricrin,
and this was further enhanced by IR (Fig. 1B). Northern blot
analysis validated the Notch1 regulation by p63 at the level of
transcription (Fig. 1C). Thus, ΔNp63α negatively regulates
the Notch1 level, and its overexpression can suppress induction of Notch1 and differentiation markers in response to
genotoxic stress.
ΔNp63α represses Notch1 promoter activity by counteracting p53. To further corroborate transcriptional regulation
of the Notch1 gene by p63, we assessed the effect of p63 expression on Notch1 promoter reporter activity in HCK1T
cells. The Notch1 promoter was shown to be transactivated
by p53 in response to IR (38), whereas ΔNp63α overexpression led to shutdown of Notch1 promoter activity even after
genotoxic stimuli (Fig. 1D, left). Conversely, p63 silencing
caused a marked increment of the promoter activity compared with the control case, this response being further
strengthened by IR. Mutations in the previously identified
p53-binding sites or p53 knockdown resulted in lack of response to either p63 silencing or IR, suggesting dependence
of p63 functionality on the p53-responsive element and p53
presence. We also examined the effect of ectopic expression
of the TAp63α isoform on Notch1 promoter activity and
found that, in contrast to ΔNp63α, it transactivated Notch1
promoter in the absence of DNA-damaging stimuli to a level
similar to that seen in p63 knockdown cells (Supplementary
Fig. S3). In addition to the p53-responsive element, there are
several putative transcription factor binding sites between 1
and 2 kb upstream of the Notch1 gene, which are conserved
among human, mouse, and rat. We therefore aimed to compare the activity of the 2-kb Notch1 promoter with that of the
1-kb Notch1 promoter and found similar downregulation
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by E6 expression, p53 silencing, or ΔNp63α overexpression
in the absence or presence of genotoxic stimuli (Fig. 1D,
right). Therefore, we conclude that ΔNp63α functions as a
transcriptional repressor for Notch1 gene expression by counteracting p53 under genotoxic stress conditions.
ΔNp63α can repress p53-independent expression of the
Notch1 gene and suppress differentiation of normal
human keratinocytes upon serum exposure. Notch1 has been
shown to be a key determinant of keratinocyte differentiation
(32, 33), and the developmental normality of p53-deficient
mice points that p53 is not essential for such differentiation,
at least in the developmental stages (46). Accordingly, it is
tempting to speculate that ΔNp63α may exert its repressor
activity on Notch1 gene expression independently of competition with p53. To address this possibility, we determined
whether ΔNp63α could also inhibit Notch1 promoter activation in HCK1T cells upon keratinocyte differentiation induced by exposure to serum-containing medium. Serum
stimulation caused ∼3-fold increase for both the 1-kb and
2-kb Notch1 promoter activities in control cells (Fig. 2A). Unlike the activation of the Notch1 promoter by IR (Fig. 1D,
right), knockdown of p53 did not efficiently inhibited the induction. However, ΔNp63α overexpression and expression of
16E6 still substantially inhibited the activation of the 2-kb
Notch1 promoter, indicating that ΔNp63α and 16E6, to a
lesser extent, can attenuate the p53-independent Notch1
transactivation induced by serum exposure. In parallel with
the results, ΔNp63α overexpression suppressed the upregulation of Notch1 as well as differentiation markers upon
serum-induced differentiation, similarly to the case of Notch1
silencing (Fig. 2B). We also observed reduced accumulation
of Hes1, Hey1, and Nrarp, all of which are known downstream targets of Notch1 signaling, in ΔNp63α-overexpressing
cells, confirming the down-modulation of Notch1 signaling
activity by ΔNp63α. Importantly, serum stimulation did
not activate p53, and p53 silencing failed to inhibit the induction of Notch1 and differentiation markers. Moreover,
ΔNp63α overexpression downregulated the endogenous levels of Notch1 in a p53-deficient HCT116 isogenic cell line
and those in which mutant forms of p53 are expressed
(Fig. 2C). Thus, these data suggest that ΔNp63α can also
function as a transcriptional repressor for Notch1 gene independent of competition with p53 and that its overexpression
inhibits both p53-dependent and p53-independent induction
of keratinocyte differentiation.
Ablation of p53 or Notch1 significantly rescues the
proliferative defect of p63-compromised cells. Next, we addressed the functional importance of the p63-Notch1 axis by
rescue experiment. Knockdown of p63 in HCK1T cells resulted in a virtually complete loss of proliferative ability
(Fig. 3A) as well as clonogenicity (Fig. 3B). E6 expression or
concomitant silencing of p53 significantly ameliorated this
phenotype, in line with a previous report of p53 dependency
for hypoproliferation induced by p63 knockdown in developmentally mature keratinocytes (9). Importantly, Notch1
silencing also significantly rescued the ability of p63-deficient
cells to proliferate, suggesting that the defect in the selfrenewing capacity induced by p63 deficiency is at least
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Figure 2. ΔNp63α can function as a transcriptional
repressor for p53-independent expression of the Notch1
gene and suppress serum-induced differentiation of
normal human keratinocytes. A, HCK1T cells stably
expressing either N1PR-Luc or N1PR2-Luc were
transduced with the indicated genes. At 48 h after
transduction, cells were exposed to serum-containing
medium (+) or left untreated (−). At 24 h thereafter, cell
lysates were prepared and subjected to dual-luciferase
reporter assays. B, HCK1T cells transduced with the
indicated genes were treated as for A, and extracts were
analyzed by immunoblotting. C, the indicated cells
were stably transduced with either CMV-driven ΔNp63α
or a vector control (v cont) by retroviral gene transfer,
and extracts were subjected to immunoblotting.

in part attributable to Notch1 function. Nevertheless, there
was still a large population of cells undergoing p53-independent and Notch1-independent growth suppression after p63
knockdown.
Previously, we showed the relevance of the p53-Notch1
pathway to both spontaneous differentiation by culture stress
and its induction upon DNA damage (38). In marked contrast
to control cells in which Notch1 and involucrin were considerably upregulated upon p63 knockdown, these changes were
modest or marginal in cells expressing E6, p53 shRNA, or
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Notch1 shRNA (Fig. 3C). Introduction of a constitutively active
form of Notch1 into HCK1T cells did not evoke apoptosis1 (47)
but rather induced differentiation accompanied by massive
growth inhibition (ref. 38; Supplementary Fig. S2). Therefore,
we infer from these data that endogenous levels of p53 in
culture are able to trigger differentiation and thus cause
growth suppression through Notch1 induction when p63 is

1
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Figure 3. Knockdown of Notch1 or inactivation of p53 restores the proliferation defect triggered by p63 silencing. A, HCK1T cells stably expressing Notch1
shRNA, HPV-16 E6, p53 shRNA, or EGFP shRNA control (cont) were transduced with either p63 shRNA or control shRNA. At 48 h after transduction,
aliquots of 1 × 104 cells were replated on 35-mm dishes, and proliferation was monitored over the next 8 d. B, after treatment as for A, aliquots of 500 cells
were seeded on 35-mm dishes to assess clonogenicity. C, after treatment as for A, extracts were analyzed by immunoblotting.

compromised. In this regard, it should be stressed that
ΔNp63α can negatively regulate the p53-Notch1 pathway,
whereby it supports proliferation by inhibiting differentiation.
ΔNp63α overexpression confers increased proliferative
and tumorigenic potential on normal human keratinocytes. We next explored the biological outcomes of ΔNp63α
overexpression in HCK1T normal human keratinocytes.
Overexpression of ΔNp63α has been previously shown to
elicit enhanced clonogenic growth of HCK1T cells after
DNA damage (38) or Notch1 activation (45). Here, proliferation assays revealed the proliferation capacity to increase in
parallel with ΔNp63α levels (Fig. 4A). We then carried out
soft agar colony formation assays to assess the ability of
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the overexpressed ΔNp63α to induce anchorage-independent growth in combination with the defined oncogenes
HPV-16 E7 and activated Hras (48). The expression of the
transgenes and the downregulation of Notch1 by ΔNp63α
overexpression were confirmed (Fig. 4B). In contrast to vector control cells with which no overt colonies were formed,
ΔNp63α and, more clearly, the Y449F mutant elicited colonyforming ability, albeit to a lesser extent than E6 (Fig. 4C).
ΔNp63α overexpression also conferred in vivo tumorigenicity
when cells were s.c. injected into nude mice (Fig. 4D). Thus,
ΔNp63α overexpression endows normal keratinocytes with
increased proliferative potential in itself and tumorigenic
potential together with selected oncogenes.
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Overexpressed ΔNp63α in cancer cells has a functional
role in proliferation by downregulating Notch1. Next, we
aimed to substantiate the functional relevance of overexpressed ΔNp63α in SCCs. Some cervical cancer cell lines,
such as QG-H, SKGIIIb, and ME180, were found to exhibit pronouncedly increased levels of ΔNp63α and downregulation of
Notch1, relative to those in normal cervical keratinocytes,
HCK1T and HCK11, or primary dermal keratinocytes, HDK
(Fig. 5A). The activity of the Notch1 promoter reporter was
augmented by p63 silencing in QG-H and SKGIIIb cells

(Fig. 5B, left). Interestingly, genotoxic stress failed to activate
the Notch1 promoter (Fig. 5B, right) wherein the ΔNp63α levels were maintained at high levels (Fig. 5C).
Knockdown of p63 in a panel of cervical cancer cell lines,
including HPV-16–positive lines such as CaSki, SiHa, QG-U,
QG-H, and SKGIIIb, and a HPV-negative line, C33A, revealed
considerable growth suppression specifically observed
in cells overexpressing ΔNp63α (Fig. 6A; Supplementary
Fig. S4A, B). Among these are QG-H and SKGIIIb cells. On
the other hand, proliferation of CaSki, SiHa, and C33A cells,

Figure 4. ΔNp63α overexpression endows normal human keratinocytes with increased proliferative capacity and tumorigenic properties. A, HCK1T cells
were stably transduced with the indicated genes. Aliquots of 1 × 103 cells were replated on 35-mm dishes, and proliferation was monitored over the
next 10 d. B, HCK1T cells expressing HPV-16 E7 and HrasG12V were transduced with the indicated genes. Cell extracts were analyzed by immunoblotting.
C, aliquots of 5 × 104 cells described in B were subjected to soft agar colony formation assay. Typical areas were photographed at 3 wk postplating.
The total number of colonies in a 15 mm2 area was shown. D, in vivo tumor-forming abilities of cells described in B. Aliquots of 1 × 106 cells were s.c.
injected into nude mice, and tumor size was measured at the indicated time points. The tumor volume (mm3) was calculated as L × W2 × 0.52, wherein
L is the longest diameter and W is the shortest diameter.
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in which ΔNp63α is undetectable, was not suppressed at all
upon p63 silencing. Much the same was found to be true for
their clonogenicity (Fig. 6B; Supplementary Fig. S5). These
defects in QG-H and SKGIIIb cells were significantly alleviated by concomitant silencing of Notch1 (Fig. 6A and B).
Taking into account that upregulation of Notch1 was
evident upon p63 silencing in QG-H and SKGIIIb cells
(Fig. 6C; Supplementary Fig. S6), we draw the conclusion
that the overexpressed ΔNp63α in these cancer cell lines results in robust repression of the Notch1 gene, which plays an
integral role in control of cancer cell growth (Supplementary
Fig. S7).

Discussion
In stratified epithelia, negative crosstalk between p63 and
Notch1 has been proposed, wherein ΔNp63α expression is
suppressed by Notch1 through modulation of IFN-responsive
factors and NF-κB signaling in the terminally differentiating
layers (45). In addition, p63 has been shown to inhibit
Notch1 activity via indirect mechanisms, thereby maintain-

ing the proliferative capacity of keratinocytes (30, 43). In particular, p63 was shown to counteract Notch1 activity by
transcriptional repression of the Hes1 gene, a downstream
target of Notch1 signaling (45). However, direct control of
Notch1 expression by p63 in developmentally mature keratinocytes has remained elusive. In the present study, using
normal human keratinocytes and other different types of
normal human epithelial cells, we could show an inverse
relationship between ΔNp63α and Notch1 expression and
unveil for the first time a repressor function of ΔNp63α
for Notch1 gene expression. Taking this together with our
previous finding of p63 binding to the p53-responsive element in the Notch1 promoter and its dissociation with
Notch1 induction (38), we conclude that Notch1 gene is a direct negative target of ΔNp63α in human keratinocytes.
We previously tested the effects of exogenous LTR-driven
expression of ΔNp63α on Notch1 expression in HCK1T cells
and found them to be marginal in the steady-state. Here, we
applied a CMV promoter to overexpress ΔNp63α to a level
comparable with those observed in some cervical cancer cell
lines (Figs. 1A, 2B, 4B, 5A, and 6C). We thereby found that

Figure 5. Notch1 promoter activation is blocked by overexpressed ΔNp63α in cancer cells. A, immunoblotting was performed with the indicated antibodies.
B, left, QG-H and SKGIIIb cells were stably introduced with N1PR-Luc, N1PR2-Luc reporters, or control construct (cont) and then transduced with
retroviral vectors encoding either p63 shRNA or EGFP shRNA control. At 48 h after transduction, cell lysates were prepared and subjected to dual-luciferase
reporter assays. B, right, QG-H and SKGIIIb cells stably expressing either N1PR-Luc, N1PR2-Luc reporters, or control construct were exposed to 1 or
10 Gy IR or left untreated (−). At 24 h thereafter, cell lysates were prepared and subjected to dual-luciferase reporter assays. C, cells were treated as in B,
and extracts were analyzed by immunoblotting.
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Figure 6. Knockdown of p63 induces growth suppression in cancer cells, and simultaneous silencing of Notch1 rescues this proliferation defect. A, QG-H
and SKGIIIb cells were introduced with Notch1 shRNA or control shRNA (cont). Cells were then transduced with either p63 shRNA or control shRNA.
At 48 h after transduction, aliquots of 8 × 103 cells for QG-H and SKGIIIb, 2 × 103 cells for SiHa, and 1 × 103 cells for C33A were replated on 35-mm dishes,
and proliferation was monitored over the next 8 d. B, cells were treated as for A, and aliquots of 500 cells were seeded on 35-mm dishes to assess
clonogenicity. C, cells were treated as in A, and extracts were analyzed by immunoblotting.

such overexpressed ΔNp63α has a pronounced effect on
Notch1 gene expression (Fig. 1A, D and Fig. 2A–C), where
overexpression of ΔNp63α reduced basal levels of Notch1
and inhibited both p53-dependent and p53-independent
Notch1 induction upon genotoxic stress and serum exposure,
respectively. The notion for p53-independent function of
ΔNp63α can also be supported by the fact that ΔNp63α
overexpression frequently coexists with p53 mutations in primary lung SCCs (21).
The observation of Notch1 promoter activation by ectopic
expression of TAp63α (Supplementary Fig. S3) is consistent
with defective Notch1 expression in the p63-null embryonic
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epidermis (3), assuming that the TAp63 isoform specifically
transactivates Notch1 gene expression in the developmental
stage. Given that transcriptional control of the Notch1 gene
remains largely unknown, the possible involvement of TAp63
or other unidentified transcription factors during development as well as under normal physiologic conditions in the
postdevelopmental stage is of particular interest.
It was recently reported that the catastrophic epithelial
phenotype of the p63-null mouse was partially ameliorated
by inactivation of either Ink4a or Arf, with p63 directly repressing Ink4a and Arf gene expression (49). However, we
failed to detect upregulation of these proteins upon p63
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silencing (Supplementary Fig. S8). Furthermore, in apparent
discordance with our observations (Fig. 3A–C) and the observations of others (9), loss of p53 failed to restore defective
proliferation of keratinocytes from p63-null mouse (49). We
speculate that acute knockdown of p63 in vitro recapitulates
physiologic differentiation of keratinocytes in suprabasal
layers through induction of Notch1, which is also regulated
by p53, whereas phenotypes in p63-deficient or TAp63deficient mice rather reflect impairment in the long-term
maintenance of keratinocyte stem cells by p63 through epithelial-mesenchymal interaction and repression of Ink4a/Arf
locus. However, further studies certainly seem warranted to
define the importance of the p63-Notch1 pathway in keratinocyte biology in vivo.
Intriguingly, we have also noted that ΔNp63α expression
is very low or even undetectable in several lines of cervical
cancer cells. In consideration of the essential role of p63 in
control of stemness, there might be some compensation
mechanism for its loss of function, and this is clearly an area of future research. Given the observed association between p63 loss and metastasis appearance (5, 16), it can
be hypothesized that overexpressed ΔNp63α promotes the
early stages of carcinogenesis as an oncogene by increasing
self-renewing capacity. Once cells become permissive to p63
loss due to some additional genetic or epigenetic alterations, they may acquire invasive features with the epithelialto-mesenchymal transition (18). In such situations, concomitant loss of TAp63 could be beneficial for cancer progression,
because TAp63 isoforms could be induced by wound and
stress (7) and possess tumor suppressor functions (15) similar to p53 and TAp73 (50). The presence of multiple iso-

forms with opposing and/or overlapping functions and
their balance might provide explanations for the unique
signature of p63 in tumorigenesis.
Taken together, our data establish a direct role of p63 in
Notch1 gene expression in human epithelial cells and provide
a molecular rationale for maintenance of proliferative potential by ΔNp63α through Notch1 repression in normal human
keratinocytes as well as cancer cells. Our findings suggest a
biological effect of increased ΔNp63α expression together
with inactivation of p53 on carcinogenesis by means of persistent downregulation of the Notch1 tumor suppressor.
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Correction

Correction: ΔNp63α Repression of the Notch1
Gene Supports the Proliferative Capacity of
Normal Human Keratinocytes and
Cervical Cancer Cells

Cancer
Research

In this article (Cancer Res 2010;70:4034–44), which was published in the May 15, 2010
issue of Cancer Research (1), there is an error in Fig. 6C. The second line should be
labeled “Notch1 (long-exposed).”
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