
p63 regulates proliferation
and differentiation of developmentally
mature keratinocytes

Amy B. Truong, Markus Kretz, Todd W. Ridky, Robin Kimmel, and Paul A. Khavari1

VA Palo Alto Health Care System, Palo Alto, California 94304, USA; Program in Epithelial Biology, Stanford University
School of Medicine, Stanford, California 94305, USA

p63 is a multi-isoform p53 family member required for epidermal development. Contrasting roles for p63 in
either the initial commitment to the stratified epithelial cell fate or in stem cell-based self-renewal have been
proposed. To investigate p63 function in a post-developmental context, we used siRNAs directed against p63
to down-regulate p63 expression in regenerating human epidermis. Loss of p63 resulted in severe tissue
hypoplasia and inhibited both stratification and differentiation in a cell-autonomous manner. Although
p63-deficient cells exhibited hypoproliferation, differentiation defects were not due to tissue hypoplasia.
Simultaneous p63 and p53 knockdown rescued the cell proliferation defect of p63 knockdown alone but failed
to restore differentiation, suggesting that defects in epidermal proliferation and differentiation are mediated
via p53-dependent and -independent mechanisms, respectively. Furthermore, �Np63 isoforms are the main
mediators of p63 effects, although TAp63 isoforms may contribute to late differentiation. These data indicate
that p63 is required for both the proliferative and differentiation potential of developmentally mature
keratinocytes.
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The epidermis is the self-renewing stratified squamous
epithelium on the skin’s outer surface. In this tissue,
basal stem cell division yields a subset of daughter cells
that undergo a coordinated program of cell cycle arrest,
outward migration, and terminal differentiation. The
epidermal differentiation program engages a variety of
genes that contribute to formation of the cutaneous bar-
rier, including involucrin, loricrin, filaggrin, keratins 1
and 10, and transglutaminase 1. These stratified epithe-
lial differentiation genes are distinct from those ex-
pressed in simple epithelium, such as keratins 8 and 18,
from which the epidermis arises during gestation (Turk-
sen and Troy 1998). Recently, a role for p63 has been
identified in the formation of stratified epithelium dur-
ing development (Mills et al. 1999; Yang et al. 1999).

p63 is a member of the p53 protein family and is ex-
pressed as six distinct isoforms due to alternative tran-
scription start sites and splicing at the C terminus (Yang
et al. 1998). Three p63 isoforms contain N-terminal tran-
scriptional activation (TA) sequences while the other
three (�N) do not. p63 TA and �N isoforms are further
subjected to alternative splicing at their C termini, re-
sulting in �, �, and � variants. While initial studies sug-

gested �Np63 isoforms acted as dominant-negative mol-
ecules against both TAp63 isoforms and p53 (Yang et al.
1998), recent studies have shown that �Np63 also pos-
sesses transcriptional activity (Ghioni et al. 2002; King
et al. 2003; Helton et al. 2006). Consistent with having
both positive and negative gene regulatory roles, p63 can
induce expression of some target proteins, such as JAG1
and PERP (Sasaki et al. 2002; Ihrie et al. 2005), while
suppressing others, as in the case of p21 and 14–3–3�

(Westfall et al. 2003).
Targeted gene disruption studies in mice have estab-

lished an important developmental role for p63 in limb
morphogenesis and stratified tissue formation (Mills et
al. 1999; Yang et al. 1999). At birth, p63-null mice dis-
play truncated limbs, craniofacial malformations, abnor-
malities in epidermal appendages, and an absence of nor-
mal stratified epithelia, including epidermis. Two con-
trasting models have been advanced to explain the
absence of stratified epithelia (McKeon 2004). One
model posits that p63 is required for simple epithelial
cells to commit to a stratified epithelial lineage during
development (Mills et al. 1999). The second model ar-
gues that the primary defect resides not in the acquisi-
tion of a stratified epithelial cell fate but rather in an
inability of epidermal stem cells to sustain epidermal
self-renewal (Yang et al. 1999). Previous studies have
found that TAp63 isoforms are the first transcripts in-
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duced during embryogenesis (Koster et al. 2004); how-
ever, recent findings using in situ hybridization indicate
that �Np63 isoforms are present prior to TAp63 expres-
sion and predominate during development (Laurikkala et
al. 2006), making it unclear which p63 isoforms may be
required for commitment to a stratified epithelial cell
fate. Because overexpression of TAp63� in the epidermis
of transgenic mice resulted in hyperplasia and inhibited
differentiation (Koster et al. 2004), a balance of p63 TA
and �N isoforms may be needed for proper development
of stratified tissue.

p63-null mice die at birth (Mills et al. 1999; Yang et al.
1999), making it difficult to assess p63 function in ma-
ture epidermis. Here we have used RNA interference
(RNAi) to knock down p63 expression in organotypic
epidermal tissue, a regenerative setting in which mature
epithelial cells undergo both stratification and differen-
tiation to produce normal epidermal tissue. p63 loss in
this context impairs epidermal stratification, prevents
induction of epidermal differentiation genes, and rein-
duces expression of keratins 8 and 18, suggesting rever-
sion to a simple epithelial phenotype. Moreover, we
show that down-regulation of p63 causes a cell cycle
arrest in keratinocytes that is p53-dependent. Simulta-
neous knockdown of p53 in the context of p63 loss is
able to rescue cell proliferation and prevent tissue hypo-
plasia. However, the differentiation defect was still
present, suggesting that p63 effects on differentiation are
separable and distinct from its role in maintaining pro-
genitor cell proliferation. p63 appears to regulate epider-
mal differentiation in a cell-autonomous manner. While
the �Np63 isoforms are primarily responsible for p63
function in proliferation and differentiation, cDNA mi-
croarray analysis of tissue displaying isoform-specific
p63 knockdown indicates that TAp63 isoforms may also
provide a minor contribution to epidermal differentia-
tion. These findings suggest that p63 isoforms are re-
quired not only for the initial formation of the epidermis
during development but also for the ability of develop-
mentally mature keratinocytes to regenerate a stratified
epithelium.

Results

Down-regulation of p63 inhibits epidermal
stratification and differentiation

To study the functional role of p63 in a post-develop-
mental context, we examined the ability of p63-deficient
primary human keratinocytes to regenerate epidermal
tissue in the presence of environmental and matrix cues
sufficient to promote epidermal stratification and differ-
entiation. Double-stranded small interfering RNA
(siRNA) oligonucleotides targeting the DNA-binding do-
main of p63 were synthesized and used to knock down
p63 expression. The DNA-binding domain is conserved
in all p63 isoforms, thus resulting in a pan-isoform p63
(pan-p63) knockdown. We first determined the efficiency
and duration of p63 protein and mRNA down-regulation
in primary keratinocytes by immunoblot and quantita-

tive real-time PCR, respectively. p63 protein expression
was markedly decreased for 6 d following pan-p63 oligo
nucleofection (Fig. 1A). mRNA levels were also substan-
tially reduced during the same period (Fig. 1B). Both pro-
tein and mRNA levels began to recover by 6 d.

Previous studies established that p63 is required in
development for proper epidermal stratification and dif-
ferentiation (Mills et al. 1999; Yang et al. 1999). To de-
termine whether loss of p63 affects the ability of mature
keratinocytes to re-form a stratified epithelium, cells
treated with control or pan-p63 siRNA were used to re-
generate epidermal tissue in organotypic culture. In this
system, cells were seeded onto intact devitalized human
dermis and raised to the air/liquid interface to induce
stratification and differentiation, a process that produces
correctly polarized epidermis with spatially organized
expression of marker proteins for differentiation (Fig.
1C). Tissue regenerated from keratinocytes treated with
control siRNA began to stratify and express differentia-
tion markers within 3 d, with formation of all epidermal
layers, including the stratum corneum, evident by 6 d
(Fig. 1C). Nuclear p63 protein detected in basal layer
cells was down-regulated within differentiated layers,
consistent with known p63 epidermal expression pat-
terns (Yang et al. 1998). Expression of the early differen-
tiation proteins transglutaminase 1 and keratin 1 (K1)
preceded induction of the late differentiation protein
loricrin, as expected in normal regenerating epidermal
tissue (Fig. 1C).

In contrast, epidermis regenerated from keratinocytes
with pan-p63 knockdown showed defects in both strati-
fication and differentiation. p63-deficient epidermis was
severely hypoplastic both at 3 and 6 d, and lacked proper
tissue polarity (Fig. 1C). p63 expression was completely
absent at 3 d but began to return by 6 d, consistent with
the duration of p63 knockdown seen in cultured kera-
tinocytes. Differentiation marker expression was unde-
tectable in the absence of p63. However, p63 loss in-
duced expression of keratins 8 and 18, markers of simple
epithelium that are normally absent in stratified tissue
(Fig. 1D). The basal keratins 5 and 14, which are ex-
pressed throughout the epithelium of regenerating tis-
sue, was not altered in p63-deficient tissue (Supplemen-
tary Fig. 1), suggesting that p63 may not directly regulate
expression of these proteins in this setting. With the re-
turn of p63 expression, epidermal stratification and dif-
ferentiation were restored (Fig. 1C). These data suggest
that p63 function is necessary for formation of mature
stratified epithelium, and that without p63 expression,
the tissue assumes features of a simple epithelial pheno-
type.

Differentiation defects in p63-deficient tissue are not
due to hypoplasia or hypoproliferation

Because p63 knockdown tissue was hypoplastic, we
wanted to determine whether the differentiation defects
observed in p63-deficient epidermis resulted as a general
consequence of tissue hypoplasia or alternatively, from
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the loss of a specific p63 functional program. To address
this, we first seeded dermis with increasing numbers of
p63 knockdown cells to approximate the cell numbers in

normal tissue. Seeding 1 × 106 p63 knockdown cells re-
sulted in epidermal thickness comparable to that ob-
tained with 2.5 × 105 control cells. Normalization of epi-

Figure 1. p63 is required for stratification and differentiation in regenerating epidermis. (A) Western blot over a 6-d time course after
introduction of siRNA oligonucleotide duplexes into primary human keratinocytes. The major band represents �Np63�, the pre-
dominant species in cultured keratinocytes. (Control) Control oligonucleotide; (pan-p63) oligonucleotide targeting all p63 isoforms. (B)
Time course of qRT–PCR analysis of p63 mRNA levels following nucleofection with oligonucleotide duplexes targeting pan-p63 or
control oligonucleotide duplexes. (C) Organotypic epidermal tissue regenerated from primary human keratinocytes after introduction
of siRNA targeting all p63 isoforms (pan-p63) versus control siRNA. Tissue analyzed at days 3, 6, and 9 (d3, d6, d9, respectively) by
histology and immunostaining with antibodies that recognize all p63 isoforms (p63) and the differentiation markers transglutaminase
1 (Tg), keratin 1 (K1), and loricrin (Lor), all in orange. (Green) Type VII collagen, basement membrane zone marker; (blue) Hoechst
33342 nuclear staining. Note hypoplasia and lack of differentiation marker expression in tissue lacking p63. (D) Four-day organotypic
epidermal tissue generated from control or pan-p63 RNAi-treated keratinocytes was immunostained for keratins K8 and K18 (orange)
and costained for type VII collagen (green); note the absence of K8/K18 in control and its appearance in p63-deficient tissue. Bar,
100 µm.
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dermal thickness, however, failed to restore normal dif-
ferentiation or tissue polarity (Fig. 2A). Furthermore,
tissue with p63 knockdown still showed an up-regula-

tion of K8 and K18 even though multiple layers of cells
were present (Supplementary Fig. 2). These results con-
firm that the tissue effects we observed previously with

Figure 2. Effects of p63 loss on stratification and differentiation are not due to inadequate cell numbers or hypoproliferation. (A) p63
effects are independent of total cell numbers. Increasing numbers of control or p63 RNAi-treated cells were seeded onto devitalized
dermis, and the tissue was harvested at 4 d. Note that even when p63 siRNA-treated cells were present in multiple layers, there was
a lack in tissue polarity and organization, and differentiation marker expression was absent. Bar, 100 µm. (B) p63 knockdown results
in G1 cell cycle arrest. FACS cell cycle profiles of control or pan-p63 siRNA-treated keratinocytes 60 h following transfection. Percent
of cells in G1, S, or G2/M are indicated. (C) Hypoproliferation does not account for the differentiation defects observed with p63 loss.
Tissue rendered hypoproliferative with 0.2 mM treatment of the DNA synthesis inhibitor HU was compared at 4 d to tissue generated
from cells deficient for p63 and p53 control. Note decreased mitotic activity in HU-treated tissue but retained capacity for induction
of the differentiation markers transglutaminase 1 (Tg), K1, and K10. Bar, 100 µm. (D) Quantitative mitotic index of organotypic tissue.
HU indicates addition of 0.2 mM HU to the culture media.
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p63 loss were not simply an effect of inadequate cell
numbers.

The tissue hypoplasia observed with p63 knockdown
may have resulted from either a decrease in cell viability
or an inhibition of cell proliferation. A previous study
has shown that p63 down-regulation leads to defects in
adhesion, resulting in cell death (Carroll et al. 2006).
Consistent with the previous work, we also observed
a decrease in the expression of �1 and �4 integrins fol-
lowing knockdown of p63 protein levels (Supplementary
Fig. 3A). This decrease in integrin expression cor-
related with reduced adhesion in culture (Supplementary
Fig. 3B). However, we failed to observe an increase in
apoptosis in tissue generated from pan-p63 knock-
down cells (Supplementary Fig. 3B), suggesting that the
level of cell adhesion in tissue is sufficient to prevent
anoikis.

We next examined whether loss of p63 resulted in a
cell proliferation defect. Cell cycle analysis using flow
cytometry revealed that p63 knockdown resulted in a
large increase in the percentage of cells in G1 and a con-
comitant reduction of cells in S phase and G2/M (Fig.
2B), consistent with a G1 arrest. Moreover, expression of
the proliferation marker protein Ki67 was reduced by
∼50% in p63 knockdown keratinocytes in organotypic
cultures compared with controls (Fig. 2C,D). Because
loss of p63 has previously been shown to lead to cellular
senescence in tissue (Keyes et al. 2005), we stained tis-
sue generated from control or pan-p63 siRNA-treated
keratinocytes for �-galactosidase activity, a marker of
cellular senescence. However, we did not observe a sig-
nificant increase in the number of senescent cells
(Supplemenary Fig. 3D), suggesting that these p63
knockdown cells are growth-arrested but have not be-
come senescent.

Because p63 knockdown keratinocytes displayed a cell
proliferation defect, we determined whether hypoprolif-
eration, as distinct from tissue hypoplasia with reduced
tissue cell numbers, accounted for the effects of p63
knockdown. To examine if inhibition of cell prolifera-
tion prevented differentiation, we inhibited keratinocyte
proliferation in the setting of normal p63 levels using the
nucleotide synthesis inhibitor hydroxyurea (HU) and
analyzed stratification and differentiation in the result-
ant tissue. Treatment with 0.2 mM HU lowered the mi-
totic index of normal tissue to approximately the levels
seen with p63 knockdown (Fig. 2C,D); however, render-
ing normal tissue hypoproliferative did not inhibit dif-
ferentiation marker induction (Fig. 2C). Even in the pres-
ence of 0.5 mM HU, when the mitotic index was below
levels observed in p63-deficient tissue (Supplementary
Fig. 4A), differentiation markers could still be induced
(Supplementary Fig. 4B). Because a previous study had
reported that HU treatment alone can promote keratino-
cyte differentiation (Schwartz et al. 1995), we also
treated tissue regenerated from pan-p63 knockdown
cells with the same concentration of HU to ensure that
in our system, HU treatment itself did not affect the
normal differentiation program. No differentiation
marker induction was observed in the p63-deficient tis-

sue with or without HU (Fig. 2C). Thus, although p63
loss resulted in reduced cell proliferation, defects in epi-
dermal stratification and differentiation appear to be in-
dependent of proliferation effects.

Cell cycle arrest in p63-deficient keratinocytes
is p53 dependent

To examine the mechanisms responsible for the prolif-
eration defect in p63-deficient keratinocytes, we deter-
mined whether loss of p63 expression resulted in an up-
regulation of the cell cycle inhibitors p21 or p16. p63 has
previously been shown to negatively regulate p21 expres-
sion (Westfall et al. 2003). Consistent with this, we ob-
served an increase in p21 protein levels following pan-
p63 knockdown (Fig. 3A,B); levels of p16, however, did
not change significantly, suggesting that p21 up-regula-
tion may be functionally important. This was indeed the
case, as down-regulation of p21 expression using siRNA
delayed the onset of the proliferation defect triggered by
p63 knockdown as assessed by BrdU labeling of cells in
culture (Fig. 3B,C) and flow cytometric analysis (Supple-
mentary Table 1). However, by day 4, BrdU incorpora-
tion was diminished, although p21 levels remained low
(Fig. 3B,C), suggesting additional pathways may be in-
volved in mediating this growth arrest. Since p21 is also
a known p53 target gene, we speculated that up-regula-
tion of p21 in the absence of p63 may occur through a
p53-dependent mechanism. Indeed, we found that
double transfection with siRNAs directed against both
p63 and p53 inhibited the up-regulation of p21 expres-
sion seen with p63 knockdown alone (Fig. 3B). Further-
more, we observed a complete rescue of cell proliferation
at 2 and 4 d (Fig. 3C), suggesting that the cell prolifera-
tion defect of p63 requires p53. Because we observed a
slight but reproducible increase in the proliferation in-
dex with p53 down-regulation alone (Fig. 3C), it is pos-
sible that endogenous levels of p53 act to inhibit kera-
tinocyte proliferation.

Knockdown of p53 in p63-deficient cells rescues tissue
hypoplasia but not differentiation

The ability to rescue cell proliferation allowed us to de-
termine whether cell proliferation and differentiation
were separable p63-regulated processes. Loss of p53
alone did not significantly affect cell proliferation or epi-
dermal differentiation in organotypic skin cultures (Fig.
3D,E), consistent with prior observations in p53-null
mice (Donehower et al. 1992; Weinberg et al. 1995). BrdU
labeling revealed that down-regulation of p63 in organo-
typic culture resulted in a reduction in the mitotic index
to about one-third that of control tissue (Fig. 3D,E).
Knockdown of p53 in combination with pan-p63 knock-
down was able to completely restore the mitotic index of
the tissue to that of control levels. However, although
p53 knockdown could rescue the cell proliferation defect
as well as the tissue hypoplasia observed with p63
knockdown (Fig. 3D,E), differentiation marker expres-
sion remained absent (Fig. 3E). These results suggest that
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Figure 3. Hypoproliferation induced by p63 deficiency is p53 dependent. (A) p63 knockdown increases p21 protein levels. Western
blot of control or pan-p63 siRNA-transfected cells at day 2 (d2) and day 4 (d4) following siRNA transfection. (B) Simultaneous
knockdown of p53 or p21 expression in combination with p63 knockdown inhibits p21 induction. Western blot of keratinocyte cell
lysates; the introduced siRNA is indicated along the top, and the antibodies used for each panel are shown on the left. (C) p53
knockdown rescues the cell proliferation defect in vitro. Levels of BrdU incorporation were determined at day 2 (d2) and day 4 (d4)
following transfection with the indicated siRNAs. Levels were normalized to cells receiving control siRNA, and error bars indicate the
standard deviation among quadruplicate samples. (D) p53 knockdown rescues cell proliferation in organotypic epidermal tissue.
Mitotic index of 4-d organotypic cultures generated from cells treated with the indicated siRNA. Cells were labeled with BrdU 12 h
prior to harvesting, and tissue was stained with a BrdU antibody. (E) Rescue of cell proliferation does not rescue the differentiation
defect in p63-deficient epidermal tissue. Organotypic tissues generated from the indicated siRNA-transfected cells were immuno-
stained with antibodies against BrdU and transglutaminase 1 (Tg). Note the increase in staining with BrdU in the pan-p63/p53
double-knockdown sample but the absence of differentiation marker expression. Bar, 100 µm.
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p63 effects on proliferation and differentiation occur by
separable mechanisms and that only the former is p53-
dependent.

p63 regulates epidermal differentiation through
cell-autonomous mechanisms

To explore how p63 functions to promote keratinocyte
differentiation, we wished to determine whether the re-
quirement for p63 in epidermal differentiation is cell au-
tonomous as opposed to a paracrine field effect mediated
by p63-dependent secreted factors. To address this ques-
tion, we determined whether normal keratinocytes
could rescue the differentiation defect of p63-deficient
keratinocytes by establishing mosaic epidermal tissue.
Retrovirally infected keratinocytes expressing LacZ
were used to label cells transfected with control siRNA,
while cells treated with pan-p63 siRNA were labeled
with HA-epitope-tagged keratin 14 (HA-K14). K14 is nor-
mally expressed throughout regenerating epidermal tis-
sue, and its ectopic expression has no effect on prolifera-
tion, stratification, or differentiation (Delehedde et al.
2001; Hansson et al. 2001).

Keratinocytes expressing LacZ or HA-K14 had similar
p63 levels in the absence of siRNA, and p63 expression
was abolished after introduction of the pan-p63 siRNA
into HA-K14-expressing cells (Fig. 4A). Epidermal tissue
was regenerated using a 1:1 ratio of control to pan-p63
siRNA-treated keratinocytes then harvested at 4 d and
analyzed for expression of HA, K1, and K10. Interest-
ingly, pan-p63 knockdown cells failed to occupy the
basal layer and were only found among the suprabasal
layers (Supplementary Fig. 5). This may reflect reduced
adhesion and an inability to compete with normal cells
for attachment to the basement membrane. Although
pan-p63 knockdown cells were localized suprabasally,
there was a complete absence of overlap between pan-
p63 siRNA-treated cells labeled with HA-K14 and cells
that expressed K1 or K10 (Fig. 4B,C). The inability of
normal neighboring cells to rescue the differentiation de-
fect in p63 knockdown cells indicates that p63 functions
in a cell-autonomous manner to control differentiation.

Because p63 knockdown cells tended to enter growth
arrest, it is possible that this growth arrest might render
the cells unresponsive to signals from neighboring cells.
We thus next examined whether simultaneous knock-
down of p53 expression in the context of p63 down-regu-
lation could rescue differentiation of p63 knockdown
cells in the presence of normal keratinocytes. p53 ex-
pression was not affected by transduction with HA-K14
retrovirus, and transfection with siRNA was still effi-
cient in the labeled cells (Fig. 4D). In mosaic tissue, HA-
K14-labeled control or p53 siRNA-treated cells could be
found within the basal layer, whereas no pan-p63 siRNA
transfected cells were found along the basement mem-
brane zone (Supplementary Fig. 5). This was the case
even with simultaneous knockdown of p53, suggesting
p53 knockdown does not rescue the adhesion defect ob-
served in the absence of p63. Moreover, control or p53
siRNA-treated cells were able to express the differentia-

tion protein K1, confirming that p53 knockdown did not
inhibit differentiation marker expression (Fig. 4E). How-
ever, HA-K14-labeled cells receiving both pan-p63 and
p53 siRNA still failed to express K1 even in the presence
of normal control siRNA-treated cells, indicating that
p63 effects on differentiation in this setting are p53-in-
dependent.

�Np63 isoforms are the main mediators of p63
function in keratinocyte proliferation
and differentiation

It has been proposed that, while TAp63 isoforms are re-
sponsible for initial steps toward stratification during de-
velopment, their activity must be suppressed by �Np63
isoforms for proper differentiation to occur (Koster et al.
2004). Epidermal regeneration in organotypic culture of-
fers an approach to determine the relative contribution
of each set of p63 isoforms to epidermal stratification
and differentiation in a post-developmental context. We
thus designed siRNA oligonucleotides that specifically
targeted each subset of p63 isoforms. TA-isospecific
siRNA was designed against the transactivation domain
of the protein while �N-isospecific siRNA targeted the
unique 5�-untranslated region (UTR) of the �Np63
mRNA (Supplementary Fig. 6A). We first determined the
efficiency and specificity of each isospecific knockdown.
�Np63 protein was undetectable at 2 d after transfection
(Fig. 5A), corresponding to a marked reduction in mRNA
levels as well (Fig. 5B). Both protein and transcript levels
began to rise by day 4, returning to levels approximately
half that of controls by day 6 (Fig. 5A,B). TAp63 isoforms
are expressed at very low levels in cultured primary ke-
ratinocytes and are not readily detectable by immuno-
blot; thus, we examined knockdown of transcript levels
by qRT–PCR. TA p63 mRNA levels followed a similar
pattern to �Np63 (Fig. 5C). We also confirmed that each
siRNA duplex only targeted the subset of isoforms
against which they were designed. As expected, the pan-
p63 siRNA down-regulated expression of both the p63
TA and �N isoforms, while isoform-specific siRNA tar-
geted only their respective isoforms (Supplementary Fig.
6B). Down-regulation of �Np63 consistently caused a
slight increase in TAp63 transcript levels. Knockdown of
�Np63, but not TAp63, isoforms reduced total p63 pro-
tein levels, confirming that �Np63 is the predominantly
expressed isoform in cultured keratinocytes (Fig. 5A).

To determine the functional roles of p63 isoforms in
epidermal stratification and differentiation, we regener-
ated epidermal tissue with keratinocytes treated with
each isospecific siRNA. Knockdown of TAp63 isoforms
produced no detectable effects on proliferation (Supple-
mentary Fig. 7) and only subtle abnormalities in differ-
entiation, manifested consistently by incomplete devel-
opment of the granular layer and stratum corneum (Fig.
5D,E). However, knockdown of �Np63 isoforms resulted
in the same dramatic defects as pan-p63 siRNA with
tissue hypoplasia and absent differentiation marker ex-
pression (Fig. 5F). Consistent with the tissue hypoplasia,
�Np63 knockdown reduced the level of BrdU incorpora-
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tion in vitro to levels observed with pan-p63 knockdown
(Supplementary Fig. 7). These findings suggest that
�Np63 isoforms are required for maintaining both epi-
dermal proliferation and differentiation and that TAp63
isoforms may contribute to later aspects of differentia-
tion.

To further characterize p63 isoform-specific functions
in epidermal differentiation, we examined changes in
gene expression following down-regulation of either p63
TA or �N isoforms. mRNA expression profiling was per-
formed on epidermal tissue regenerated from primary ke-
ratinocytes that had been treated with control, TAp63,

Figure 4. p63 effects on epidermal differ-
entiation are cell autonomous. (A) West-
ern blots of primary keratinocyte cell ex-
tracts after retroviral gene transfer and oli-
gonucleotide nucleofection; the genes
introduced are shown at the top of the
panel with siRNA oligonucleotide below.
Antibodies used for immunoblotting are
shown at the left of each panel. LacZ (LZ)-
and HA-epitope-tagged K14 were used to
label cells with control and pan-p63
knockdown, respectively. (B,C) Epidermal
tissue generated from LacZ-labeled con-
trol cells (top panels), HA-K14-labeled
pan-p63 knockdown cells (bottom panels),
or a 1:1 mixture of each (middle panels)
were stained with antibodies for the dif-
ferentiation markers K10 (B) and K1 (C).
Tissue was harvested at 4 d. Note the
complete absence of differentiation
marker expression in p63 knockdown
cells and the failure of immediately adja-
cent normal cells to rescue this. Bar, 50
µm. (D) Western blots of cell extracts fol-
lowing retroviral transduction and siRNA
transfection. The transduced genes and
siRNA oligonucleotide are indicated along
the top for each sample. Antibodies de-
tected by Western blot are indicated on
the left of the panel. (E) Organotypic tissue
generated from a 1:1 ratio of LacZ-express-
ing control cells and HA-K14-expressing
cells receiving one of the following siR-
NAs: control, pan-p63, p53, or pan-p63
and p53. Tissue was harvested at day 4 and
immunostained with antibodies recogniz-
ing HA (green) and K1 (orange). Note the
presence of overlap between the HA-K14-
expressing cells and K1 in the control and
p53 single-knockdown mixes but the ab-
sence of overlap in tissue generated from
HA-K14-expressing cells with pan-p63
knockdown alone or in combination with
p53 knockdown. Bar, 50 µm.
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Figure 5. �Np63 isoforms are required for epidermal stratification and differentiation. (A) Western blot after introduction of control
oligonucleotide or oligonucleotide targeting �Np63 isoforms. (B,C) Time course of qRT–PCR analysis for cells treated with oligo-
nucleotide targeting �Np63 isoforms (B) or TAp63 isoforms (C). (D) High-powered magnification (100×) of the tissue histology of 4-d
organotypic cultures generated with control or TAp63 siRNA-transfected keratinocytes. The spinous layer (sp), granular layer (g), and
stratum corneum (s.c.) are indicated. Note the absence of granules or stratum corneum from tissue generated from TAp63 knockdown
cells. Bar, 20 µm. (E) Differentiation marker expression of 4-d organotypic epidermal tissue with control or TAp63 knockdown. Bar,
100 µm. (F) Control, pan, or �Np63 iso-specific RNAi-transfected keratinocytes were used to regenerate organotypic skin tissues.
Tissue was harvested at 4 d and analyzed by histology and immunostaining for expression of the indicated differentiation proteins.
Note the clear failure of stratification and differentiation with �Np63 isoform knockdown. Bar, 100 µm. (G) Venn diagram displaying
the number of gene expression changes that accompanied TA or �Np63 knockdown in organotypic culture. Numbers in the Venn
diagram represent genes that displayed a twofold or greater change with a p-value �0.05 by one-way ANOVA. Genes that met these
criteria and are involved in differentiation or cell–cell adhesion are listed in the boxed regions. Numbers next to the gene name
indicates the average fold change in expression, with (+) representing up-regulation and (−) representing down-regulation. For genes that
changed in both TA and �N p63 knockdown tissue, the first number corresponds to TA knockdown samples, and the second number
corresponds to �N knockdown samples.
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or �Np63 siRNA oligonucleotides. The 3-d time point
was chosen for analysis because tissue polarization and
differentiation processes are initiated by this time in nor-
mal cells, and p63 protein expression is still efficiently
knocked down in the siRNA-treated cells. Down-regula-
tion of �Np63 isoforms resulted in the altered expression
of 218 genes showing a twofold or greater change
(p � 0.05) relative to control siRNA tissue, while TAp63
knockdown only affected the expression of 39 genes
(Supplementary Table 2). The difference in the number
of gene expression changes may reflect the number of
target genes regulated by each subset of isoforms or it
may be a consequence of the greater abundance of p63
�N compared with TA isoforms. Strikingly, �Np63
knockdown produced a global disruption of the epider-
mal stratification and differentiation program, as indi-
cated by the number of changes in genes involved in
desmosome assembly, formation of the stratum cor-
neum, and generation of the skin barrier (Fig. 5G). TAp63
loss resulted in a more modest number of gene changes;
however, 25 of these genes were altered in response to
both p63 TA and �N knockdown. In all cases, genes
induced by TAp63 loss were also induced by �Np63 loss,
while genes repressed by TAp63 loss were similarly re-
pressed by �Np63 loss. Surprisingly, many of these genes
are also involved in differentiation or epidermal homeo-
stasis. In particular, many of these genes represented late
differentiation markers and are associated with forma-
tion of the stratum corneum, consistent with our finding
of defective granular and cornified layer formation with
TAp63 knockdown (Fig. 5D). Thus, the microarray data
suggest that p63 TA and �N isoforms may not have op-
posing actions in regulating differentiation in this set-
ting but may instead cooperate to carry out the epider-
mal program of stratification and differentiation, with
�Np63 clearly predominant in the regeneration setting.
However, we did not find any genes involved in differ-
entiation that were regulated uniquely by TAp63 iso-
forms (Supplementary Table 2), suggesting that �Np63
isoforms may be sufficient for the epidermal differentia-
tion program. Importantly, only �Np63 down-regulation
resulted in induction of the simple epithelial marker
keratin 8 (Fig. 5G; Supplementary Table 2), suggesting
that these isoforms may be responsible for maintaining
the stratified epithelial cell fate.

Discussion

Our findings indicate that sustained expression of p63 is
required to maintain the ability of normal postnatal ke-
ratinocytes to form a differentiated stratified epithelium.
p63 functions to maintain both the proliferative capacity
and differentiation potential of keratinocytes in regener-
ating epidermis. While the inhibition of cell proliferation
resulting from p63 loss is p53-dependent, the differentia-
tion defects appear to be independent of p53. In regulat-
ing differentiation, p63 functions in a cell-autonomous
manner because normal cells do not restore the differen-
tiation program in immediately adjacent p63-deficient
cells. Moreover, the absence of �Np63 isoforms results

in substantial gene expression changes during epithelial
regeneration. Consistent with the dramatic effects seen
with p63 knockdown, many of the genes altered encode
proteins involved in differentiation. These include a va-
riety of structural proteins, such as keratins 1 and 10,
loricrin, corneodesmin, desmoglein 1, and desmocollin
1, as well as enzymes, such as transglutaminase 1 and
lipoxygenase-3. The failure of these cells to initiate the
epidermal differentiation program in the absence of p63
suggests a central role for p63 in sustaining epidermal
tissue fate postnatally.

Our work suggests that p63 is required to maintain
proliferation of epidermal cells. One model of p63 func-
tion, the “stem cell self-renewal” model, has suggested
that p63 is required to maintain the proliferative poten-
tial of epidermal stem cells (Yang et al. 1999; McKeon
2004). The absence of appropriate markers that distin-
guish interfollicular epidermal stem cells from commit-
ted transit-amplifying cells makes it difficult to deter-
mine which population of cells is being directly affected
by knockdown of p63 in regenerating human epidermis.
However, the dramatic hypoplasia that results from p63
knockdown suggests that loss of proliferative ability,
even among the transit-amplifying cells, may severely
affect stratification. The inhibition of proliferation ob-
served in the absence of p63 appears to be a p53-depen-
dent process. Initial studies of p63 protein function, us-
ing reporter assays with overexpression of a single p63
isoform, suggested a dominant-negative role for p63 to-
ward p53 transcriptional activity (Yang et al. 1998).
These findings are in accordance with a later study in
zebrafish, suggesting that �Np63 isoforms are required
for epithelial cell proliferation during development by
inhibiting p53 function (Lee and Kimelman 2002). Thus,
although p53 levels appear slightly reduced in the pres-
ence of p63 knockdown (Fig. 3B), its functional activity
may actually increase. The slight increase in the mitotic
index following p53 knockdown alone (Fig. 3C,D) sug-
gests that endogenous levels of p63 may not be sufficient
to inhibit all p53 function. While it is possible that p53
and p63 act through different pathways to affect cell pro-
liferation, the ability of both proteins to recognize and
bind to similar DNA sequences (Osada et al. 2005) and to
regulate the same target genes (Westfall et al. 2003; Ihrie
et al. 2005) suggest that these two family members func-
tion, at least in part, through common mechanisms. It is
possible that regulation among the p53 family members
reflects competition for binding sites to target promot-
ers. However, p53 function is not required to achieve cell
cycle arrest in many settings. This is apparent both from
previous work with p53 knockout mice (Donehower et
al. 1992) as well as data presented here with p53 siRNA.
Whereas p53 function is not necessary for keratinocyte
growth regulation and differentiation under normal ho-
meostatic conditions, in our system, it is a key mediator
of the effects of p63 loss. Interestingly, a recent study
using an inducible knockout model to conditionally ab-
late p63 expression in stratified tissues found that loss of
p63 in adult mice was associated with increased senes-
cence and enhanced aging (Keyes et al. 2005). While we
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did not observe an increase in senescence in tissue gen-
erated with p63 knockdown keratinocytes, it is possible
that transient loss of p63 only results in an inhibition of
cell proliferation, but prolonged loss of p63 function may
lead to permanent senescence. The prominent link be-
tween p53 function and cellular senescence (Bond et al.
1996) raises the possibility that the increased senescence
in the absence of p63 expression may result from en-
hanced p53 activity as well.

Previous work with p63 down-regulation in mammary
epithelial cells has suggested that p63 regulates a general
program of cellular adhesion (Carroll et al. 2006). Indeed,
we have also found a decrease in expression of basal
integrins following p63 knockdown. Moreover, when
placed into a competitive environment with normal ke-
ratinocytes, cells exhibiting decreased levels of p63 are
excluded from the basal layer and found only within the
suprabasal layers, suggesting a decreased ability to ad-
here to the underlying dermis. Attachment to the base-
ment membrane and high integrin expression have been
correlated with epidermal progenitor cells (Jones and
Watt 1993). It is possible that decreased integrin expres-
sion and defects in adhesion may contribute to the pro-
liferation defect observed with p63 knockdown. How-
ever, since down-regulation of p53 is able to completely
rescue the proliferation defect, this suggests that these
signals must impinge upstream of p53. Additionally,
down-regulation of integrin expression and detachment
from the basement membrane have been associated with
initiating the differentiation program. However, kera-
tinocytes with p63 knockdown are still unable to engage
this program even when detached, suggesting an active
role for p63 in initiating terminal differentiation. Thus,
in addition to maintaining cell proliferation, p63 is also
necessary to maintain the capacity of developmentally
mature keratinocytes to stratify and differentiate.

The second proposed model of p63 function has sug-
gested that TAp63 isoforms are required for commit-
ment to a stratified cell lineage during development, the
“commitment” model (Koster et al. 2004). This model
further suggests that �Np63 function is required to op-
pose TAp63 isoforms to achieve proper differentiation
(Koster et al. 2004). While our results do not address
which p63 isoform is required for the commitment de-
cision in development, down-regulation of �Np63 iso-
forms alone is sufficient to abolish stratification and up-
regulate simple keratin expression in postnatal cells,
suggesting these isoforms may be important in main-
taining stratified tissue identity. However, it is unclear
whether p63 directly regulates expression of simple ker-
atins. Using the P-Match software program to locate
transcription factor-binding sites, we failed to find any
consensus sites for p53/p63 binding within a 10-kb re-
gion upstream of the transcriptional start site for either
K8 or K18. However, because p63 often binds to degen-
erate p53 consensus sequences, it is possible that a site
does exist but was not identified by this approach. Ab-
sence of p63 in development has been shown to prevent
expression of the stratified epithelial markers K5 and
K14 (Mills et al. 1999). However, we did not observe a

decrease in expression of either basal keratin in regener-
ated tissue with p63 knockdown. These results are con-
sistent with recent findings that overexpression of the
transcription factor Krüppel-like factor 5 (Klf5) in the
basal layer of the epidermis led to a reduction in p63
protein levels and simultaneous up-regulation of K8 ex-
pression but no effect on K5 expression (Sur et al. 2006).
Thus, it is possible that regulation of the basal keratins
differs in a developmental context versus that of com-
mitted, postnatal cells, where the former process re-
quires p63, but the latter does not.

Finally, we have performed a global assessment of gene
expression changes that occur with down-regulation of
either p63 TA or �N isoforms. While previous microar-
ray studies have been performed with p63, these have
relied on over expression of a single p63 isoform or
down-regulation of p63 expression with cells in culture
(Wu et al. 2003; Carroll et al. 2006). A recent study in
breast epithelial cells found significant changes in the
expression of adhesion molecules following p63 knock-
down (Carroll et al. 2006). Although p63 is required for
the development of both skin and breast tissue, we found
few overlapping genes in common between the two data
sets. This may reflect the use of different cell types,
breast epithelium versus keratinocytes, as well as assay
systems, two-dimensional culture versus three-dimen-
sional tissue. Consistent with this, our microarray data
set included many genes involved in differentiation,
such as K1, loricrin, and filaggrin, which were absent
from the results by Carroll et al. (2006). Furthermore, our
results support a recent study suggesting a cooperative
effect between p63 TA and �N isoforms in the formation
of the epidermis (Candi et al. 2006). In developmentally
mature cells undergoing tissue regeneration, p63 TA or
�N loss had similar effects on the expression of a num-
ber of differentiation genes. Thus, our findings assessing
p63 function in epidermal regeneration suggest that p63
is needed both to maintain cell proliferation in the basal
progenitor cells as well as to initiate the differentiation
program by inducing a gene set critical for this process.
Determining the direct downstream effectors of p63 that
mediate the epidermal differentiation program is of great
interest for future studies.

Materials and methods

Cells, gene transfer, and organotypic culture

Normal human keratinocytes isolated from discarded surgical
specimens were cultured in keratinocyte serum-free medium,
KSF-M (GIBCO-BRL), supplemented with epidermal growth fac-
tor (EGF) and bovine pituitary extract (BPE). Cells were grown at
37°C in a humidified chamber with 5% CO2. All siRNA oligo-
nucleotide duplexes were designed and synthesized by Dharma-
con. The control siRNA targets a region in the 3� intron of the
p63 transcript but does not affect the expression of any subset of
p63 isoforms. The regions targeted by the other p63 siRNAs are
noted in Supplementary Figure 3. One nanamole of siRNA oli-
gonucleotide was electroporated into 1 × 106 primary human
keratinocytes using Amaxa nucleofection reagents according to
the manufacturer’s protocol. For organotypic skin cultures,
cells were first nucleofected with the indicated siRNA oligo-
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nucleotide. Twelve hours to 24 h post-nucleofection, cells were
trypsinized and counted. Cells (2.5 × 105 to 10 × 105) were
seeded onto devitalized dermis and raised to the air/liquid in-
terface to induce keratinocyte stratification and differentiation
(Prunieras et al. 1983). Tissue was harvested at the indicated
time points. Gene transfer was performed by retroviral trans-
duction of the pLZRS vector (Kinsella and Nolan 1996) encoding
LacZ- or HA-tagged K14 cDNA. Infection was performed for 1 h
at 32°C with low-speed centrifugation to enhance viral infec-
tion. Cells were washed once with PBS following centrifugation
and placed in KSF media. Thirty-six hours after gene transfer,
cells were nucleofected with the indicated siRNA oligonucleo-
tide and used to generate organotypic cultures.

Protein expression and tissue analysis

For immunoblot analysis, 20 µg of control or p63 RNAi-treated
cell lysates were loaded per lane and subjected to 8% SDS-
PAGE. Primary and secondary antibody incubations were for 1
h each. Primary antibodies used included mouse antibodies
against p63 (Santa Cruz Biotechnology), p53 (Santa Cruz Bio-
technology), �-actin (Sigma), and HA (Covance), and rabbit
antibodies against p21 (Abcam) and p16 (Santa Cruz Biotech-
nology). Secondary antibodies included sheep anti-mouse or
anti-rabbit IgG-HRP (Amersham Biosciences). For immunofluo-
rescence studies, 7-µm skin cryosections were fixed in either
ice-cold methanol or acetone for 15 min at −20°C, followed by
blocking in 10% horse serum in PBS for 1 h. Sections were
incubated with primary antibody and then detected with Alexa
Fluor secondary antibodies (Molecular Probes). Counterstaining
with Hoechst dye 33342 was used to visualize cell nuclei. An-
tibodies used included mouse antibodies against p63 (Santa
Cruz Biotechnology), BrdU (BD Biosciences), transglutaminase
(Biomedical Technologies), collagen VII (Chemicon), K8 (Ab-
cam), K18 (Abcam), and HA (Covance), and rabbit antibodies
against keratin 1 (Covance), loricrin (Covance), Ki67 (Neomar-
kers), collagen VII (Calbiochem), and HA (Abcam). For histologi-
cal analysis, skin tissue was fixed in 10% formalin (Sigma-Al-
drich) and embedded in paraffin.

mRNA expression analysis

For qRT–PCR, total RNA was extracted from control or siRNA-
treated cells using the TRIZOL reagent (Invitrogen). qRT–PCR
analysis was performed using the Mx3000P instrument with the
Brilliant SYBR Green QRT–PCR Master Mix Kit (Stratagene).
Samples were run in triplicate and normalized to levels of
GAPDH mRNA for each reaction. At least three separate runs
were performed for each sample. One-hundred nanograms of
RNA were used for analyses with 100 nM pan-p63, �Np63, and
GAPDH primers, and 150 ng of RNA were used for analysis
with 100 nM TAp63 primers. The primers used were as follows:
GAPDH fwd, 5�-CCGGGAAACTGTGGCGTGATGG-3�; GAPDH
rev, 5�-AGGTGGAGGAGTGGGTGTCGCTGTT-3�; pan-p63
fwd, 5�-GACAGGAAGGCGGATGAAGATAG-3�; pan-p63 rev,
5�-TGTTTCTGAAGTAAGTGCTGGTGC-3�; �Np63 fwd, 5�-
GAGTTCTGTTATCTTCTTAG-3�; �Np63 rev, 5�-TGTTCT
GCGCGTGGTCTG-3�; TAp63 fwd, 5�-TGGTGCGACAAACA
AGATTG-3�; and TAp63 rev, 5�-ATAGGGACTGGTGGACGA
GG-3�. Microarray analysis was performed on duplicate samples
of organotypic cultures generated from keratinocytes treated
with control, TAp63, or �Np63 siRNA oligonucleotide. Tissue
was flash-frozen in liquid N2 then homogenized in TRIZOL
reagent, and RNA was extracted using the RNeasy Lipid Tissue
Kit (Qiagen). Amplification and labeling of cDNA probes
and hybridization to the HG-U133A2.0 microarray chip (Af-

fymetrix) was performed by the Stanford PAN Facility. Data
analysis was performed using the GeneSpring software (Ag-
ilent). Pairwise comparisons between the TAp63 or �Np63
siRNA-treated samples and the control samples were performed
to find genes that showed twofold or greater expression change.
One-way ANOVA was performed with all three sample sets to
determine genes that changed significantly with a p-value
�0.05. The intersection of these two data sets determined genes
that are included in Supplementary Table 2.

Cell cycle analysis and cell proliferation assays

Cell cycle profiles were determined by analyzing total DNA
content using flow cytometry. Briefly, transfected cells were
harvested at the indicated time points, washed once with PBS,
and fixed and permeabilized in ice-cold 70% ethanol. Prior to
FACS analysis, fixed cells were washed once with PBS then
stained with PI solution (50 µg/mL PI, 3.8 mM NaCitrate, 150
µg/mL RNase A in PBS) for 30 min at room temperature. FACS
was performed on a FACSCalibur (Becton Dickinson), and data
were analyzed with the FlowJo software using the Watson
model for cell cycle analysis. Analysis of in vitro BrdU incor-
poration was performed with the Cell Proliferation ELISA kit
(Roche) according to the manufacturer’s protocol. Five thousand
cells per well were seeded into a 96-well plate in triplicate or
quadruplicate samples, and the assay was performed at the time
points indicated following overnight incubation with BrdU. To
determine mitotic index in organotypic cultures, BrdU was
added to the media to a final concentration of 50 µM for 12 h
prior to harvesting the tissue. BrdU epitopes were exposed by
denaturing the DNA with 2N HCl, and labeled cells were de-
tected by immunostaining frozen cryosections with an antibody
against BrdU (BD Biosciences).
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