THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 8, pp. 5627-5638, February 17, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

p63 Regulates Human Keratinocyte Proliferation via MYC-
regulated Gene Network and Differentiation Commitment
through Cell Adhesion-related Gene Network™

Received for publication, November 28,2011 Published, JBC Papers in Press, December 19, 2011, DOI 10.1074/jbc.M111.328120

Ning Wu**"", Jérome Rollin, Ingrid Masse**, Jérbme Lamartine**, and Xavier Gidrol**'?

From the ¥*Commissariat a I'Energie Atomique, Biologie a Grande Echelle, F-38054 Grenoble, France, SINSERM, U1038, F-38054
Grenoble, France, "Université Joseph Fourier, Grenoble 1, F-38000, France, ”CNRS, UMR6239, Laboratoire d’Hématologie-
Hémostase, Hopital de Tours, 37100 Tours, France, and **Université Lyon 1, CNRS, UMR5534, Centre de Génétique et de Physiologie

Moléculaire et Cellulaire, 69622 Villeurbanne, France

homeostasis is not completely elucidated.

related gene network.
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(Background: Although the role of p63 in skin development is well known, its action in regulating human adult epidermal
Results: p63 regulates keratinocyte proliferation viaa MYC-regulated gene network and differentiation through a cell adhesion-

Conclusion: The balance between these two networks may control epidermal homeostasis.
Significance: This is important to understand epithelial carcinogenesis.

J

Although p63 and MYC are important in the control of epi-
dermal homeostasis, the underlying molecular mechanisms
governing keratinocyte proliferation or differentiation down-
stream of these two genes are not completely understood. By
analyzing the transcriptional changes and phenotypic conse-
quences of the loss of either p63 or MYC in human developmen-
tally mature keratinocytes, we have characterized the networks
acting downstream of these two genes to control epidermal
homeostasis. We show that p63 is required to maintain growth
and to commit to differentiation by two distinct mechanisms.
Knockdown of p63 led to down-regulation of MYC via the Wnt/
B-catenin and Notch signaling pathways and in turn reduced
keratinocyte proliferation. We demonstrate that a p63-con-
trolled keratinocyte cell fate network is essential to induce the
onset of keratinocyte differentiation. This network contains
several secreted proteins involved in cell migration/adhesion,
including fibronectin 1 (FN1), interleukin-1f3 (IL1B), cysteine-
rich protein 61 (CYR61), and jagged-1 (JAG1), that act down-
stream of p63 as key effectors to trigger differentiation. Our
results characterized for the first time a connection between p63
and MYC and a cell adhesion-related network that controls dif-
ferentiation. Furthermore, we show that the balance between
the MYC-controlled cell cycle progression network and the p63-
controlled cell adhesion-related network could dictate skin cell
fate.

The outer layer of human skin, the epidermis, is a self-renew-
ing, stratified squamous epithelial tissue. In adult tissue, the
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maintenance of epidermal homeostasis depends on an exquis-
ite regulation of the balance between keratinocyte proliferation
and differentiation (1, 2). However, the specific molecular
mechanisms governing each of these processes are not com-
pletely understood.

p63, a member of the p53 tumor suppressor gene family, is
known as a key regulator of epidermis development and kera-
tinocyte differentiation. Striking developmental defects have
been discovered during embryonic development in p63-knock-
out mice (3, 4). In addition, p63 is required for the maintenance
of proliferative potential in epithelial stem cells (3, 5, 6), epithe-
lial lineage commitment (4), differentiation of keratinocytes (7),
and epithelial cell adhesion and survival (8). Dual roles of p63 in
the initiation of epithelial stratification and maintenance of
stem cell proliferative potential have been established (6).
Because simultaneous p63 and p53 knockdown rescued the cell
proliferation defect of p63 knockdown alone but failed to
restore differentiation, the roles of p63 in proliferation and dif-
ferentiation of developmentally mature keratinocytes appear to
be distinct (7).

In vivo, as keratinocytes commit to differentiation, they
detach from the basal layer and migrate outward into a spinous
layer, accompanied by the expression of early differentiation
markers keratin 1 (K1) and keratin 10 (K10) (9). The effects of
p63 in keratinocyte differentiation have been investigated by
gain and loss of function experiments. Ectopic expression of
p63 induces the early marker K1 but suppresses the expression
of late differentiation markers, such as loricrin and filagrin (10).
Loss of p63 inhibited both stratification and differentiation in
skin organotypic culture (7). However, little is known about key
genes acting downstream of p63 to regulate the dynamic equi-
librium of keratinocytes differentiation and proliferation as
well as epidermal homeostasis (11).

Similar to p63, the MYC oncogene is predominantly
expressed in the basal cell layers of epidermis and is absent in
suprabasal layers (12, 13). MYC plays a vital role not only in
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keratinocyte proliferation (14 —-16) but also in accelerating the
differentiation of epidermal stem cells (17-20). Specifically,
MYC activation leads to epidermal stem cell proliferation, and
the sustained elevated expression of MYC in turn stimulates the
proliferating stem cells to enter the transit-amplifying com-
partment, thereby initiating terminal differentiation (21).
Although p63 and MYC have been independently demon-
strated to be key regulators in the dynamic equilibrium between
proliferation and differentiation in epidermal stem cells, no
connection between p63 and MYC has been reported so far.
The genetic basis underlying the processes regulated by p63
and MYC in mature keratinocytes, as well as the nature of their
downstream effectors, remains mostly unknown.

We hypothesized that the regulation of the equilibrium
between proliferation and differentiation of keratinocytes
could rely on gene networks acting downstream of p63 and
MYC rather than on a single gene. To this end, we compared
phenotypic outcomes and global gene expression profiles in
differentiating human keratinocytes transiently depleted of
either p63 or MYC. We demonstrate that p63 regulates the
proliferation and commitment to differentiation of human
mature keratinocytes by two independent mechanisms. p63 is
necessary for the proper expression of MYC and in turn con-
trols keratinocyte proliferation by regulating the expression of
MYC via the Wnt/B-catenin and Notch signaling pathways.
Moreover, p63 regulates human keratinocyte differentiation by
controlling a network of genes implicated in cell migration and
adhesion.

EXPERIMENTAL PROCEDURES

Cell Culture—Primary human keratinocytes were isolated
from human skin biopsy and cultured in KGM2 medium
(Clonetics) on flasks coated with collagen type I (Falcon Bio-
coat) at 37 °C and 5% CO,. This study was approved by the
ethical research committee “Comité de Protection des Per-
sonnes Sud-Est II” (CODECOH Number DC-2008-262).
HaCaT is a non-tumorigenic, spontaneously transformed
human keratinocyte cell line (22) generously provided by N. E.
Fusenig (German Cancer Research Center, Heidelberg, Ger-
many). HaCaT cells were grown at 37 °C in a humidified incu-
bator with 5% CO, in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum, 10° units/liter
penicillin, 50 mg/liter streptomycin, and 2 mm GlutaMax
(Invitrogen). HaCaT differentiation was induced by cultivating
cells seeded in plastic flasks at 10* cells/cm? as described previ-
ously (22).

Transient Transfection—siRNA transfection was used
INTERFERIin according to the manufacturer’s instructions. All
transfections were performed using 10 nm siRNA. siRNA
against MYC (S102662611), all p63 isoforms (SI00055118), FN1
(S102664004), IL1B (SI00012166), MMP13 (SI03049277),
CYR61 (S102626421), JAG1 (S102780134), and All Stars nega-
tive control siRNA (1027281) were obtained from Qiagen.

Cotransfection of siRNA with plasmids was done using an
Amaxa Nucleofector II (Amaxa Biosystems) according to the
manufacturer’s recommendations. Plasmids containing the
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OREF of cleaved Notch1 (NICD)? (Addgene plasmid 17623) (23)
or Wnt-3 (Addgene plasmid 17993) (24) were obtained from
Addgene.

Cell Proliferation and Cell Death Assays—12 h post-transfec-
tion, HaCaT cells were cultured in serum-free medium for 24 h.
After a 40-h culture in complete medium, cell growth was per-
formed with the ViaLight Plus kit (Cambrex) according to the
manufacturer’s protocol. For EAU staining, HaCaT cells were
pulse-labeled for 24 h with 10 um EdU (Invitrogen) 24 h after
transfection by siRNA. Cells were subsequently fixed on glass
coverslips with paraformaldehyde immediately after the EQU
pulse labeling. The Click-it EdU reaction was performed
according to the manufacturer’s instructions (Invitrogen) to
label and detect EAU with the Alexa Fluor azide 555 dye. EAU
staining was analyzed by BD LSRII (BD Biosciences). Student’s
t test was computed for statistical analysis. We used the fluo-
rescence-based method LIVE/DEAD viability/cytotoxicity kit
(Invitrogen) to evaluate cell death. HaCaT cells transfected by
siRNA at 48 h after transfection were used for staining. Live
cells (i.e. cells with esterase activity and intact membranes)
were labeled with calcein AM, a green fluorescent product, and
dead cells were labeled with ethidium homodimer-1, a red flu-
orescent nucleic acid stain. Cell staining was visualized with an
Olympus BX61 straight microscope controlled with Meta-
morph software (Molecular Devices, Downington, PA).

Microarray Experiments and Genetic Network Analysis—For
transcriptome analysis, microarrays with 25,342 spotted
human oligonucleotides were used (Human-25K, Réseau
National des Génopoles, France) (25). RNA was isolated, ampli-
fied, labeled, and hybridized following a published protocol
(25). For each condition, three independent biological repli-
cates were obtained, and the knockdown of corresponding
genes was verified before RNA extraction (supplemental Fig.
S2). Each biological replicate was hybridized to the arrays in
four replicates using a dye swap strategy. Slides were scanned
with an Agilent G2565AA Microarray Scanner (Agilent Tech-
nologies). Data analyses, including intensity-dependent Lowess
normalization of raw data and differential analysis, were per-
formed with GeneSpring 7.0 software (Silicon Genetics). Dif-
ferentially expressed genes were identified using analysis of
variance (p value corrected with Benjamini and Hoehberg false
discovery rate), and only genes with a -fold change of =1.2 and
p < 0.01 were used for further analysis.

Gene pathway and genetic network analyses were performed
by Ingenuity Pathway Analysis (IPA) (Ingenuity Systems).
Ontologies attached to each gene were used to classify altered
genes according to main biological themes. The following cri-
teria enter into generating the networks in the Ingenuity Path-
ways Analysis application. 1) We have designated the molecules
of interest in the analysis parameters before running the analy-
sis. Molecules that (z) meet the cut-off and/or filter criteria and
(b) interact with other molecules in Ingenuity’s Knowledge
Base are identified as focus molecules (also called “network eli-

3 The abbreviations used are: NICD, Notch intracellular domain; EdU, 5-ethy-
nyl-2'-deoxyuridine; KCF, keratinocyte cell fate; BisTris, 2-[bis(2-hydroxy-
ethyl)aminol-2-(hydroxymethyl)propane-1,3-diol; qRT-PCR, quantitative
RT-PCR; TF, transcription factor; iPS, induced pluripotent stem cell(s).
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gible molecules”). Focus molecules serve as the “seeds,” or focal
points, for generating networks. 2) Networks are preferentially
enriched for focus molecules with the most extensive interac-
tions and for which interactions are specific with the other mol-
ecules in the network (rather than molecules that are promis-
cuous, those that interact with a broad selection of molecules
throughout the Ingenuity knowledge base). 3) Additional non-
focus molecules from the data set and from the Ingenuity
knowledge base are then recruited and added to the growing
networks. 4) Networks are scored for the likelihood of finding
the focus molecule(s) in that given network. The higher the
score, the lower the probability that you would find the focus
molecules(s) you see in a given network by random chance. 5)
In the current version of the application, there is a cut-off of 35
molecules/network to keep networks to a usable size.

mRNA Expression Analysis—RNA was extracted with an
RNeasy minikit (Qiagen). For real-time quantitative PCR, 2 ug
of RNA was reverse-transcribed in a total volume of 20 ul with
the SuperScript I RNase H reverse transcriptase system (Invit-
rogen) and random primers according the manufacturer’s
instructions. Reverse transcription reactions were diluted to
500 pl of water, and 5 ul of the diluted cDNA was used for each
quantitative PCR. Quantitative PCR was carried out with a Plat-
inum quantitative PCR SuperMix-UDG Kit (Invitrogen) using
an ABI 7500 fast real-time PCR system (Applied Biosystems).
All experiments were run in triplicate, and the results were
normalized to 18 S rRNA expression. Primer sequences are
listed in supplemental Table S1.

Immunoblotting—Total cellular protein was extracted using
radioimmune precipitation assay buffer supplemented with
protease inhibitor mixture (Roche Applied Science) and 1 mm
sodium orthovanadate. After quantification with a BCA protein
assay kit (Pierce), 20 ug of protein from each sample was run on
a NuPAGE BisTris gel (Invitrogen) and then transferred to a
PVDF membrane. The membranes were blocked for 1 h at
room temperature in 5% nonfat dry milk, TBST and incubated
overnight at 4 °C with primary antibody and then for 1 h at
room temperature with HRP-conjugated secondary antibody.
Detection was performed with an ECL kit (Pierce). Primary
antibodies used were as follows: antibodies against TP63 (4A4,
sc-8431, Santa Cruz Biotechnology, Inc. (Santa Cruz, CA)),
MYC (N-262, sc-764, Santa Cruz Biotechnology, Inc.), cytok-
eratin 1 (PRB-149P, Covance), cytokeratin 10 (MMS-159S,
Covance), total B-catenin (6B3, 9582, Cell Signaling), cleaved
Notchl (NICD, Val-1744, 2421, Cell Signaling), and B-actin
(A3854, Sigma).

Cell Cycle Analysis—Cell cycle phase was determined by ana-
lyzing total DNA content using flow cytometry. HaCaT cells
were synchronized by culturing in serum-free DMEM 24 h
before transfection. Cells were transfected using INTERFERin
with 10 nm siRNA. 48 h post-transfection, cells were collected,
fixed, and stained with a cell cycle phase determination kit
(Cayman Chemical). Flow cytometry analysis was performed in
a MoFlo cell sorter (DakoCytomation).

Luciferase Reporter Assay—HaCaT cells were cotransfected
with plasmid and siRNA in 24-well plates using an Amaxa
Nucleofector II (Amaxa Biosystems) according to the manufac-
turer’s recommendations. The human MYC promoter cloned
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into a luciferase plasmid was described previously (26). A TK-
Renilla reporter was used as an internal normalization control.
The ratio of firefly luciferase plasmid to Renilla luciferase was
10:1 in each nucleofection (2 ng:200 ng). At 48 h post-transfec-
tion, luciferase activity was measured using a Dual-Luciferase
reporter assay system (Promega). The luciferase reporter con-
structions were obtained as follows: pDel-1~pDel-4 reporter
(Addgene plasmid 16601, 16602, 16603, 16604) (26), TCF-4/
LEF reporter plasmid from SuperArray Bioscience, YY-1
reporter plasmid from Panomics, and JUN and FOS reporter
plasmid from H. van Dam (Leiden University, Netherlands).

RESULTS

siRNA-mediated Depletion of either p63 or MYC Decreased
Mature Keratinocyte Proliferation, but Only Loss of p63 Inhib-
ited Differentiation—To investigate the specific roles of MYC
and p63 in human keratinocyte differentiation, we knocked
down each gene in HaCaT cells using specific siRNA and ana-
lyzed the phenotypic consequences. Because of the existence of
six different isoforms of p63, we used an siRNA targeting the
conserved DNA binding domain in all genes to achieve ablation
of all p63 isoforms. We first verified that the expression of
either MYC or p63 in siRNA-transfected keratinocytes was spe-
cifically knocked down at both the transcript (Fig. 14) and pro-
tein levels (Fig. 1B) 48 h post-transfection. Compared with cells
treated with control siRNA, we observed a 70 and 90% down-
regulation of MYC and p63 expression, respectively. It is note-
worthy that a significant loss of both genes was still observable
after 10 days of culture (supplemental Fig. S1). Two days after
siRNA transfection, we observed a reduced ATP content (Fig.
1C), whereas both EdU (Fig. 1D) and Ki67 staining (Fig. 1E)
significantly decreased, both in p63- and MYC-knockdown
HaCaT cells. Together, these data demonstrate a defect in kera-
tinocyte proliferation upon ablation of either p63 or MYC. We
next monitored the capacity of these cells to differentiate in
vitro during 10 days of culture in the appropriate medium. As
we focused on the commitment to differentiation, we chose to
monitor the expression of two early differentiation markers, K1
and K10, rather than later ones, such as involucrin or filagrin.
Indeed, K1 and K10 are markers of the basal-spinous layer tran-
sition in epidermis. Reduction of p63 levels in keratinocytes
significantly inhibited the expression of K1 and K10 at the tran-
script level (Fig. 1F). In contrast, cells lacking MYC still
expressed high levels of both markers, suggesting that these
cells were still able to differentiate and did so even faster than
the control (Fig. 1F). On the protein level, K1 was continuously
induced except in cells lacking p63, which exhibited up-regula-
tion of K1 until day 8, followed by a weak decrease in expression
(Fig. 1G). Expression of the K10 protein started late in all con-
ditions but became significant in MYC-depleted cells after 8
days of culture (Fig. 1G). In addition, we observed that loss of
p63 in cultures of primary human keratinocytes inhibited
expression of both K7 and K10 compared with control or MYC-
depleted cells (Fig. 1H). These results demonstrate that the
ablation of either MYC or p63 significantly reduced human
mature keratinocyte proliferation, whereas only the siRNA-
mediated loss of p63 inhibited differentiation.
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FIGURE 1. Influence of knockdown of MYC or p63 on keratinocyte differentiation. A and B, p63 and MYC expression was measured by qRT-PCR (A) and
Western blot (B) after introduction of siRNA oligonucleotide duplexes. siCT is a non-targeting siRNA control, siP63 is an siRNA duplex against all p63 isoforms,
and siMYC is an siRNA targeting the MYC oncogene. mRNA expression levels were normalized to siCT (A). Samples used in A and B were extracted 48 h after
siRNA transfection. C, cell growth was inspected by Vialight. Error bars, S.D. of six biological replicates; Student’s t test was used for statistical analysis. ***, p <
0.001.D, cell proliferation was assessed by EdU incorporation measured by flow cytometry. Three independent experiments were used, and Student’s t test was
used for statistical analysis. ***, p < 0.001. E, Ki67 staining of HaCaT cells 48 h post-transfection by siRNA. Red, Ki67; Blue, Hoechst. F and G, time course of
gRT-PCR (F) and Western blot (G) analysis of human cytokeratin 1 (K7) and cytokeratin 10 (K70) expression in HaCaT cells transfected with siCT, siMYC, or siP63.
mRNA expression levels were normalized to day 0. B-Actin was used as a loading control in the Western blot. H, time course of gRT-PCR analysis of K7 and K10
mRNA levels in primary human keratinocytes (PHK), transfected with siCT, siMYC, or siP63. mRNA expression levels were normalized to day 0. Error bars in all

gRT-PCR graphs represent S.D. of triplicate samples from one representative experiment.

Knockdown of either MYC or p63 Leads to Cell Cycle Arrest—
To determine the potential origin of the proliferation defect in
keratinocytes lacking either p63 or MYC, we analyzed cell death
and the cell cycle. Knockdown of either p63 or MYC triggered a
significant arrest in G,/G, (Fig. 24) without affecting cell death
(Fig. 2B). To identify the molecular mechanisms controlling
this cell cycle arrest, we analyzed the gene expression profiles of
keratinocytes depleted of either MYC or p63 after transfection
(supplemental Table S2). For these experiments, we have par-
ticularly insisted on robustness of the data. We performed three
independent siRNA transfections and three independent RNA
extractions (supplemental Fig. S2), along with several technical
replicates, to generate three independent expression profiles
that we then averaged for either MYC- or p63-depleted kerati-
nocytes. This transcriptome analysis showed that a small net-
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work of genes strongly associated with cell cycle regulation (p <
6.2 X 10 °) was significantly down-regulated in keratinocytes
lacking either MYC or p63 (supplemental Fig. S3A and Fig. 2C).
The majority of genes in this network were similarly regulated in
both p63-depleted and MYC-depleted cells, except CSK2,
GADD45A, and CCND2 (supplemental Fig. S3A4). Analysis by
qRT-PCR of the major cell cycle inhibitors confirmed that p15 and
p21 were both significantly up-regulated in response to the knock-
down of either MYC or p63 in HaCaT cells (Fig. 2, D and E). Inter-
estingly, the same trend was observed in primary keratinocytes
(Fig. 2, Fand G). We also observed that MYC, a major hub (highly
connected node) in this cell cycle-controlling network, was down-
regulated in both HaCaT and primary keratinocyte cells lacking
p63 (Fig. 2, C, D, and F). This result suggests that p63 is necessary
for the proper expression of MYC in human keratinocytes.
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FIGURE 2. Shared cell cycle arrest mechanisms in cells treated with siP63 or siMYC. A, cell cycle phase determination analysis performed by flow cytometry.
HaCaT cells were treated with siCT (left), siP63 (middle), or siMYC (right). PI, propidium iodide. B, Live/Dead staining of siRNA-transfected HaCaT cells. Red,
EthD-1; green, calcein AM. C, genetic networks regulating the cell cycle were generated by IPA. The lists of genes used in IPA were obtained from transcriptome
analysis of HaCaT cells treated with siP63 for 48 h. All cell cycle-related genes in siP63 were extracted from the IPA database with a very significant p value
(<6.2 X 10~ %) to generate this network (see “Experimental Procedures”). Nodes (genes or proteins) in the networks are shown by different shapes (biological
functions) and colors (red indicates up-regulated, and green represents down-regulated). Edges are represented as solid or dashed lines to indicate direct and
indirect interactions, respectively. D and E, qRT-PCR analysis of cyclin-dependent kinase inhibitors (such as p15, p16,and p21) and MYCin siP63 (D) or in siMYC
(E) HaCaT keratinocytes. mRNA expression levels were normalized to siCT, and error bars in qRT-PCR graphs show S.D. of triplicate samples from one repre-
sentative experiment. Student’s t test was used for statistical analysis. *, p < 0.05; **, p < 0.01. F and G, identical to D and E in human primary keratinocytes

lacking either p63 (F) or MYC (G).

p63 Is Necessary for Proper Expression of MYC—W e first con-
firmed the down-regulation of MYC expression in cells lacking
p63 at the transcript level (Fig. 3A4) and at the protein level (Fig.
3B), both in HaCaT cells and in primary human keratinocyte
cultures from two different donors. Data mining in the Gene
Expression Omnibus (GEO) confirmed that other groups have
measured down-regulation of MYC in p63-deficient epithelial
cell lines (supplemental Fig. S4) (27). Using specific siRNA tar-
geting either ANp63 or TAp63, we were able to demonstrate
that only the knockdown of ANp63 isoforms triggered down-
regulation of MYC expression (Fig. 3C). This was consistent
with the fact that ANp63 is the isoform predominantly

SN
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expressed in adult keratinocytes. Conversely, overexpression of
either ANp63 or TAp63 in HaCaT cells had no effect on MYC
expression (supplemental Fig. S5). Together, these results dem-
onstrated that p63 is necessary for the proper expression of
MYC.

We next investigated the molecular mechanisms underlying
the p63 knockdown-triggered down-regulation of MYC expres-
sion. Using luciferase reporter constructs fused to truncated
MYC promoter regions (Fig. 3D), we characterized the
sequence upstream of MYC and identified a putative p63-con-
trolled region. As demonstrated in Fig. 3E, this region extended
from —349 to —607 bp upstream of the transcription start site.
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A close-up view of this region revealed the absence of the p63
consensus binding site, in agreement with our previous pub-
lished results, which showed that M YC was not a direct target of
p63 in human keratinocytes (28, 29). These results suggested
that the expression of MYC is under the indirect control of p63.
The region upstream of the MYC gene also contains several
other binding sites for transcription factors (TFs), including
TCE-4 (TF responding to the Wnt/S-catenin signaling path-
way), YY-1 (TF responding to the Notch signaling pathway),
¢-FOS, and ¢-JUN (AP1 TFs) (Fig. 3F). Because these TFs are
known to play important roles in the control of keratinocyte
proliferation and differentiation (30-32), we investigated
whether or not they are involved in the p63 knockdown-trig-
gered down-regulation of MYC promoter activity. In keratino-
cytes lacking p63, we observed a moderate inhibition of both
TCF4 or YY1-dependent luciferase activities but no change or a
slight activation in JUN- and FOS-driven luciferase expression
(Fig. 3G). These results suggest that TCF4 and YY1, the TFs
responding to the Wnt/S-catenin and Notch signaling path-
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ways, respectively, were partially responsible for the p63-de-
pendent down-regulation of MYC expression.

p63 Knockdown-triggered Down-regulation of MYC Expres-
sion Is Mediated by Notch and Wnt/B-Catenin Signaling
Pathways—To determine whether the signaling cascades lead-
ing to the activation of YY1 and TCF4 are affected by p63 levels,
we scrutinized the expression profiles of keratinocytes lacking
either p63 or MYC. Interestingly, we found that the Wnt/g-
catenin and Notch signaling cascades were indeed potently
inhibited in keratinocytes lacking p63. JAG1 and DLLI, ligands
of the Notch signaling pathway, were both down-regulated in
p63-knockdown cells (Fig. 44). In addition, several inhibitors of
the Wnt/B-catenin pathway were up-regulated, whereas sev-
eral activators were down-regulated, probably resulting in the
inhibition of this signaling pathway (Fig. 4A4). At the protein
level, the ablation of p63 resulted in the down-regulation of
both cleaved Notchl (NICD) and total B-catenin (Fig. 4B).
Taken together, these results suggest that both pathways were
turned down in p63-knockdown cells. Inhibition of the Notch

VOLUME 287+NUMBER 8+FEBRUARY 17,2012



A
Pathways| Genes |Effects in Pathways Mit;l;g:r;ay
JAG1 activator v
Notch
DLL1 activator v
DKK1 inhibitor A
IGFBP6 inhibitor A
KLF6 inhibitor A
p-catenin o
ITCF-4 HBP-1 inhibitor A
PTEN inhibitor A
UPA activator v
MMP13 activator 1%
c D
1.2
121 msicT 3 1]
3 1 P63 ©
[ - Osi H |
5 s < 08
=N Z o6
@ 0.6 5
s 2 041
g 0.44 B
k) © 021
© .
o 0.2+ o
4 0 oA
) sCT + -
HES1 HEY1 siP63 - +
pGFP + +
pWnt3 - -
pNICD - -

p63 and Keratinocyte Cell Fate

SiCT siP63 1 (KDa)
P63 o
NICD &8 = | 110
total b-catenin 9
MYC [l S| 67

B-actin IEI 4

N

w

E

H p63 "
sicT + - - -

o mvc siP63 - +  + +
pGFP  + + - -
pwnt3 - - + -
pNICD - - -+ M(KDa)
NicD [ 5 o . ] 110
total
v [N W ] &7

D wmme] e

FIGURE 4. The Wnt/3-catenin and Notch pathways are responsible for the MYC down-regulation in p63 knockdown keratinocytes. A, list of modulators
of the Notch and B-catenin pathways that were differentially expressed according to siP63 transcriptome analysis. Green arrows, decrease in expression; red
arrows, increase compared with siCT-treated cells. B, Western blots of cleaved NICD, total B-catenin, and MYC in siP63 as compared with siCT. C, gRT-PCR
analysis of expression of HEST and HEY1, which are two transcriptional target genes of the Notch signaling pathway. The values represent the mean = S.D. of
three replicate samples from one representative experiment. D and E, MYC expression study at mRNA level (D) and at protein level (E) after activation of the
B-catenin or Notch pathway via overexpression of Wnt3 or NICD, respectively. A plasmid expressing GFP was used as a transfection control. Co-transfection of
siRNA and plasmids was done by nucleofection using Amaxa (see details under “Experimental Procedures”). Error bars in all qRT-PCR graphs represent the S.D.

of triplicates from one representative experiment.

signaling pathway in the presence of p63-targeting siRNA was
also indicated by the reduced expression of two reporter genes
of the Notch-signaling cascade, HESI and HEY1 (Fig. 4C). To
further confirm the potential involvement of the Wnt and
Notch pathways in down-regulation of MYC expression, we
restored downstream signaling by transfecting HaCaT cells
with either WNT3 or NICD expression vectors, together with
p63-targeting siRNA or control siRNA. We observed that the
overexpression of either WNT3 or NCID induced the up-reg-
ulation of MYC expression both at the transcript (Fig. 4D) and
protein levels (Fig. 4E). This would partially restore keratino-
cyte proliferation. However, overexpression of those two genes
was not sufficient to restore proper differentiation of keratino-
cytes lacking p63 (data not shown). These results suggest that
the molecular role of p63 in differentiation of human mature
keratinocytes is probably different from the ones that dictate
their proliferation.

Cell Migration/Adhesion-related Network Acts Downstream
of p63 to Induce Onset of Keratinocyte Differentiation—Our
results demonstrated that MYC is down-regulated in cells lack-
ing p63 (Figs. 2 and 3), thus functionally corresponding, at least
partially, to a siRNA-mediated knockdown of MYC. However,
these cells exhibited completely opposite differentiation out-
comes (Fig. 1E). To investigate the molecular mechanisms ena-
bling keratinocyte differentiation downstream of p63, we com-
pared the expression profiles of p63-depleted and MYC-
depleted cells.

As demonstrated in Fig. 54, 546 genes were common to both
expression profiles. It is noteworthy that there were more genes

SN
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common to both profiles than specific to the p63-depleted cells.
This again suggests that part of the transcriptional response to
p63 ablation in human keratinocytes was also due to the down-
regulation of MYC. The down-regulated genes in keratinocytes
lacking either MYC (supplemental Fig. S6A) or p63 (supple-
mental Fig. S6B) shared similar gene ontology terms (e.g. cell
cycle, DNA replication, and DNA repair). Genes up-regulated
in either MYC-depleted (supplemental Fig. S6C) or p63-de-
pleted keratinocytes (supplemental Fig. S6D) also shared some
gene ontology terms, such as cellular movement or cell death.
Among the 546 genes common to both expression profiles,
we found 71 genes that were antagonistically regulated (supple-
mental Table S3). We hypothesized that these antagonistically
regulated genes could mechanistically explain, at least partially,
the opposite differentiation outcomes between p63- and MYC-
lacking keratinocytes. We used the Ingenuity knowledge base
using IPA software to analyze the networks and functions asso-
ciated with these 71 genes. Strikingly, a network of 41 nodes was
extracted and significantly associated with a single function,
cell migration/adhesion (p < 3 X 10~ '*). In cells lacking p63,
this network was strongly down-regulated (Fig. 5B), whereas in
MYC-depleted keratinocytes, this same network was up-regu-
lated (supplemental Fig. S3B). We further validated the expres-
sion of some genes in the network by qRT-PCR in HaCaT cells
(Fig. 5C) and in primary keratinocytes (Fig. 5D). As expected,
the expression of these genes was up-regulated in MYC-de-
pleted cells and down-regulated in keratinocytes lacking p63.
These results suggest that this migration/adhesion-related
gene network could contain potential effectors acting down-
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stream of p63 to induce the onset of terminal differentiation in
human keratinocytes.

To validate our hypothesis, we used several functional
approaches. First, we searched for known phenotypes associ-
ated with this 41-gene network in the Mouse Genome Infor-
matics database. There are 19 knock-out mice with abnormal
skin phenotypes reported in that database. Strikingly, 15 genes
of these 19 KO mice were present in this network (Table 1).
These data suggest that nearly 80% of all known skin dysfunc-
tion-related genes belong to the network we have characterized
and functionally validate it. We also monitored in vitro differ-
entiation of keratinocytes lacking different genes belonging to
this migration/adhesion network: FNI, MMPI13, JAG1, IL1B,
and CYR61 (Fig. 6A). Except for MMP13, we observed a strong
inhibition of differentiation in cells lacking any of these genes,
as demonstrated by the delayed expression of KI (Fig. 6B) and
K10 (Fig. 6C) transcripts. It is noteworthy that although the
ablation of IL1B was only partial (40%), it significantly inhibited
differentiation. Furthermore, ablation of all of these genes
together (siCocktail) strongly inhibited keratinocyte differenti-
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ation. Finally, if the genes belonging to this network promote
commitment to differentiation, we postulated that their
expression should be down-regulated in non-differentiated
and/or pluripotent cells. We data-mined the NCBI Gene
Expression Omnibus database, and interestingly, we found that
seven hubs in this network, PLAU, FN1, IL1B, ADM, DUSPI0,
GADDA45A, and RAC2, were significantly down-regulated in
induced pluripotent stem cells (iPS) and are even part of the iPS
transcriptomic signature (Fig. 6D) (33). Together, these results
show that a p63-controlled migration/adhesion-related net-
work plays a key role in the onset of human mature keratinocyte
differentiation. As a consequence, we named this network the
keratinocyte cell fate (KCF) network.

DISCUSSION

Our findings confirm that sustained expression of both p63
and MYC, two major regulators of epidermal homeostasis (5-7,
18, 21, 34, 35), is required to maintain growth and differentia-
tion of human developmentally mature keratinocytes. How-
ever, we demonstrate that their respective roles are very differ-
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TABLE 1
List of all knockout mice exhibiting abnormal skin phenotypes reported in the Mouse Genome Informatics database

Genes that are also present in the KCF network (Fig. 5B) and are antagonistically regulated in MYC- and p63-deficient keratinocytes are shown in boldface type. JNK and
PI3K families figure in the network, and therefore no specific accession number could be given.

Gene ID GenBank™ accession number Phenotype
CCND2 NM_001759 Abnormal external granule cell layer morphology
COL17A1 NM_130778 Abnormal epidermal layer morphology;skin lesions
DFNAS NM_004403 Decreased cochlear outer hair cell number
DST NM_001723 Abnormal skin pigmentation
F2R NM_001992 Abnormal skin condition
F3 NM_001993 Abnormal skin condition
FN1 NM_002026 Skin lesions
FST NM_006350 Thickened epidermis
GADD45A NM_001924 Increased sensitivity to skin irradiation
HMGA2 NM_003483 Long hair
ILIRAP NM_002182 Abnormal skin condition/morphology
ITGA2 NM_002203 Abnormal skin condition
JAGI NM_000214 Abnormal cochlear hair cell morphology

Jnk Decreased hair follicle number

KRT6A NM_005554 Abnormal coat/hair morphology
PI3K Skin lesions
PTHLH NM_002820 Thin epidermis
THBS1 NM_003246 Abnormal skin condition
PRNP NM_000311 Abnormal skin condition
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FIGURE 6. An extracellular matrix genetic network is involved in keratinocyte differentiation. A, validations of siRNA knockdown targeting FNT, MMP13,
JAGT,IL1B,or CYR61.Cells were transfected with 10 nm siRNA for 48 h, and then the gene expression levels were quantified by qRT-PCR. The effect of knockdown
of each gene was compared with siCT. B and C, time course analysis of K7 (B) and K70 (C) expression were determined by gRT-PCR 9 days post-transfection of
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ent, as already suggested by some authors (36). We propose a
model to illustrate the distinct mechanisms of action of p63 on
human developmentally mature keratinocyte proliferation and
differentiation (Fig. 7). p63 is required for the proper expression
of MYC through the combined regulation of the Wnt/@-
catenin and Notch signaling pathways, leading in turn to cell
cycle regulation and cell proliferation. p63 also regulates a KCF
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network that contains several potential “differentiation effec-
tors,” some located in the extracellular space. The up-regula-
tion of the KCF network would promote the onset of terminal
differentiation of keratinocytes (Fig. 7). In this study, we show
that the siRNA-mediated loss of MYC triggers down-regulation
of the “proliferation network” and up-regulation of the KCF
network, promoting human keratinocyte differentiation; in
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through both the Wnt/B-catenin and Notch pathways. To trigger the onset of
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ferentiation effectors. Most of these effectors, such as FN1, IL1B, JAG1, and
CYR61, are located in the extracellular matrix and are implicated in cell
migration.

Terminal differentiation

contrast, p63 knockdown down-regulates both cell prolifera-
tion and mobility/adhesion-related networks, thus inhibiting
differentiation. These results were observed both in the HaCaT
cell line (mutated p53) and in normal human primary keratino-
cytes (wild-type p53), suggesting that the model we propose is
independent of the p53 status of skin cells.

Because MYC is a transcriptional repressor of p15 and p21,
two cyclin-dependent kinase inhibitors (37-39), and p63 was
reported to repress p21 and p16 (40-42), it was not a surprise
to observe reduced proliferation in cells lacking either gene.
More surprising was the p63 knockdown-triggered down-reg-
ulation of MYC expression that we report here for the first time.
This result suggests that although MYC is not a direct target of
p63 (28, 29), the expression of this transcription factor is nec-
essary for the proper expression of MYC both in HaCaT cell
line and primary human keratinocyte culture. Our results
establish that MYC expression is mediated, at least in part, by
the Wnt/B-catenin and Notch signaling pathways. Interest-
ingly, both pathways are important regulators of proliferation
and differentiation in epidermal stem cell maintenance and
wound healing (1, 43—46). The interplay between the Wnt/3-
catenin and Notch pathways has been reported in epidermal
homeostasis and differentiation as well (47, 48). We show that
both pathways act in concert downstream of p63 to control the
proper expression of MYC and, in turn, regulate the keratino-
cyte cell cycle.

Although the inhibition of proliferation of cells lacking p63
was partially MYC-dependent, the differentiation defects
appeared to be independent of MYC. Indeed, the siRNA-
mediated loss of MYC did not impair keratinocyte commit-
ment to terminal differentiation. The differentiation was even
slightly accelerated in MYC-depleted cells. By comparing
expression profiles from mature keratinocytes lacking either
MYC or p63, we found 546 common genes, of which 71 were
antagonistically regulated. Strikingly, from that list of 71 genes,
we extracted a gene network containing 41 genes that were
significantly associated (p <3 X 10~ '*) with a single function,
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cell migration/adhesion. These results are consistent with
recent reports showing that p63 functions as an inhibitor of cell
migration (27) and that a p53 mutant forms a complex with p63
to antagonize its cell migration-inhibitory function, leading to
TGEB-dependent metastasis (49). Similarly, it was shown that
p63 regulates a cell adhesion program, including integrins, in
epithelial cells (8). Although we cannot exclude the possibility
that other genes that are among the 546 common genes but are
not found in our network might regulate early differentiation,
we have clearly demonstrated that this p63-controlled cell
migration/adhesion network contains several effectors acting
downstream of p63 to trigger differentiation of mature
keratinocytes.

Some of the differentiation effectors we have identified (such
as integrins, FNI, PLAU, JAG1, IL1, and CYR61) are also
involved in cancer progression in inducible human tissue neo-
plasia (50). Integrin signaling plays an important role in epider-
mal adhesion, growth, and differentiation (51, 52). JAG1 is a
ligand of the Notch signaling pathway and acts on keratinocyte
differentiation (32, 53). JAG1 is also a transcriptional target of
p63 (54). Interleukin-1 (IL1) is implicated in human epidermal
keratinocyte proliferation (55) and even in the regeneration of
epidermal tissue in vitro (56). IL1« is the active form of inter-
leukin-1 in human epidermis. IL13 was considered non-func-
tional in keratinocytes, but our data suggest that IL1f is neces-
sary to induce keratinocyte differentiation.

Although most of these “differentiation effectors” do not
seem to be direct transcriptional targets of p63, the control
exerted by p63 on this network was dominant. Indeed, we were
unable to rescue differentiation of p63-depleted keratinocytes
by ectopic expression of NICD or JAG1 with the use of JAG1 or
IL1B recombinant proteins or even with an acellular matrix
obtained from normal fully differentiated keratinocytes (data
not shown).

We report for the first time the role of this p63-regulated cell
migration/adhesion network in the commitment of develop-
mentally mature keratinocytes to differentiation. A normal
expression of this network seems to be required to trigger dif-
ferentiation, whereas its down-regulation prevents it. Further-
more, we believe that misregulation of this gene network may
play a major role in tumorigenesis. Indeed, Khavari's group
recently reported a core tumor progression signature network
in keratinocytes, which contained 282 nodes and was involved
in carcinogenesis (50). This core tumor progression signature
network contained several oncogene hubs, and eight of the top
10 nodes were extracellular or cell surface proteins. It is note-
worthy that four of these eight extracellular oncogene hubs,
PLAU, CYR61, FN1, and IL1, also belong to the p63-regulated
cell migration/adhesion network we describe in this study.
Other oncogene hubs reported in the core tumor progression
signature network (50), such as SERPINE1 and ITGA6, were
also down-regulated in human keratinocytes depleted of p63
(supplemental Table S2).

In conclusion, the siRNA-mediated loss of MYC triggers
down-regulation of the “proliferation network” and up-regula-
tion of the “KCF migration/adhesion-related network,” pro-
moting human keratinocyte differentiation; in contrast, p63
knockdown down-regulates both cell proliferation and KCF
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networks, thus inhibiting differentiation. We believe that the
balance between levels of expression of both cell proliferation
and KCF networks could dictate keratinocyte cell fate. Further-
more, we think that this network approach would reconcile
much of the existing data on the regulation of the balance
between proliferation and differentiation in skin.
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