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Notch signaling promotes commitment of keratinocytes to differentiation and suppresses tumorigenesis. p63,
a p53 family member, has been implicated in establishment of the keratinocyte cell fate and/or maintenance
of epithelial self-renewal. Here we show that p63 expression is suppressed by Notch1 activation in both
mouse and human keratinocytes through a mechanism independent of cell cycle withdrawal and requiring
down-modulation of selected interferon-responsive genes, including IRF7 and/or IRF3. In turn, elevated p63
expression counteracts the ability of Notch1 to restrict growth and promote differentiation. p63 functions as a
selective modulator of Notch1-dependent transcription and function, with the Hes-1 gene as one of its direct
negative targets. Thus, a complex cross-talk between Notch and p63 is involved in the balance between
keratinocyte self-renewal and differentiation.
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Normal tissue homeostasis is determined by a complex
interplay between developmental signals and other cell
regulatory pathways. Notch cell surface receptors and
their ligands belonging to the Delta and Serrate/Jagged
families play a crucial role in cell fate determination and
differentiation, functioning in a cell- and context-spe-
cific manner (Artavanis-Tsakonas et al. 1999). In mam-
malian cells, Notch activation is generally thought to
maintain stem cell potential and inhibit differentiation,
thereby promoting carcinogenesis (Artavanis-Tsakonas
et al. 1999). However, in specific cell types such as ke-
ratinocytes, increased Notch activity causes exit from
the cell cycle and commitment to differentiation (Lowell
et al. 2000; Rangarajan et al. 2001; Nickoloff et al. 2002),

whereas down-modulation or loss of Notch1 function
promotes carcinogenesis (Talora et al. 2002; Nicolas et
al. 2003).

In the human epidermis, localized expression of the
Notch-ligand Delta in putative “stem cells” has been
proposed to induce commitment of neighboring Notch1-
expressing keratinocytes to a “transit-amplifying” phe-
notype, through a negative feedback mechanism of lat-
eral inhibition (Lowell et al. 2000). On the other hand, in
both mouse and human epidermis, Jagged 1/2, Notch1,
and Notch2 are coexpressed in differentiating keratino-
cytes of the supra-basal layers, consistent with a positive
feedback loop between these molecules that serves to
reinforce and synchronize Notch activation with differ-
entiation (Luo et al. 1997; Rangarajan et al. 2001; Nick-
oloff et al. 2002).

The best characterized “canonical” pathway of Notch
activation involves proteolytic cleavage and transloca-
tion of the cytoplasmic domain of the receptor to the
nucleus, where it associates with the DNA-binding pro-
tein RBP-J� (CBF-1, CSL), converting it from a repressor
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into an activator of transcription (Mumm and Kopan
2000; Lai 2002). However, direct binding of Notch to a
second ancillary protein, Mastermind-like 1 (MAML-1)
is required for elevated levels of RBP-dependent tran-
scriptional activation through recruitment of further
transcription coactivators such as p300 (Petcherski and
Kimble 2000; Wu et al. 2000; Oswald et al. 2001). Tran-
scriptional repressors of the HES (Hairy Enhancer of
Split)/HERP (HES-related repressor protein) family are
well-characterized direct targets of Notch/RBP-J� activa-
tion (Davis and Turner 2001; Iso et al. 2003). In mouse
keratinocytes, the gene for the cyclin/CDK inhibitor
p21WAF1/Cip1 is also induced by the Notch/RBP-J� com-
plex through both a direct and indirect mechanism (Ran-
garajan et al. 2001; Mammucari et al. 2005), with
p21WAF1/Cip1 functioning downstream of Notch, as a
negative transcriptional regulator of Wnt4 expression
(Devgan et al. 2005). Notch activation also exerts effects
on other pathways important to keratinocyte growth and
differentiation; it induces NF-�B (Nickoloff et al. 2002)
and inhibits AP-1 (Chu et al. 2002; Talora et al. 2002) and
�-catenin signaling (Nicolas et al. 2003; Devgan et al.
2005).

While Notch activation restricts the proliferative po-
tential of keratinocytes and promotes differentiation,
p63, a close homolog of the p53 tumor suppressor pro-
tein, has been linked to cell fate determination and/or
maintenance of self-renewing populations in several epi-
thelial tissues, including skin, mammary gland, and
prostate (Yang et al. 2002). Furthermore, this gene is
overexpressed in a variety of epithelial tumors including
oral and skin squamous cell carcinomas (Westfall and
Pietenpol 2004). p63 can be produced in at least six dif-
ferent isoforms. Initiation of transcription at two differ-
ent promoters results in mRNAs coding for the TA-p63
and �N-p63 isoforms that contain and lack, respectively,
an N-terminal transcription-activating domain. While
�N-p63 can act as a dominant-negative suppressor of the
TA isoform (Yang et al. 1998), it is also endowed with its
own transcription-activating function (Dohn et al. 2001;
King et al. 2003; Wu et al. 2003). Differential splicing of
the TA-p63 and �N-p63 mRNAs leads in each case to the
production of three different isoforms that contain
(p63�) or lack (p63� and p63�) a sterile � motif (SAM)
domain (Yang et al. 1998). TA-p63� expression plays a
key role in the transition from a simple to stratified epi-
thelium during epidermal development (Koster et al.
2004). After birth, the major isoform expressed in kera-
tinocytes is �N-p63� (Yang et al. 1998). p63 is expressed
in cells of the basal epidermal layer and hair follicles, and
in the basal layers of the mammary gland and the pros-
tate, while it is strongly down-modulated with differen-
tiation (Yang et al. 1998; Di Como et al. 2002; Nylander
et al. 2002).

The molecular basis for control of p63 expression is
not known. Similarly, while elevated p63 expression can
suppress differentiation (Ellisen et al. 2002; King et al.
2003, 2006; Koster et al. 2004), the underlying mecha-
nisms have not been defined. Here, we show the exist-
ence of a complex negative feedback loop between Notch

and p63 that controls the balance between keratinocyte
self-renewal and differentiation. p63 expression is sup-
pressed by Notch1 activation through a cell cycle-inde-
pendent mechanism involving selective down-modula-
tion of interferon-responsive genes. In turn, p63 func-
tions as a modulator of Notch1-dependent transcription
and function, with Hes-1 as a direct target gene.

Results

p63 expression is down-modulated by Notch1
activation in differentiation

While Notch1 activation triggers direct cell cycle with-
drawal of mouse primary keratinocytes (Rangarajan et al.
2001), in keratinocytes of human origin it has less im-
mediate effects, causing these cells to replicate for a lim-
ited number of times with a subsequent loss of clono-
genic potential (Lowell et al. 2000; our unpublished ob-
servations). A comparative global analysis of gene
expression was used to identify common Notch1 targets
in mouse and human keratinocytes. Cells were infected
with a recombinant adenovirus expressing a constitutive
active form of Notch1 and GFP (Ad-NIC), versus an
empty vector control virus expressing GFP alone (Ad-
GFP). cRNA probes were hybridized in duplicate to oli-
gonucleotide arrays and the Resourcerer software (avail-
able at http://pga.tigr.org/tigr-scripts/magic/r1.pl) was
used to align microarray data for homologous cDNA se-
quences of the two species. Among these, 34 genes of
known function were identified that were significantly
up-regulated and 106 genes that were down-modulated
by activated Notch1 in both mouse and human keratino-
cytes. These genes were assigned to several functional
categories, including control of transcription, signal
transduction, and adhesion (Supplementary Table 1).
Among down-regulated genes with a known or likely
role in cell fate determination and/or differentiation was
p63, a p53 homolog that has been linked to keratinocyte
cell fate commitment and/or maintenance of self-renew-
ing populations (McKeon 2004).

The major isoform expressed in keratinocytes after
birth is �N-p63� (Yang et al. 1998). Real-time RT–PCR
confirmed that �N-p63 mRNA expression is strongly
down-modulated by expression of activated Notch1 in
both mouse (Fig. 1A) and human keratinocytes (Fig. 1B),
and similar down-modulation was found by immuno-
blotting at the protein level (Fig. 1C). Rather, low to un-
detectable levels of the other isoforms were found by
RT–PCR with corresponding specific primers in these
cells. For this reason, we refer throughout the paper to
endogenous �N-p63� generally as “p63” except where
otherwise required.

To assess whether p63 expression is also down-modu-
lated by activation of endogenous Notch receptors, two
complementary approaches were taken. In the first, to
mimic the up-regulation of Jagged expression that occurs
in differentiating cells of the upper epidermal layers (Luo
et al. 1997; Rangarajan et al. 2001; Nickoloff et al. 2002),
keratinocytes were infected with an adenovirus express-
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ing the Jagged 1 ligand. p63 mRNA and protein were
down-modulated significantly, as after direct expression
of activated Notch1 (Fig. 1C,D). Alternatively, to induce
activation of Notch receptors by ligand interaction with
neighboring cells, human keratinocytes were cocultured
for 48 h with either control mouse NIH3T3 fibroblasts or
fibroblasts expressing the full-length Delta 1 or Jagged 1
ligands. Real-time RT–PCR analysis with human-spe-
cific oligonucleotide primers showed that p63 mRNA
expression was suppressed significantly even in this case
(Fig. 1E).

To assess whether the down-modulation of p63 ex-
pression in differentiation is Notch-dependent, we
evaluated the consequences of deleting the endogenous
Notch1 gene. In fact, while keratinocytes express both
Notch1 and Notch2 receptors, conditional deletion of
Notch1 is sufficient to alter their normal growth/differ-
entiation program and promote carcinogenesis (Rangara-
jan et al. 2001; Nicolas et al. 2003). In primary keratino-

cytes where the Notch1 gene flanked by loxP sites was
disrupted by Ad-Cre-mediated recombination, down-
regulation of p63 expression associated with differentia-
tion occurred to a significantly lesser extent than in the
controls (Fig. 2A), even though differentiation markers in
these cultured cells are still induced (Rangarajan et al.
2001). In the intact epidermis in vivo, a keratinocyte-
specific deletion of the Notch1 gene induced by topical
activation of a K5-CrePR1 transgene after birth (Mam-
mucari et al. 2005) caused a substantial increase in p63
protein expression, especially pronounced in the upper
epidermal layers (Fig. 2B). The increased p63 expression
could be an early event triggered by deletion of the
Notch1 gene or occur as a concomitant and/or secondary
consequence of the epidermal hyperplasia. The activa-
tion of the K5-CrePR1 transgene by RU486 exposure
used in the above experiments requires repeated days of
treatment and further time to ensure efficient deletion of
target genes (Mammucari et al. 2005). Therefore, to
evaluate the early effects of Notch1 deletion, we used a
second kind of mice, carrying the “floxed” Notch1 gene
together with a constitutive K14-Cre transgene
(K14Cre�neo), which starts to be expressed around birth
(Huelsken et al. 2001). Histological analysis of the skin
of these mice revealed no differences in epidermal thick-
ness and structure relative to K14-Cre negative controls
until 7 d after birth, with a weak hyperplasia becoming
detectable by 10 d. In contrast, real-time RT–PCR analy-
sis of epidermal RNA revealed a substantial up-regula-
tion of p63 expression by the Notch1−/− deletion already
at 3 and 7 d after birth, with a further increase by 10 d
(Fig. 2C).

Down-modulation of p63 expression could be due to
an indirect consequence of Notch-induced growth arrest
and/or be caused by key mediators of Notch function in
these cells, like p21WAF1/Cip1 (Devgan et al. 2005) or
HES/HERP family members (Iso et al. 2003). To directly
assess these possibilities, keratinocytes were infected
with recombinant adenoviruses expressing p21WAF1/Cip1,
other cyclin–CDK inhibitors (p27Kip1 and p16Ink4a), as
well as various HES/HERP family members (Hes-1, Hey-
1, and Hey-2). No significant down-regulation of p63
mRNA levels was observed after expression of any of
these proteins, in contrast to the Wnt4 gene which, as
previously reported (Devgan et al. 2005), was negatively
regulated by p21WAF1/Cip1 and/or Hes-1 expression (Fig.
2D).

Notch activation suppresses p63 expression through
negative regulation of the interferon signaling pathway

To gain further insights into regulation of p63 expres-
sion, we analyzed a 10-kb nucleotide sequence of the
human and mouse �N-p63 promoters for common tran-
scription factor-binding motifs. The presence of multiple
NF-�B-binding sites as well as interferon-stimulated re-
sponsive elements (ISRE) (Levy et al. 1988) and binding
sites for interferon-responsive factors (IRF) (Taniguchi et
al. 2001) was found to be a characteristic of both promot-
ers (Fig. 3A). While Notch activation is known to induce

Figure 1. Negative control of �N-p63 expression by increased
Notch signaling. (A,B) Down-modulation of �N-p63 mRNA ex-
pression by activated Notch1. Primary mouse (A) and human (B)
keratinocytes were infected with a recombinant adenovirus ex-
pressing the cytoplasmic-activated form of Notch1 (NIC) or a
control GFP-expressing adenovirus (GFP) for the indicated
times (in hours). p63 mRNA levels were quantified by real-time
RT–PCR. Values are expressed as relative arbitrary units, after
internal normalization for GAPDH (mouse keratinocytes) or
�-actin (human keratinocytes) mRNA expression. (C) Down-
modulation of �N-p63 protein expression by activated Notch1.
Primary mouse and human keratinocytes infected with the Ad-
GFP (GFP), Ad-NIC (NIC), and Ad Jagged-1 (Jag) adenoviruses
were analyzed for levels of p63 protein by immunoblotting with
the corresponding antibodies. Immunoblotting for tubulin was
used for equal loading control. (D) Down-modulation of p63
mRNA expression in response to increased Jagged 1 expression.
Mouse keratinocytes were infected with an adenovirus express-
ing Jagged 1 (Jag) versus GFP control (GFP) for 24 h followed by
p63 mRNA quantification as in the previous panels. (E) Down-
modulation of p63 mRNA expression by activation of endog-
enous Notch in response to Delta 1 or Jagged 1 exposure. Hu-
man keratinocytes were cocultured with control mouse
NIH3T3 fibroblasts or fibroblasts expressing full-length Delta 1
or Jagged 1 for 48 h, followed by p63 mRNA quantification by
RT–PCR with human-specific oligonucleotide primers.
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NF-�B activity in keratinocytes (Nickoloff et al. 2002),
its possible impact on the interferon signaling pathway
in this cell type, to our knowledge, has not been re-
ported.

Activities of NF-�B and interferon-responsive report-
ers were induced and suppressed, respectively, by acti-
vated Notch1 expression in primary keratinocytes, con-
sistent with induction of the NF-�B and suppression of
the interferon response pathways (Fig. 3B,C). In parallel
with these findings, microarray analysis showed that a
significant number of endogenous interferon-responsive
genes are down-modulated in human primary keratino-
cytes as a consequence of activated Notch1 expression.
However, this was a selective rather than generalized
suppression of interferon-responsive genes, as many

genes of this class were not affected by activated Notch1
expression, while some others were induced (Supple-
mentary Table 2). Furthermore, the specific set of inter-
feron-responsive genes that were found to be down-
modulated in the mouse and human genes was different.
Among the suppressed genes in human cells were the
ones for IRF7, a key regulator of the interferon-depen-
dent transcription cascade with oncogenic potential
(Zhang and Pagano 2002; Honda et al. 2005), and Sp100,
an essential component of nuclear bodies (NBs) (Fig. 3D;
Moller et al. 2003), while in the mouse cells down-modu-
lation was observed for IRF3, which physically interacts
and functionally overlaps with IRF7 (Servant et al. 2002),
and IKK�, a key kinase that positively regulates the in-
terferon response (Fig. 3F; Fitzgerald et al. 2003). To as-
sess whether down-modulation of these genes can also
be caused by an increase in endogenous Notch signaling,
human keratinocytes were cocultured for 48 h with con-
trol NIH3T3 mouse fibroblasts or fibroblasts expressing
the full-length Jagged 1 ligand. RT–PCR analysis with
oligonucleotide primers specific for the human genes
showed that both IRF7 and Sp100 mRNA expression lev-
els were significantly decreased in keratinocytes cocul-
tured with Notch ligand-expressing fibroblasts (Fig. 3E).
To evaluate the role of endogenous Notch signaling in
control of the mouse genes, levels of IRF3 and IKK� ex-
pression were compared in the epidermis of mice with a
Cre-induced deletion of the Notch1 gene versus match-
ing controls with the undeleted gene. Deletion of the
Notch1 gene resulted in a significant up-regulation of
both IRF3 and IKK� genes (Fig. 3G), in parallel with the
observed increase in p63 expression (Fig. 2C).

Figure 2. Negative control of �N-p63 expression in differen-
tiation as a function of endogenous Notch1, separately from cell
cycle withdrawal and from p21WAF1/Cip1 and/or Hes-1 expres-
sion. (A) Differential down-modulation of �N-p63 expression
upon induction of differentiation of wild-type versus Notch1−/−

keratinocytes. Primary keratinocytes derived from mice with
the Notch1 gene flanked by loxP sites (Rangarajan et al. 2001)
were infected with a Cre recombinase-expressing adenovirus
(Cre) (black bars), for deletion of the Notch1 gene, or with the
Ad GFP control (GFP) (white bars). Three days after infection,
cells were induced to differentiate by exposure to elevated ex-
tracellular calcium for 3 d. p63 mRNA levels were quantified by
real-time RT–PCR as in Figure 1. (B) Increased suprabasal p63
expression in the epidermis of mice with an induced deletion of
the Notch1 gene. Mice with the Notch1 gene flanked by loxP
sites and carrying a keratinocyte-specific K5-CrePR1 transgene
versus control Cre-negative littermates were subjected to re-
peated topical treatments with RU486 for Cre activation as for
our previous studies (Mammucari et al. 2005), starting at 5 d of
age for five consecutive days. Dorsal skin sections from three
mice per group, at 21 d of age, were analyzed by immunohisto-
chemistry with antibodies against p63. Images are representa-
tive of a minimum of four independent fields per sections. (C)
Up-regulation of �N-p63 mRNA expression in the epidermis of
mice at early times of Notch1 deletion, prior to any detectable
histological alterations. Mice homozygous for the Notch1/loxP
gene and carrying the K14Cre�neo transgene (Huelsken et al.
2001) (black bars) versus K14Cre�neo negative controls (white
bars) were sacrificed at the indicated days after birth. The epi-
dermis was separated from the underlying dermis by a brief heat
shock (30 sec at 60°C) and used for total RNA preparation. p63
mRNA quantification by real-time RT–PCR and GAPDH nor-
malization were carried out as before. Parallel histological
analysis of the same skin samples revealed no alterations caused
by the Notch1 deletion at 3 and 7 d after birth, with mild hy-
perplasia becoming detectable at 10 d. The (Notch1/loxP–
K14Cre�neo) mice develop substantial skin alterations at later
times, similar to those exhibited by mice with an inducible
Notch1 deletion (Rangarajan et al. 2001; our unpublished obser-
vations). (D) Persistent p63 levels and down-modulation of
Wnt4, in keratinocytes with increased p21WAF1/Cip1 and/or
Hes-1 expression. Mouse primary keratinocytes were infected
with recombinant adenoviruses expressing p21WAF1/Cip1,
p27Kip1, p16Ink4a, Hes-1, Hey-1, Hey-2, or GFP control (multi-
plicity of infection: 100), followed by determination of p63 and
Wnt4 mRNA levels by real-time RT–PCR with the correspond-
ing specific primers.
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To assess whether the observed changes in either the
NF-�B or interferon signaling pathways can account for
down-modulation of p63 expression by Notch1 activation,

keratinocytes were infected with recombinant adenovi-
ruses expressing either a stabilized mutant form of I�B�,
which functions as an inhibitor of NF-�B function (Wang

Figure 3. Interconnection between Notch,
NF-�B, and interferon signaling pathways
in control of p63 expression. (A) Schematic
of the human and mouse �N-p63 promot-
ers with positions of the NF-�B (triangles)
and ISRE- and IRF-binding sites (dia-
monds). Ten kilobases of nucleotide se-
quence from the transcription initiation
site were analyzed by MatInspector 7.4
(Genomatix Software) using an optimized
matrix similarity and a core similarity of
>0.9. (B) Induction of NF-�B transcrip-
tional activity by activated Notch1.
Mouse primary keratinocytes were trans-
fected with a NF-�B-responsive reporter
(pNF-�B-luc) with or without increasing
amounts of an expression plasmid for ac-
tivated Notch1 as indicated. Cells were
collected 48 h after transfection, and pro-
moter activity values are expressed as ar-
bitrary units using a Renilla reporter for
internal normalization. Each condition
was tested in triplicate wells, and the stan-
dard deviation is indicated. (C) Suppres-
sion of interferon response transcriptional
activity by activated Notch1 in mouse and
human primary keratinocytes (left and
right panels, respectively). Cells were
transfected with a reporter plasmid carry-
ing multiple copies of an ISRE (pHTS-
ISRE-luc) with or without increasing
amounts of an expression plasmid for ac-
tivated Notch1 as indicated. Cells were
collected 48 h after transfection, and pro-
moter activity values were calculated us-
ing a Renilla reporter for internal normal-
ization as in B. (D) Down-modulation of
endogenous interferon-responsive genes in
human keratinocytes by activated Notch1 expression. Cells were infected with adenoviruses expressing activated Notch1 (NIC) or
GFP-only control (GFP), followed by determination of mRNA expression levels of the indicated genes by real-time RT–PCR analysis.
Values are expressed as relative arbitrary units, after internal normalization for �-actin mRNA expression. (E) Down-modulation of
IRF7 and Sp100 gene expression by activation of endogenous Notch receptors. Primary human keratinocytes were cocultured with
control or Jagged 1-expressing NIH-3T3 fibroblasts as in Figure 1E. IRF7 and Sp100 mRNA levels were determined by real-time
RT–PCR as before. (F) Down-modulation of IRF3 and IKK� expression in mouse primary keratinocytes by activated Notch1 expression.
Cells were infected with adenoviruses expressing activated Notch1 (NIC) or GFP-only control (GFP), followed by determination of
mRNA expression levels by real-time RT–PCR analysis. Values are expressed as relative arbitrary units, after internal normalization
for GAPDH mRNA expression. (G) Up-regulation of IRF3 and IKK� expression in the epidermis of mice with an induced deletion of
the Notch1 gene. Same RNA samples obtained from 10-d-old mice homozygous for the Notch1/loxP gene and carrying the
K14Cre�neo transgene (−/−) versus K14Cre�neo negative controls (+/+) and analyzed for p63 expression in Figure 2C, were analyzed
for IRF3 and IKK� mRNA levels by real-time RT–PCR as in the previous panel. (H) Induction of p63 expression by inhibition of NF-�B,
with no counteracting effects on suppression by activated Notch1. Primary mouse keratinocytes were infected with recombinant
adenoviruses expressing a stabilized form of I�B-� (I�B-SR), activated Notch1 (NIC), or GFP control (GFP), either alone or in various
combinations as indicated. p63 mRNA levels were determined by real-time RT–PCR. (I,J) Specific counteracting effects of IRF7 on
suppression of p63 expression by activated Notch1. Primary mouse (I) and human (J) keratinocytes were infected with recombinant
adenoviruses expressing IRF7 (IRF7), activated Notch1 (NIC), or GFP control (GFP), either alone or in various combinations as
indicated. �N-p63 mRNA levels were determined by real-time RT–PCR. (K) The same mouse keratinocyte RNA samples as in J were
analyzed for levels of Wnt4 expression by real-time RT–PCR with the corresponding specific primers. (L) Down-modulation of p63
expression by knockdown of IRF7 and IRF3 expression. Human primary keratinocytes were transfected with siRNAs targeting the
human IRF7 and IRF3 mRNA sequences, individually and in combination, in parallel with scrambled siRNAs control. Cells were
analyzed at 48 h after transfection for levels of p63 expression by real-time RT–PCR. Similar results were obtained in two other
independent experiments.
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et al. 1999), or the full-length IRF7 protein, which, as
mentioned, is a key downstream mediator of the inter-
feron response (Zhang and Pagano 2002; Honda et al.
2005) and functionally overlaps with IRF3 (Servant et al.
2002). Expression of stabilized “super-repressor” I�B-�
resulted in a substantial induction of p63 expression, in-
dicating that the NF-�B pathway functions as a negative
regulator of p63 already in keratinocytes under basal
growing conditions (Fig. 3H). However, expression of the
“super-repressor” I�B� exerted no counteracting effects
on down-modulation of p63 by activated Notch1. In con-
trast, infection of either human or mouse keratinocytes
with the IRF7 adenovirus caused no significant increase
in p63 expression by itself, but blocked the Notch-me-
diated down-modulation of this gene (Fig. 3I,J). These
counteracting effects were specific for p63, as IRF7 did
not affect the ability of activated Notch1 to suppress
Wnt4, consistent with the different mechanism of regu-
lation of this gene (Fig. 3K; Devgan et al. 2005).

Endogenous IRF7 is likely to act in concert with other
interferon-responsive genes that are modulated by Notch
in keratinocytes, in particular, IRF3. To assess this pos-
sibility, keratinocytes were treated with small interfer-
ing RNAs (siRNAs) specific for IRF7, either alone or in
combination with siRNAs for IRF3. As shown in Figure
3L, p63 expression was consistently reduced by the con-
comitant knockdown of IRF7 and IRF3, although to a
lesser extent than by activated Notch1. In contrast, no
p63 down-modulation was caused by the knockdown of
IRF7 alone, pointing to the importance of IRF7 overlap-
ping functions with IRF3 and possibly other interferon-
responsive genes in this setting.

The pro-differentiation function of Notch is
counteracted by p63

Biologically, the ability of Notch to restrict proliferation
and promote differentiation may be suppressed by per-
sistently elevated p63 expression. The clonogenic behav-
ior of primary human keratinocytes provides a widely
used assay for their proliferative potential (Rochat et al.
1994), which is negatively regulated by activation of the
Notch pathway (Lowell et al. 2000). To test whether sup-
pression of clonogenicity by Notch1 activation can be
counteracted by p63, primary human keratinocytes were
infected with a recombinant retrovirus expressing the
�N-p63� gene together with GFP (PINCO-�N-p63�) or a
retrovirus expressing GFP alone (PINCO). In each case,
GFP-positive keratinocytes were purified by sorting, and
subsequently infected with the Ad-NIC or Ad-Jagged-1
viruses or control Ad-GFP. Cells were trypsinized and
replated under sparse conditions soon after infection, be-
fore expression of adenovirally transduced proteins that
could interfere with the attachment capability of cells.
The long-term culture conditions used for these studies,
growth in defined medium, do not allow for a distinction
of holo-, para-, and mero-clones as classically defined
used a feeder layer culture system (Barrandon and Green
1987). We note, however, that in previous studies on
commitment of human keratinocytes toward differentia-

tion by Notch activation, a parallel reduction in clono-
genicity and “stem cell” clones was reported (Lowell et
al. 2000). By our assays, we found no consistent differ-
ence in the colony-forming ability of keratinocytes in-
fected with the p63 retrovirus versus control (Fig. 4; data
not shown). However, while infection of control kera-
tinocytes with the Ad-NIC or Ad-Jagged 1 viruses caused
a drastic drop in the number of clonogenic cells, this
reduction was much smaller in cells that had been pre-
viously transduced with the �N-p63� retrovirus (Fig. 4),
consistent with the proposed role of p63 in maintenance
of the keratinocyte proliferative potential (McKeon
2004).

In mouse keratinocytes, increased Notch1 activity
causes growth arrest through induction of p21WAF1/Cip1

expression by both direct and indirect RBP-J�-dependent
mechanisms (Rangarajan et al. 2001; Mammucari et al.
2005). In transient transfection assays of these cells, the
ability of activated Notch1 to induce the 2.4-kb pro-
moter of the p21 gene was suppressed by the concomi-
tant overexpression of �N-p63�, in a dose-dependent
fashion (Fig. 5A). This suppression may result from the
demonstrated ability of �N-p63� to bind directly to p53/
p63-binding sites in the p21 promoter (Westfall et al.
2003), thereby interfering with Notch-dependent p21 up-

Figure 4. Counteracting effects of �N-p63� on reduction of
human keratinocyte proliferative potential by Notch activa-
tion. Early-passage primary human keratinocytes were infected
with recombinant retroviruses expressing either a full-length
�N-p63� cDNA together with GFP (PINCO-�N-p63�) or GFP
alone (PINCO). Three days after infection, GFP-positive cells
were purified by sorting and replated. After 3 d of further culti-
vation, cells were infected with the Ad-GFP, Ad-NIC, or Ad-
Jagged 1 viruses. Cells were trypsinized, counted, and replated
on triplicate dishes under sparse conditions 6 h after infection;
that is, before expression of adenovirally transduced proteins
that could interfere with the attachment capability of cells. Af-
ter 3 wk of further cultivation, clonogenic growth was evaluated
by staining of dishes and counting of macroscopically visible
colonies (containing >50 cells). Shown is the quantification of
this and a second independent experiment.
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regulation. However, induction of a minimal p21 pro-
moter region containing the binding site for Notch/RBP
but not for p53/p63 (Rangarajan et al. 2001) was also
suppressed by �N-p63�, to a similar extent as the full-
length promoter (Fig. 5B). Induction of the promoter for
involucrin, a keratinocyte differentiation marker gene,
by activated Notch1 (Rangarajan et al. 2001) was also
blocked by �N-p63� expression with a greater potency
than the p21 promoter (Fig. 5C). As with �N-p63�, ex-
ogenous expression of the TA-p63� isoform exerted
similar inhibitory effects on both p21 and involucrin pro-
moter activity (data not shown).

To probe into the regulation of endogenous Notch-
responsive genes, mouse keratinocytes were infected
with recombinant adenoviruses expressing activated
Notch1 and �N-p63� either individually or in combina-
tion. Immunoblot analysis showed that basal levels of
p21 and involucrin were reduced by elevated p63 expres-
sion. More importantly, induction of these proteins by
activated Notch1 was totally blocked in the p63-overex-
pressing cells (Fig. 5D). Similarly, the basal level of ex-
pression of Hes-1, a well-known Notch target (Iso et al.
2003), was suppressed by increased �N-p63� expression,
and its induction by activated Notch1 was blocked (Fig.
5E). Expression of the Wnt4 gene, which is down-modu-

lated as a consequence of Notch activation in keratino-
cytes (Devgan et al. 2005), was also oppositely regulated
in cells with elevated p63 expression (Fig. 5E).

In the epidermis of transgenic mice in vivo, increased
expression of TA-p63� causes aberrant differentiation
(Koster et al. 2004). To test whether even under these
conditions, increased p63 expression interferes with ex-
pression of Notch-responsive genes, the epidermis of
TA-p63� transgenics and littermate controls was cap-
tured by laser microdissection, followed by RNA prepa-
ration and linear amplification. As predicted by the ex-
periment with cultured cells, Hes-1 expression was sig-
nificantly suppressed in the epidermis of p63 transgenics
versus control, and similar differences were found in lev-
els of p21 and involucrin expression (Fig. 5F).

p63 is a selective modulator of Notch effectors, with
the Hes-1 gene as a direct negative target

The keratinocyte terminal differentiation program in-
volves the sequential induction of markers of overlying
epidermal layers. While induction of these markers usu-
ally occurs in a coordinated fashion, they can be disso-
ciated both genetically and pharmacologically (Dotto
1999). Like p21 and involucrin, keratin 1 (K1) is induced

Figure 5. Counteracting effects of �N-
p63� on the Notch-responsive p21WAF1/Cip1,
involucrin, and Hes-1 genes. (A–C) Sup-
pression of Notch-dependent transcription
in keratinocytes. Primary mouse keratino-
cytes were transiently transfected with re-
porter plasmids containing the 2.4-kb pro-
moter region of the p21 gene (A), a mini-
mal Notch-responsive region of the p21
promoter devoid of p53-binding sites but
containing a fully conserved RBP-binding
site (Rangarajan et al. 2001) (B), or the in-
volucrin promoter (Rangarajan et al. 2001)
(C), plus/minus expression plasmids for
activated Notch1 (NIC; 1 µg/well), plus/
minus an expression vector for �N-p63�

in increasing amounts as indicated. In all
cases, cells were collected 48 h after trans-
fection, and promoter activity values are
expressed as arbitrary units using a Renilla
reporter for internal normalization. Each
condition was tested in triplicate wells,
and the standard deviation is indicated.
(D,E) Counteracting effects of p63 on en-
dogenous Notch-responsive genes in cul-
tured keratinocytes. Primary mouse kera-
tinocytes were infected with adenoviruses
expressing �N-p63� (�N-p63�) and acti-
vated Notch1 (NIC), either individually or in combination. Ad-GFP (GFP) was used as a control and added to the Ad-�N-p63� or
Ad-NIC viruses when they were used alone, to ensure that in all cases cells received the same amount of viral particles (total
multiplicity of infection: 100). Cells were analyzed by either immunoblotting with antibodies against the indicated proteins (D) or
real-time RT–PCR with primers specific for the indicated genes (E). (F) Counteracting effects of p63 on endogenous Notch-responsive
genes in the skin in vivo. The epidermis from two “gene-switch” TAp63� transgenic mice, in which TAp63� expression was induced
in the epidermis by topical application of RU486 (Koster et al. 2004), and two transgenic-negative littermate controls were obtained
by laser capture microdissection, followed by total RNA preparation and a single round of linear amplification. Expression of the
indicated genes was assessed by real-time RT–PCR with the corresponding specific primers.
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by Notch1 activation in keratinocytes (Rangarajan et al.
2001). Surprisingly, we found that this marker, unlike
p21 and involucrin, was not suppressed but slightly in-
duced by increased p63 expression, with a strong syner-
gistic effect with activated Notch1 itself (Fig. 5D). This
suggested that p63 may not function as a general sup-
pressor of Notch-dependent transcription, but may se-
lectively suppress the expression and/or function of
some Notch effectors while inducing others. In fact, in-
creased p63, while suppressing basal and Notch-induced
Hes-1 levels, caused an induction of Hey-1 and Hey-2
expression, two well-studied HERP family members (Iso
et al. 2003), even in the absence of Notch activation (Fig.
6A). In keratinocytes with concomitant p63 and Notch1
expression, the Hey-2 gene was also superinduced (Fig.

6B). Hes/HERP family members are subject to reciprocal
negative regulation (Iso et al. 2003), raising the possibil-
ity that induction of Hey-1 and/or Hey-2 by p63 may
depend on Hes-1 suppression. To assess this possibility,
cells were infected with Hes-1 and p63 adenoviruses ei-
ther alone or in combination. Increased Hes-1 expression
caused by itself no down-modulation of Hey-1 or Hey-2
mRNA levels, and even an increase. However, the strong
induction of Hey-1 and Hey-2 expression by p63 was
totally prevented by Hes-1 (Fig. 6C,D). To assess whether
this regulatory loop can also impinge on the effects of
p63 on differentiation, the same cells were analyzed for
levels of keratin 1 expression. Increased Hes-1 expres-
sion caused by itself a suppression of K1 expression and
was sufficient to block the induction of this gene by p63
(Fig. 6E).

The above findings raised the possibility that Hes-1 is
a direct key target gene of p63 in keratinocytes. To es-
tablish whether modulation of this gene coincides with
the earliest gene expression events triggered by increased
p63 expression, we chose a global analysis of gene ex-
pression approach with keratinocytes expressing a �N-
p63� protein fused to an estrogen receptor domain and
maintained under basal conditions in an inactive form in
the cytoplasm. Total RNA was prepared at early time
points after p63 activation by tamoxifen treatment, fol-
lowed by RNA probe preparation and microarray hybrid-
ization. Among the earliest suppressed genes was Hes-1,
while levels of Hey-1 and Hey-2 at these early times
remained unaffected (Fig. 7A).

Analysis of the nucleotide sequence of the mouse
Hes-1 promoter (a 10-kb region from the transcription
start site) revealed a predicted p53/p63-binding site at
position −7944 base pairs (bp) from the transcription
start site (Fig. 7B), while no such sites were found in the
Hey-1 and Hey-2 promoters. To assess whether p63
binds to the endogenous Hes-1 promoter, chromatin im-
munoprecipitation (ChIP) assays were performed with
antibodies against mouse p63 followed by scanning of
the sequential region of the Hes-1 promoter by PCR am-
plification with corresponding primers. As shown in Fig-
ure 7C, specific binding of endogenous p63 could be
readily demonstrated at the expected position of the
Hes-1 promoter, with no binding elsewhere.

To assess whether the Hes-1 gene is under negative
control of endogenous p63, primary keratinocytes were
transfected with two different siRNAs for the coding re-
gion of mouse p63 versus a scrambled siRNA control.
This approach caused >80%–90% reduction in mRNA
and p63 protein levels by 2–3 d after transfection; in cells
expressing activated Notch1, the p63 siRNAs caused a
further substantial p63 reduction (Fig. 8A–C). The p63
knockdown resulted in a substantially increased expres-
sion of Hes-1 already in cells under basal conditions,
with a superinduction in response to activated Notch1
(Fig. 8D). p21 expression was similarly up-regulated in
cells with p63 knockdown, while expression of Wnt4
was reduced (Fig. 8E,F). Importantly, expression of K1
was also negatively regulated by the p63 knockdown in
opposition to the effects of Notch1 (Fig. 8G), mirroring

Figure 6. p63 as a differential modulator of Hes-1 versus Hey-
1, Hey-2, and K1 genes. (A) Concomitant induction of Hey-1 and
Hey-2 expression with suppression of Hes-1 by increased p63
expression. Mouse primary keratinocytes were infected with a
�N-p63� (black bars) or GFP control (white bars) adenovirus.
Total RNA was prepared from cells at 30 h after infection, fol-
lowed by real-time RT–PCR analysis using specific oligonucleo-
tide primers for the indicated genes. Values are expressed as
relative arbitrary units, after internal normalization for GAPDH
mRNA expression. (B) Superinduction of Hey-2 expression by
concomitant p63 and activated Notch1 expression. Primary
mouse keratinocytes were infected with adenoviruses express-
ing �N-p63� (�N-p63�) and activated Notch1 (NIC), either in-
dividually or in combination as in Figure 5E. Ad-GFP (GFP) was
used as a control and added to the Ad-�N-p63� or Ad-NIC vi-
ruses when they were used alone, to ensure that in all cases cells
received the same amount of viral particles. Cells were analyzed
by real-time RT–PCR for Hey-2 mRNA levels. Similar analysis
for Hey-1 expression indicated that this gene, unlike Hey-2, is
not superinduced by concomitant p63 and NIC expression (data
not shown). (C,D) Down-modulation of Hes-1 is required for
Hey-1 and Hey-2 induction by p63. Mouse primary keratino-
cytes were infected with Hes-1 and �N-p63� adenoviruses and
Ad-GFP control either alone or in combination as indicated.
Hey-1 and Hey-2 expression was determined by real-time RT–
PCR analysis as in the previous experiments. (E) Down-modu-
lation of Hes-1 is required for K1 induction by p63. The same
cells as in the previous experiment were analyzed for levels of
keratin 1 (K1) expression by real-time RT–PCR analysis with
the corresponding specific primers as indicated.
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the opposite up-regulation of this marker by elevated p63
expression. The �N-p63� isoform is also expressed in
keratinocytes, although to a much lesser extent than
�N-p63� (∼10%, as measured by real-time RT–PCR). By
use of siRNAs specific for this isoform, we observed

none of the effects seen with siRNAs for total �N-p63 or
specific for �N-p63� (data not shown).

Discussion

We have shown here that p63 is a negative target gene of
Notch1 activation in keratinocytes, both in vitro and in
vivo, while, in turn, p63 acts as a selective negative regu-
lator of Notch-dependent transcription and function. p63
plays an essential role in development of the skin and
other epithelial tissues (Mills et al. 1999; Yang et al.
1999), and more specifically in the transition between
the simple and stratified epithelium of the epidermis
(Koster et al. 2004) and associated establishment of
asymmetric cell division (Lechler and Fuchs 2005). How-
ever, p63 is likely also to play a very significant role after
birth. Elevated expression of this gene has been associ-
ated with keratinocyte populations with high self-re-
newal potential and a variety of epithelial tumors, in-
cluding squamous cell carcinomas (Parsa et al. 1999; Pel-
legrini et al. 2001; Westfall and Pietenpol 2004). Deletion
of the p63 gene promotes senescence (Keyes et al. 2005),
while its increased expression suppresses differentiation
(King et al. 2003, 2006; Koster et al. 2004).

�N-p63� is the main isoform expressed in keratino-
cytes after birth (Yang et al. 1998). Little is known about
the mechanism responsible for down-modulation of this
gene with differentiation. We have shown here that this
is dependent on Notch1 function both in vitro and in
vivo. Negative regulation of p63 by Notch1 activation is
likely to occur through a cell-type-specific mechanism,
as the opposite effect was reported in NIH3T3 fibroblasts
(Ross and Kadesch 2004). It is not an indirect conse-
quence of growth arrest and is not caused by key media-
tors of Notch function in keratinocytes, like HES/HERP
family members (Iso et al. 2003) or p21WAF1/Cip1 (Ranga-
rajan et al. 2001; Devgan et al. 2005). Several NF-�B-
binding sites are present in both mouse and human pro-
moters for �N-p63. NF-�B can suppress expression of
selected target genes (Delhalle et al. 2004). Since NF-�B
activity is induced in keratinocyte differentiation (Seitz
et al. 1998; van Hogerlinden et al. 1999) as well as by
Notch activation (Nickoloff et al. 2002), an attractive
possibility is that suppression of p63 by Notch involves
NF-�B activation. Expression of stabilized super-repres-
sor I�B-� resulted in strong induction of p63 expression,
indicating that p63 is, indeed, negatively regulated by
NF-�B, already in keratinocytes under basal growing
conditions. ChIP experiments also showed that in these
cells the NF-�B p65-RelA subunit, which has been spe-
cifically implicated in negative control of keratinocyte
proliferation (Zhang et al. 2004), binds specifically to the
proximal region of the p63 promoter, with little or no
binding of other NF-�B subunits (Supplementary Fig. 1).
However, the stabilized I�B-� failed to counteract the
Notch suppressing effects on p63 expression, indicating
that, if NF-�B is involved, Notch-dependent suppression
occurs through a mechanism that is not blocked by the
I�B-� super-repressor, like the noncanonical NF-�B
p100–p52 pathway (Senftleben et al. 2001). Another

Figure 7. Hes-1 as a direct p63 target gene. (A) Expression pro-
file of Hes-1 (black solid bar), Hey-1 (gray dotted line), and Hey-2
(gray solid bar) at early times upon induction of p63 activity.
Primary mouse keratinocytes were infected with a retrovirus
carrying an ER-p63 fusion protein (PINCO ER-p63) or empty
vector control (PINCO) and subsequently treated with 20 nM
tamoxifen for the indicated times. Total RNA was used for
cDNA and fluorescent RNA probe preparation followed by hy-
bridization to oligonucleotide microarrays (Mouse Expression
Arrays from Affymetrix 430 A 2.0). Data were analyzed using
the dChip program (Li and Wong 2001), and values are expressed
as changes in relative mRNA levels in the ER-p63-expressing
versus control keratinocytes. (B) Map of the Hes-1 promoter.
The predicted p53/p63-binding site is indicated together with
its precise nucleotide sequence: Bold nucleotides correspond to
the core nucleotide sequence required for p53–p63 binding (Bar-
bieri et al. 2005; Ihrie et al. 2005 and references therein), while
underlined nucleotides are possible mismatches. The approxi-
mate position of the two Notch/RBP-J� (−90 and −75) (Jarriault
et al. 1995) and four Hes-binding sites (positions −165, −151,
−132, and +16) (Takebayashi et al. 1994) is also indicated, to-
gether with that of the oligonucleotide primers used for the
ChIP analysis (arrows). (C) Specific binding of endogenous p63
to the Hes-1 promoter. Primary mouse keratinocytes under
growing conditions were processed for ChIP with antibodies
specific for p63 (white bars) or unrelated anti-ERK1 antibodies
as control (black bars), followed by real-time PCR amplification
of various regions of the Hes-1 promoter indicated in the sche-
matic above. Unprecipitated chromatin preparations were simi-
larly analyzed and used as “input” control. The amount of pre-
cipitated DNA was calculated relative to the total input chro-
matin, and expressed as the percentage of the total according to
the following formula (Frank et al. 2001): % total = 2�Ct × 5,
where �Ct = Ct(input) − Ct(immunoprecipitation). (Ct) Cycle
threshold.
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mechanism could be the direct association of activated
Notch1 with NF-�B components in the nucleus, as indi-
cated by a very recent report for T cells (Shin et al. 2006).
Besides NF-�B-binding sites, both mouse and human
�Np63 promoters contain several interferon-responsive
elements, with a potentially significant similarity with
the �-interferon enhancer, where a synergistic multipro-
tein complex is formed (Thanos and Maniatis 1995) by
NF-�B subunits and IRF3/IRF7 proteins, two key down-
stream mediators of the interferon response (Servant et
al. 2002; Zhang and Pagano 2002). Consistent with an
involvement of this latter pathway, overexpression of
IRF7, while by itself not increasing p63 expression, was
sufficient to block the Notch-dependent suppression.
Importantly, IRF7 did not affect modulation of Wnt4,
another Notch target controlled by a different mecha-
nism (Devgan et al. 2005).

To our knowledge, modulation of the interferon sig-
naling pathway by Notch activation has not been previ-
ously reported, with the possible exception of Hes pro-
teins binding to Stat3 and enhancing its Jak-dependent
phosphorylation (Kamakura et al. 2004). Induction of the
interferon transcriptional response involves a relatively
well-characterized sequence of events, beginning with
activation of the TAK1 and IKK� kinases and consequent
phosphorylation and homo- and heterodimerization of
IRF3 with IRF7 followed by nuclear translocation of
these factors and activation of gene expression (Tanigu-
chi et al. 2001). However, much less is known about the
mechanisms that negatively regulate this pathway. Im-
portantly, we have found that Notch activation in kera-
tinocytes causes selective suppression of some inter-

feron-responsive genes, while inducing others (Supple-
mentary Table 2), pointing to the existence of a novel
mechanism for the fine tuning of the interferon re-
sponse, which may be of particular significance for
modulation of growth–differentiation control as opposed
to the antiviral function. Several of the interferon-re-
sponsive genes under negative Notch control in kera-
tinocytes have been previously implicated in positive
growth control, apoptosis, and/or tumorigenesis (e.g., see
Ghosh et al. 2001; Carpten et al. 2002; Wasylyk et al.
2002; Zhang and Pagano 2002), with an impact that is
likely to extend to keratinocytes. We note in particular
the down-modulation of Sp100, a key component of
nuclear bodies involved in chromatin control (Moller et
al. 2003), which parallels the opposite up-regulation of
PML, another nuclear body component, in cells with loss
of p63 expression (Bernassola et al. 2005; Keyes et al.
2005). While we have focused on IRF7 for direct func-
tional studies and shown that IRF7 overexpression is suf-
ficient to relieve Notch-dependent suppression of ex-
pression of p63, the endogenous IRF7 protein is likely to
function in concert with other interferon-responsive
genes in regulation of p63 expression. In fact, knock-
down of endogenous IRF7 caused down-modulation of
p63 expression, but this only in concomitance with
knockdown of IRF3, and the reduction of p63 levels by
the concomitant IRF7 and IRF3 knockdown was less
than that caused by activated Notch1 expression. The
fact that in mouse keratinocytes, as opposed to the hu-
man cells, Notch signaling causes down-modulation of
IRF3 rather than IRF7 further illustrates this functional
overlap.

Figure 8. Control of Hes-1 and other Notch-respon-
sive genes by endogenous p63. (A–C) Knockdown of
endogenous p63 expression by siRNA technology.
Primary mouse keratinocytes were transfected with
siRNAs targeting two distinct regions of the mouse
�N-p63� mRNA sequence (1 and 2) or scrambled
siRNAs control. Parallel cultures were infected with
the Ad-GFP and Ad-NIC viruses at 24 h after siRNA
transfection as indicated. Cells were analyzed at 48
h after transfection for levels of p63 expression by
real-time RT–PCR (A) or immunoblotting with the
corresponding antibodies (B). (C) The immunoblot-
ting results were also quantified by densitometric
scanning of the autoradiograph and normalization
for �-tubulin levels. (D–G) Up-regulation of Hes-1
and p21 expression and down-regulation of Wnt4
and K1 expression as a consequence of p63 knock-
down. Primary mouse keratinocyte cultures treated
as above were analyzed for expression levels of the
indicated genes by real-time RT–PCR analysis and,
for K1, also by immunoblotting (G insert).
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While down-regulated by Notch activation, p63 in
turn, counteracts the ability of Notch to restrict growth
and promote differentiation, with antagonistic effects on
Notch-responsive genes both in vitro and in vivo. �N-
p63� is the main isoform expressed in this cell type after
birth, and is endowed with both transcription activating
(Dohn et al. 2001; King et al. 2003; Wu et al. 2003) and
repressing (Yang et al. 1998) functions, the latter being
ascribed to a C-terminal domain that is shared with the
TA-p63� isoform (Serber et al. 2002). Our finding that
transcription of Notch-responsive genes is suppressed in
keratinocytes by both isoforms is consistent with previ-
ous reports of their shared inhibitory effects on differen-
tiation (King et al. 2003; Koster et al. 2004). Importantly,
however, p63 does not function as a general negative
regulator of differentiation-related genes, as it blocks ex-
pression of involucrin, a terminal differentiation marker
of the granular and upper layers, while up-regulating
keratin 1, a marker of early entry into differentiation
that is also under positive Notch control. We note that
the p63 protein is expressed not only in the basal epider-
mal layer but also in a significant fraction of immedi-
ately overlying cells where K1 is expressed, suggesting
that p63 can have both antagonistic and synergistic ef-
fects with Notch in differentiation.

Consistent with this possibility, we have found that
p63 is a selective modulator of Notch1-dependent tran-
scription, with the Hes-1 gene as one of its direct nega-
tive targets, and with other genes, like Hey-1 and Hey-2
family members and the K1 marker, being induced,
rather than suppressed, through a mechanism dependent
on Hes-1 down-modulation. Negative regulation of
Hes-1 occurs at very early times of activation of a p63-ER
fusion protein, and endogenous p63 binds to the Hes-1
promoter with knockdown of this protein resulting in
increased Hes-1 expression. Hes-1, in turn, is a key regu-
lator of p21 (Mammucari et al. 2005), Wnt4 (Devgan et
al. 2005), and, as we have shown here, K1 expression in
keratinocytes. Besides Notch and p63, the Hes-1 gene is
itself under control of other differentiation signaling
pathways in these cells, like calcineurin/NFAT (Mam-
mucari et al. 2005). Besides impinging on this complex
intracellular regulatory mechanism, p63 has also the po-
tential of modulating expression of the Jagged 1 and/or 2
ligands (Sasaki et al. 2002; Wu et al. 2003), thereby ex-
tending its effects on Notch signaling to neighboring
cells.

In summary, our findings are consistent with a model
of dynamic equilibrium in the skin among keratinocyte
populations at various stages of commitment toward dif-
ferentiation (Okuyama et al. 2004a). The Notch–p63
cross-talk that we have uncovered is likely to have a key
role in this sequence of events, with p63 playing a dual
function of suppressing Notch signaling in epidermal
cells with high self-renewal potential, while synergizing
with other specific aspects of Notch function involved in
the early stages of differentiation (Fig. 9). Down-modu-
lation of p63 expression by increased Notch signaling
could then be a signal for later stages to occur. The Hes-1
gene in this context can be viewed as a relay for this dual

biological response integrating inputs from the Notch,
p63, and other distinct pathways. An important impli-
cation of this model is that persistently elevated p63
expression as a result of decreased Notch signaling, and/
or in tumor development, could lead to an arrest at an
intermediate stage of differentiation rather than an ear-
lier block of stem cell commitment.

Materials and methods

Cells and viruses

Primary mouse and human keratinocytes were cultured as pre-
viously described (Rangarajan et al. 2001; Talora et al. 2002).
NIH3T3 fibroblasts expressing full-length Delta 1 (Trifonova et
al. 2004) and Jagged 1 (Small et al. 2003) were cocultured, in
parallel with NIH3T3 controls, with human primary keratino-
cytes for 48 h as described (Lowell et al. 2000). Adenoviruses
expressing Cre and activated Notch1 (Rangarajan et al. 2001),
Hes-1 (Sriuranpong et al. 2002), and Hey-1 and Hey-2 (Mammu-
cari et al. 2005) were previously described. The adenovirus ex-
pressing stabilized I�B-� was obtained from the Virus Vector

Figure 9. Dynamic model of Notch–p63 cross-regulation in
control of keratinocyte self-renewal versus differentiation. (A)
Diagram of the epidermis illustrating the inverse gradient of p63
expression versus Notch activity in the lower versus upper epi-
dermal layers, which is likely to result, at least in part, from
their reciprocal negative regulation. (B) Scheme illustrating the
dual function of p63 in suppressing Notch signaling in epider-
mal cells with high self-renewal potential, while synergizing
with other specific aspects of Notch function involved in the
early stages of differentiation. (SC) Putative stem cell popula-
tions; (TA) transient amplifying cells. Down-modulation of p63
expression by increased Notch signaling could then be a signal
for later stages to occur. (D) Differentiated cells. (C) The Hes-1
gene as a relay for multiple feedback mechanisms in the inte-
grated control of keratinocyte self-renewal versus differentia-
tion. While Hes-1 is a direct target of p63, with its down-modu-
lation leading to an induction of Hey-1 and Hey-2 family mem-
bers, we have found that Hey1/2 overexpression, in turn, down-
modulates Hes-1 levels, providing a possible reinforcement
mechanism for the negative regulation of Hes-1 by p63. The
other signaling pathways that converge on control of the Hes-1
gene and its downstream involvement in regulating calcineu-
rin/NFAT activity and p21 and Wnt4 expression are discussed
in the text.
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Core, University of North Carolina at Chapel Hill. The adeno-
virus expressing Jagged-1 was constructed by cre/lox recombi-
nation, by inserting a rat Jagged-1 cDNA, modified to encode a
HA-tag at the C terminus, into the pAd-lox shuttle vector
(Hardy et al. 1997). The mouse cDNA for �N-p63� was obtained
by RT–PCR cloning in frame with the Flag epitope in
pCMV2FLAG (Sigma) at the NotI–XbaI sites. Proper expression
was confirmed by transient transfection in 293 cells and immu-
noblotting with p63 pan-antibodies (Santa Cruz) and Flag anti-
bodies (Sigma M2). cDNAs for �N-p63� and IRF7 (Zhang and
Pagano 1997) were inserted at the BamHI site of the pAd-
TRACK vector, followed by homologous recombination into
the Ad-Easy1 backbone (He et al. 1998), using the same condi-
tions for recombinant adenovirus production and purification as
previously described (Rangarajan et al. 2001).

For retrovirus production, the Flag-tagged �Np63� cDNA in-
sert was then subcloned into the BamHI site of the PINCO
retroviral vector (Nocentini et al. 1997). Expression of the ret-
rovirally transduced p63 cDNA was verified by immunoblot-
ting of infected human and mouse keratinocytes with anti-Flag
and anti-p63 antibodies. For the retrovirus expressing inducible
p63, a modified estrogen receptor ligand-binding domain (ER)
(Littlewood et al. 1995) was cloned in frame between the Flag
epitope and the �Np63� cDNA lacking the first ATG and in-
serted into the HindIII–NotI sites under the control of the CMV
promoter in the PINCO retroviral vector (Nocentini et al. 1997).

Promoter activity assays

Expression plasmids for TA-p63� (Koster et al. 2004) and for
activated Notch1 (Capobianco et al. 1997) and reporters for the
p21, involucrin, (Rangarajan et al. 2001), and Hes-1 promoter
(Jarriault et al. 1995) and for NF-�B activity (Cheng and Balti-
more 1996) were previously described. The reporter for inter-
feron response activity was obtained from Biomyx Technology.
Transient transfection promoter activity assays were performed
as previously described (Rangarajan et al. 2001; Talora et al.
2002), using cotransfection of the individual reporters with a
TK-Renilla reporter for internal normalization. Total quantities
of plasmid DNA were kept constant by adding appropriate
amounts of empty vectors without inserts. Transfected cells
were harvested at 48 h after transfection, and relative luciferase
activities were normalized for Renilla luciferase activity. All
conditions were tested in triplicate wells.

Analysis of gene expression

Poly(A)+ mRNAs (2–5 µg) from cells under various conditions
were used as template for double-stranded cDNA preparations
with T7-(dT)24 oligonucleotide primers for the first-strand reac-
tion. The resulting cDNAs were used for preparation of biotin-
labeled antisense cRNA and further used for hybridization to
Affymetrix “gene chips” according to the manufacturer’s rec-
ommendation, as previously described (Okuyama et al. 2004b).

For real-time RT–PCR, total RNA preparations (1–2 µg) were
used in an RT reaction with random primers, followed by real-
time PCR with gene-specific primers, using an Icycler IQ Real-
Time Detection System (Bio-Rad) according to the manufactur-
er’s recommendations, with SYBR Green (Applied Biosystems)
for detection. Each sample was tested in triplicate, and results
were normalized using amplification of the same cDNAs with
mouse GAPDH or human �-actin primers.

ChIP assays

Approximately 3 × 106 mouse keratinocytes were fixed with 1%
formaldehyde in growth media at 37°C for 10 min. ChIPs were

carried out as previously described (Rangarajan et al. 2001) using
rabbit anti-p63 antibodies (H-137; Santa Cruz Biotechnology) or
anti-ERK-1 (K23; Santa Cruz Biotechnology) antibodies as con-
trol. The following primers were used for real-time PCR ampli-
fications of various regions of the HES-1 promoter: TATA-box,
TCTTCCTCCCATTGGCTGAA and ACGGCTCGTGTGAA
ACTTCC; −1.5-kb region, AAGGCAGCAACCTCCATCTCT
and TTCTCACACTCGGATTCCCTG; −2-kb region, TCTG
GCGTTCCATCACAAAG and GTGGTGCTTCCTTGACTG
CAT; −6-kb region, AAGCCTCTGTTTTCCACCCC and AA
GCCCAGACGGTGCTAAGA; −6.5-kb region, CTTCCAGCC
TCAGAGGGATTT and ATATGATATGCGCTGGGCCT; −7-
kb region, AGTGGCTTGGCTTAGCTTGG and AAGTACAG
GCAGCCTGGCC; −8-kb region, CCAGCATGTTTCCAGAG
AGCT and TGGCTGCTATCCTAGAAGGCC; −9-kb region,
TATCTCGCTCCTTCCCACGT and TGCAGGTACAAAG
CAATTCCC.

Laser capture microdissection and RNA preparation

Three-week-old “gene-switch” TAp63� transgenics and control
littermates (Koster et al. 2004) were treated topically for 5 d
with 100 µg of RU486, dissolved in 70% ethanol. Frozen skin
sections (9 µm thick) were used for Laser Capture Microdissec-
tion (LCM) with an AutoPix Automated Laser Capture Micro-
dissection System as previously described (Mammucari et al.
2005). Reagents and protocols used in the laser capture proce-
dures were from Arcturus. RNA was extracted from each
sample with the PicoPure RNA isolation kit and subjected to
one round of linear amplification using the RiboAmp RNA am-
plification kit (ENZO Life Science), followed by RT–PCR analy-
sis with gene-specific primers.

siRNA transfection and analysis

Primary keratinocytes of either human or mouse origin were
transfected with 200 nM siRNAs for validated human IRF7
(SI00448672) and IRF3 (SI00026411) mRNAs (from QIAGEN) or
two distinct regions of the mouse �N-p63� mRNA (siRNA #1
sense, UUAGGGCAUCGUUUCACAACCUCGG; antisense,
CCGAGGUUGUGAAACGAUGCCCUA A; siRNA #2 sense,
UCACAACAGUCCUGUACAAUUUCAU; antisense, AUGA
AAUUGUACAGGACUGUUGUGA) and corresponding con-
trol scrambled siRNAs using Lipofectamine 2000 following the
manufacturer’s recommendations. Cells were analyzed 48 h af-
ter transfection by either RT–PCR or Western blot as indicated.
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