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ABSTRACT

p63, a p53 family member, plays an essential role in epidermal development
controlling several biological functions, some of which remain poorly
understood. Using a global gene expression analysis, I contributed to the
identification of novel downstream targets and signaling pathways regulated
by p63.

We firstly identified a set of genes not specifically expressed in epidermis
(non-epidermal genes) that are indirectly suppressed by p63. In parallel, p63
sustains Bone Morphogenetic Protein (BMP) signaling by directly
suppressing transcription of the inhibitory Smad7, and by inducing Bmp7. In
the absence of p63, BMP signaling is compromised and leads to ectopic
expression of the non-epidermal genes in vitro and in vivo. Reactivation of
BMP signaling by exogenous stimuli suppresses ectopic expression of non-
epidermal genes in the absence of p63. These data indicate that p63 prevents
ectopic expression of non-epidermal genes by a mechanism involving
activation of BMP signaling.

In our genome-wide analysis we also observed that many cell cycle genes
were positively regulated by p63. I found that loss of p63 in keratinocytes
causes cell cycle arrest both in vitro and in vivo. Thus, I investigated how cell
cycle genes are affected by p63. I identified a new mechanism through which
p63 favors cell cycle progression repressing two members of a microRNA
family: miR-34a and miR-34c. In the absence of p63, I observed increased
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levels of miR-34a and miR-34c¢ in primary mouse keratinocytes and in mouse
embryonic skin. p63 directly binds to p53-consensus sites in both miR-34a
and miR-34c gene promoters and inhibits their activity. Keratinocytes are
arrested in the Gl-phase of the cell cycle in the absence of p63 and have
reduced levels of two cell cycle regulators, cyclin D1 and cyclin-dependent
kinase 4 (Cdk4), that are known targets of miR-34. Importantly, concomitant
downregulation of miR-34a and miR-34c in the absence of p63 restores cell
cycle progression and the expression of cyclin D1 and Cdk4. These data
demonstrate that p63 sustains cell cycle progression in keratinocytes not only
by previously defined mechanisms, such as repression of the CDK inhibitor
p21 Cipl/Wafl, but also by directly repressing components of the miR-34
family.

In conclusion, during my PhD program I uncovered two novel mechanisms
through which p63 regulates cell cycle progression and tissue identity in

epidermis.



INTRODUCTION

1. Epidermal development

The epidermis, the outer most component of the skin, is the primary barrier
that protects the body from dehydration, mechanical trauma, and microbial
insults. The epidermis develops from an initial undifferentiated monolayer of
epithelial cells that subsequently undergoes stratification starting from
embryonic day 14.5 (E14.5) (Fuchs, 2007), it is separated from the underlying
dermis by the basement membrane, which consists of proteins secreted by
epidermal keratinocytes and by dermal fibroblasts (McMillan et al., 2003).
The two compartments of the skin, the dermis and the epidermis, function
cooperatively and together are responsible for the development of epidermal
appendages, including hair follicles and mammary glands (Chuong et al.,
2000). Therefore, a failure to properly develop either the dermis or the
epidermis may result in defects in appendage development. This is, for
example, illustrated by ectodermal dysplasias, in which primary defects in
epidermal development are the cause of subsequent defects in epidermal
appendages (Koster et al., 2004; Priolo et al., 2000). The barrier function of
the epidermis is established during embryogenesis and is the result of a
complex and precisely coordinated stratification program. In mice, the
execution of this program occurs in a period of approximately 10 days,
between E8.5 and E18.5, and initiates when cells of the surface ectoderm

commit to an epidermal fate (Figure 1).
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Figure 1: Schematic illustrating epidermal morphogenesis.

During epidermal morphogenesis, the single-layered surface ectoderm that
initially covers the developing embryo initiates a stratification program

culminating in the formation of the epidermal barrier.



After this initial commitment step, keratinocytes in the newly established
embryonic basal layer give rise to a second layer of cells, the periderm
(M'Boneko and Merker, 1988). The periderm is shed before birth in
conjunction with the acquisition of epidermal barrier function (Hardman et
al., 1998). The next layer of the epidermis to form is the intermediate cell
layer, which develops between the basal layer and the periderm. Development
of this layer is associated with asymmetric cell division of embryonic basal
keratinocytes (Lechler and Fuchs, 2005; Smart, 1970). Like basal
keratinocytes, intermediate cells undergo proliferation, and the loss of this
proliferative capacity is associated with the maturation of intermediate cells
into spinous cells (Koster et al., 2007). Spinous cells subsequently undergo

further maturation into granular and cornified cells (Figure 2).
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Figure 2. The epidermis is a pluristratified tissue.

The basal layer, or stratum basale, of the epidermis contains proliferating
keratinocytes. Upon withdrawal from the cell cycle, basal keratinocytes
detach from the basement membrane and undergo a terminal differentiation
program to become corneocytes in the outer layers of the epidermis. In the
intermediate stratum spinosum, the cells reinforce their keratin filament
network, and adjacent cells interact via many desmosomes. In the stratum
granulosum, keratinocytes become more flattened and express certain proteins
such as filaggrin and loricrin, which aggregate to form the typical

keratohyalin granules of the stratum granulosum.
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The morphological changes that are a hallmark of epidermal stratification are
associated with changes in the expression of keratin differentiation markers
(Koster and Roop, 2004). The cells of surface ectoderm initiates the
expression of Krt5 and Krtl14, these cells commit to an epidermal fate (Byrne
et al., 1994). Subsequently, the initiation of terminal differentiation results in
the induction of K1 and K10 expression in the newly formed suprabasal
keratinocytes (Bickenbach et al., 1995; Fuchs and Green, 1980). The final
step in epidermal stratification involves the formation of the epidermal
barrier. During normal development, barrier acquisition is patterned and
initiates at the dorsal surface, spreading laterally to the ventral surface in
approximately one day (Hardman et al, 1998). The process of barrier
formation is characterized by the formation of cornified cell envelopes,
composed of proteins crosslinked into a rigid scaffold and of lipids covalently
attached to the exterior surface (Rice and Green, 1977; Steven and Steinert,
1994). Although established in utero, the barrier function of the epidermis is
maintained during postnatal life owing to the continuous selfrenewal of the
epidermis, a process mediated by epidermal stem cells (Blanpain et al., 2006).
Under homeostatic conditions, the epidermal stem cells that are located in the
interfollicular epidermis are responsible for the maintenance of this structure
(Ito et al., 2005). These stem cells represent a small proportion of basal
keratinocytes and, through asymmetric cell division, give rise to a daughter

stem cell and a transit-amplifying cell, which ultimately undergoes terminal
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differentiation (Dunnwald et al., 2003; Potten and Morris, 1988; Schneider et

al., 2003).
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2. p63: structure and expression

p63 belongs to the p53 gene family consisting of three genes, p53, p63, and
p73, that show significant sequence homology (Yang et al., 2002). Each p53
family member contains a transactivation domain at the amino terminus, a
DNA-binding domain, and an oligomerization domain. In addition, all family
members share some functions and bind to a canonical p53-binding site, thus
controlling the expression of a subset of p53 target genes (Yang et al., 2002;
Yang et al., 2006) (Figure 3B).

The p63 gene encodes a tetrameric transcription factor that can be expressed
in at least six isoforms with widely different transactivation potential that
share an identical DNA binding domain (Yang et al., 1998). Alternative
transcription start sites (TSS) give rise to transactivation (TA) isoforms,
encoding proteins with a canonical transactivation domain similar to p53, and
AN 1soforms containing an alternative transactivation domain (Helton et al.,
2006; Yang et al., 1998) (Figure 3A). ANp63a contains both a transactivation
domain and an inhibitory domain and has been shown to activate or repress
gene transcription depending on the promoter context (Perez and Pietenpol,
2007). ANp63a is one of the first genes to be specifically expressed in the
surface ectoderm prior to Krt5 and Krtl4 expression at E7.5-E8 and it
continues to be expressed during skin development and in the basal
proliferative layer in postnatal life (Koster et al., 2004; Laurikkala et al.,

2006; Yang et al., 1998). Whereas p63 is predominantly expressed in the
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basal and spinous layers of the epidermis, it is downregulated upon
keratinocyte differentiation both in vitro and in vivo (Bamberger and
Schmale, 2001; Liefer et al., 2000; Nguyen et al., 2006; Parsa et al., 1999;
Pellegrini et al., 2001; Westfall et al., 2003; Yang et al., 1999). In the basal
layer, p63 is mainly involved in maintaining cell proliferation and cell
adhesion (DeYoung et al., 2006; Koster et al., 2004; Sbisa et al., 2006;
Truong et al., 2006). It has been proposed that p63 plays a dual role in
keratinocyte differentiation, as it is required for initiating epithelial
stratification (Koster et al., 2004; Nguyen et al., 2006; Truong et al., 2006),
whereas concurrently it inhibits the expression of some differentiation
markers, at least in part through transcriptional repression of the Notch
effector Hesl (King et al., 2003; Nguyen et al., 2006). Interestingly, some
p63 direct targets, such as Perp, whose expression in skin requires p63, are
predominantly localized in the suprabasal layers (Ihrie et al., 2005).

Mice lacking the p63 gene die from dehydration shortly after birth and display
cleft palate, limb truncation and absence of all stratified epithelia, including
the epidermis (Mills et al., 1999; Yang et al., 1999), suggesting that p63 plays
a non-redundant role in these tissues. Defects in the surface epithelium of
p63-null mice have been ascribed to loss of proliferative potential of
keratinocyte stem cells (Senoo et al., 2007; Yang et al., 1999), and/or altered
epidermal stratification and cell differentiation associated with reduced
expression levels of Krt5/Krt14 and Krt1/Krt10 (Koster et al., 2004; Mills et

al., 1999; Romano et al., 2009). In parallel with suppression of epidermal
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keratins, loss of p63 results in aberrant expression of the simple epithelial
keratins Krt8 and Krt18 both in vivo and in vitro (Koster et al., 2004; Truong
et al., 2006), suggesting that p63 may be involved in maintaining an epithelial

gene expression program in mammalian cells.
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Figure 3. p63 gene and relative isoforms.

(A) Structure of the p63 gene. (B) Comparison between p53, p63 and p73
proteins. The schematic structure of TAa isoforms of p63 and p73 is shown,
including the transactivation domain (TA), the DNA-binding domain and the
oligomerization domain (oligo). SAM: sterile alpha motif; PS: post-SAM

domain. The percentage of identity is indicated for each domain.
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3. BMP Signaling

BMPs are part of the transforming growth factor (TGF) superfamily of
morphogenetic proteins. Members of this family bind to a complex of
transmembrane serine threonine kinase receptors type 1 and 2, triggering the
phosphorylation and activation of the type 1 receptor by the type 2 receptor
kinase. The activated type 1 receptor phosphorylates a receptor-associated
SMAD that subsequently complexes with SMAD4 and translocates to the
nucleus to regulate gene transcription (Massague, 1998). Although the TGF
and BMP receptors have distinct receptor-associated SMADs, both need the
common mediator SMAD4 to transduce a signal to the nucleus (Figure 4). A
high level of complexity results from the existence of multiple ligands,
multiple ligand-sequestering antagonists and multiple receptors, with
considerable mixing and matching occurring both at the level of ligand-
receptor interactions and type II-type I receptor interactions (Schmierer and
Hill, 2007). Signaling then converges on three BMP-specific receptor-
regulated SMADs — SMADI, SMADS and SMADS8 — which complex with
the co-SMAD SMAD4 and modulate target gene expression.

In non-mammalian vertebrates BMP signaling is an important
determinant of epidermal fate specification, acting as an epidermal inducer
and suppressing neural fate in early development (Stern, 2006). In mammals
the possible role of BMPs in epidermis development is still not definitively
addressed. Members of the BMP family are differentially expressed in

embryonic skin. Expression of Bmp2 and Bmp4 transcripts in developing
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murine skin is restricted to the hair follicle epithelium and mesenchyme,
respectively (Bitgood and McMahon, 1995; Lyons et al., 1989). Strong
expression of Bmp7 mRNA is seen in mouse and rat epidermis during
embryonic development from early stages (Laurikkala et al., 2006; Takahashi
and lkeda, 1996), whereas Bmp6 is expressed in suprabasal layers of
embryonic murine epidermis at E15.5 (Lyons et al., 1989). Interestingly,
Bmp7 transcripts are strongly downregulated in the ectoderm of p63 null mice
(Laurikkala et al., 2006), although the functional significance of this finding
has not been addressed.

An important role in BMP/TGF-8 signaling is played by the inhibitory
Smads, Smad6 and Smad7, which block signaling by several mechanisms
including competition with RSmads for interaction with the activated
receptors, ubiquitination and degradation of the receptors (Hoover and
Kubalak, 2008). In addition Smad7 plays also noncanonical functions by
regulating several other signaling proteins, including B-catenin (Han et al.,
2006; Hoover and Kubalak, 2008). During my PhD program I demonstrated
that p63, and more specifically the ANp63a isoform, activates BMP signaling
both in vitro and in vivo. p63 directly binds to an evolutionary conserved
regulatory region on the Smad7 promoter thereby repressing its expression.
At the same time, p63 sustains Bmp7 expression in the epidermis and
indirectly controls Bmp4 expression in the dermis. Induction of BMP
signaling maintains physiological levels of non epidermal genes downstream

of p63 in a Smadl/5 dependent manner. Taken together these findings reveal
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a previously uncovered role of BMP/Smad signaling downstream of p63 in

suppressing non epidermal gene expression in keratinocytes.
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Figure 4: BMP signaling pathway.

BMP ligands bind to the BMP receptors BMPR1 and BMPR2, and BMPR2
then phosphorylates and activates BMPRI1. Phosphorylated BMPRI1
subsequently phosphorylates SMADI1, SMADS5 or SMADS8 (SMADI,5,8),
which associate with SMAD4 and enter the nucleus, where they regulate gene
expression. The BMP signal can be blocked by extracellular antagonists, such
as noggin, which bind BMPs and prevent their association with the BMP

receptors, or by intracellular inhibitors, such as Smad7.
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5. Cell Cycle

DNA replication starts as soon as mitosis ends, a gap named G1 phase is
incorporated between nuclear division (M phase) and DNA synthesis (S
phase) while another gap named G2 phase occurs between S and M. These
gaps allow for the repair of DNA damage and replication errors. G1 is a
period when many signals influence cell division and the deployment of a cell
developmental program.

Compared to DNA replication and mitosis, which follow canonical
steps that vary little from cell to cell, the steps controlling entry and
progression through G1 are largely dependent on cell type and context. All
proceed through G1 phase under different circumstances, different signals and
different developmental programs and with different risks of malignant
transformation. Definitively, however, to enter S phase all cells must activate
cyclin-dependent kinases (CDKs).

CDKSs are protein kinases that require binding to a cyclin subunit to
become catalytically competent (Morgan, 1997; Murray, 2004). Different
members of the CDK family, in association with different cyclins, turn on and
off key switches throughout the cell cycle. Cyclin—-CDK complexes are
regulated by phosphorylation and protein interaction events that tightly
control the timing and extent of CDK activation. The prototypic CDK, Cdkl1,
associates with cyclins A and B, and acts at the G2/M interface. The
progressive accumulation of A and B cyclins during the cell cycle and their

abrupt degradation at the onset of anaphase, mediates entry and exit from
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mitosis, respectively. The drop in Cdk1 activity at the end of M phase allows
DNA chromosomal sites known as replication origins to be loaded with a pre-
replicative complex (PRC) (Kelly and Brown, 2000; Prasanth et al., 2004).
This complex contains ORC (origin of replication complex), the kinase
Cdc6/18 and Cdtl (Cdcl0-dependent transcript 1), and loads MCM (mini-
chromosome maintenance) proteins onto the DNA, licensing these sites for
the initiation of replication.

The G1 CDKs include Cdk2, which combines with E-type cyclins (EI,
E2) and cyclin A (Morgan, 1997; Murray, 2004). On Cdk2 activation, PRCs
recruit DNA helicases, primases and polymerases, causing unwinding of the
double helix and DNA replication (Kelly and Brown, 2000; Prasanth et al.,
2004). Cdk activity is essential for the unwinding step, and several
components of the PRC become phosphorylated in the process. The newly
replicated origins cannot reassemble new PRCs until CDK activity once again
drops at the end of mitosis. Mitosis in turn will not proceed until DNA
replication is completed. Together, these events ensure that DNA will be
replicated once and only once per cell cycle (Kelly and Brown, 2000;
Prasanth et al., 2004).

Cyclin E expression is dependent on E2F transcription factors (Sears
and Nevins, 2002; Stevaux and Dyson, 2002). In mitotically resting cells, and
in cells that have just emerged from M phase, E2F factors are bound to the
retinoblastoma protein (Rb) or its family members, p107 and p130 (Lipinski

and Jacks, 1999). Rb binding turns E2Fs into repressors (in the case of E2F4
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and E2F5) or inactive transactivators (in the case of E2F1, -2 and -3) (Stevaux
and Dyson, 2002).

Mitogenic stimuli change this state by increasing the amount of D-type
cyclins, which combine with Cdk4 and Cdké6 to phosphorylate and inactivate
Rb (Morgan, 1997; Murray, 2004; Sherr and Roberts, 1999). Phosphorylation
dissociates Rb from E2F, allowing E2F-dependent transcription. Along with
cyclin E, the E2Fs activate transcription of a large set of components that
support DNA replication (ORCs, MCMs, DNA polymerase) and subsequent
events (cyclin B, Cdk1 and various DNA quality-control components) (Sears
and Nevins, 2002; Stevaux and Dyson, 2002). Rb seems to be the only
essential substrate of cyclin D-Cdk4/6, as cells lacking Rb no longer require
cyclin D for proliferation (Sherr, 2004). Rb can also be phosphorylated by
cyclin-E-Cdk?2, creating a positive feedback loop that helps precipitate S-
phase entry once enough Cdk2 has been activated.

The identities of the CDK substrates that directly trigger DNA
replication remain unknown and a stinging reminder of how much we still do
not know about how cell reproduction works.

A mechanism that prevents premature entry into S phase, and ties the
G1/S transition to regulatory inputs, relies on inhibitory proteins that latch
onto cyclin—CDK complexes and disrupt their catalytic centre (Pavletich,
1999). p21Cip1/WAF1 was the first CDK inhibitor to be identified as a

mediator of p53-induced growth arrest in response to DNA damage, in cell
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senescence, and as a direct CDK regulator (el-Deiry et al., 1993; Gu et al.,
1993; Harper et al., 1993; Noda et al., 1994; Xiong et al., 1993).

Infact, among other functions, p53 has a crucial role in negatively
regulating cell cycle progression upon DNA damage and oncogene-induced
senescence by transcriptional regulation of several cell cycle genes (Riley et
al., 2008). p53-dependent cell cycle arrest in G1 phase is mediated, at least in
part, by transcriptional activation of the cyclin-dependent kinase inhibitor
p21Cipl gene (Cdknla), encoding an inhibitor of G1 cyclin/CDK complexes
(Brugarolas et al., 1995; el-Deiry et al., 1993; Harper et al., 1993; Waldman
et al., 1995). Conversely, p63 is required for cell cycle progression at least in
cultured human epidermal cells and it has been shown to suppress the
p21Cipl geneby binding to the pS3-consensus site (DeYoung et al., 2006;
Goodheart et al., 2005; Nguyen et al., 2006; Truong et al., 2006; Westfall et
al., 2003). However, in human keratinocytes, downregulation of p21Cipl is
unable to fully restore cell cycle progression in the absence of p63 (Truong et
al., 2006), suggesting that other mechanisms may be involved. An
involvement of p63 in controlling cell cycle progression in mouse
keratinocytes has not been analyzed; however, p63 has been correlated to the
proliferative potential of human and rat epidermal stem cells (Senoo et al.,

2007).
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Figure 5: The cell cycle

Mitogenic signals stimulate the expression of D-type cyclins (Cyc) and a
concomitant increase in cyclin-dependent kinase 4 (CDK4) and CDKG6
activity. These factors initiate RB phosphorylation, which is augmented by
the activity of CDK2 complexes with cyclins A and E. The phosphorylation
of RB disrupts its association with E2F. The dissociation of p-Rb/E2F
complex leads to release of E2F, which mediates the expression of E2F-
sensitive genes involved in proliferation and progression through S-phase and
mitosis. At the transition from mitosis to G1, RB is dephosphorylated through
the action of phosphatases. Importantly, a large number of anti-mitogenic
signals function to prevent RB phosphorylation either by limiting the activity
of CDK4, CDK6 and CDK2 complexes or by inducing the activity of CDK

inhibitors. (Figure taken from Nature Cancer, Erik et al 2008)
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6. microRNA

MicroRNAs (miRNAs) form a class of small non-coding RNAs of 19-24
nucleotides (nt) that have key roles in the regulation of gene expression in
several cellular processes, including cell proliferation.

MiRNAs are transcribed by RNA polymerases II or III as primary

transcripts (pri-miRNAs), which are further processed by the nuclear RNase

III enzyme Drosha to stem-loop-structured miRNA precursor molecules (pre-

miRNAs). The pre-miRNAs are subsequently transported to the cytoplasm in
a complex with exportin-5 and RAS-like nuclear protein (Ran)-GTP (Cullen,
2004). They are then further processed by Dicer, another RNase III enzyme,

that cleaves off the double stranded (ds) portion of the hairpin and generates a

short-lived dsRNA of about 20-25 nt in size. The duplex is subsequently

unwound and only one strand gives rise to the mature miRNA, which is
incorporated into RISC (RNA-induced silencing complex), where it
associates with one of the highly conserved Argonaute proteins (Ambros,
2004; Bartel, 2004; Meister and Tuschl, 2004; Zamore and Haley, 2005). The
miRNA—-Argonaute complex interacts with the 3' untranslated region (UTR)
of target mRNAs and inhibit their expression either by interfering with
translation or by destabilizing the target mRNA (Meister and Tuschl, 2004;
Pillai et al., 2007).

Each miRNA is predicted to bind to more than 100 target mRNAs and

to inhibit gene expression either by interfering with translation or by
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destabilizing the target mRNA (Bartel, 2009). Recent studies have shown that
members of the miR-34 family possess anti-proliferative potential and induce
cell cycle arrest, senescence, and/or apoptosis (Bommer et al., 2007; Chang et
al., 2007; Corney et al., 2007; Raver-Shapira et al., 2007; Tarasov et al.,
2007; Tazawa et al., 2007). In mammals, the miR-34 family comprises three
processed miRNAs that are encoded by two different genes: miR-34a is
encoded by its own primary transcript, whereas miR-34b and miR-34c share
common primary transcripts. In addition, miR-34a and miR-34b/c are direct
transcriptional targets of p53. Transcriptional activation of miR-34a and miR-
34b/c causes dramatic reprogramming of gene expression and contributes to
pS3-mediated cell cycle arrest and apoptosis (Chang et al., 2007; Raver-
Shapira et al., 2007). miR-34 family mediates such functions through additive
or synergistic effects on multiple targets, including cyclin-dependent kinase 4
(CDK4), CDK6, E2F3, cyclin DI, cyclin E2, Bcl2, and others (Bommer et
al., 2007; He et al., 2007; Sun et al., 2008; Tazawa et al., 2007).

In this study I show that one of the mechanisms by which p63 regulates cell
cycle progression in mouse epidermal cells is by directly repressing the
expression of two members of the miR-34 family. In the absence of p63, high
expression levels of miR-34a and miR-34c were observed both in vitro and in
vivo. Moreover, concomitant suppression of miR-34a and miR-34c by
specific antisense inhibitors induces reactivation of cell proliferation and

transition from G1 to S phase in p63 knockdown keratinocytes, showing that
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these miRNAs exert an effect downstream of p63 to regulate cell cycle

progression.
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Figure 6: microRNA Biosynthesis

The miRNA processing pathway has long been viewed as linear and universal
to all mammalian miRNAs. This canonical maturation includes the production
of the primary miRNA transcript (pri-miRNA) by RNA polymerase II or III
and cleavage of the pri-miRNA by the microprocessor complex Drosha—
DGCRS8 (Pasha) in the nucleus. The resulting precursor hairpin, the pre-
miRNA, is exported from the nucleus by Exportin-5—-Ran-GTP. In the
cytoplasm, the RNase Dicer in complex with the double-stranded RNA-

binding protein TRBP cleaves the pre-miRNA hairpin to its mature length.
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The functional strand of the mature miRNA is loaded together with
Argonaute (Ago2) proteins into the RNA-induced silencing complex (RISC),
where it guides RISC to silence target mRNAs through mRNA cleavage,
translational repression or deadenylation, whereas the passenger strand
(black) is degraded. In this review we discuss the many branches, crossroads
and detours in miRNA processing that lead to the conclusion that many
different ways exist to generate a mature miRNA. (Figure taken from Nature

Cell Biology, Winter et al 2009)
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MATERIALS AND METHODS

1. Keratinocytes preparation and cell cultures

Primary mouse keratinocytes were isolated from skin of 2-day-old Swiss CDI1
mice and cultivated in minimal essential medium with 4% FBS, EGF and
0.05 mM Calcium (low calcium medium). For all experiments, cells were
used 5 days after plating. Cells were incubated at 34°C, 8% CO2 and culture

medium was changed every day.

2. Chromatin immunoprecipitation

3 x 1076 mouse keratinocytes were fixed with 1% formaldehyde in growth
medium at 37°C for 10 min. Extracts were extensively sonicated on ice to
obtain DNA fragments ranging from 400 to 800 bp in length. Chromatin was

immunoprecipitated as in the Upstate protocol (http://www.upstate.com).

Immunoprecipitation was performed using anti-p63 (H-137; Santa Cruz
Biotechnology)  and anti-ERK-1 (K23; Santa Cruz Biotechnology)
antibodies. Real-time PCR was performed using the SYBR Green PCR

master mix in an ABI PRISM 7500 (Applied Biosystems).

Oligonucleotide Primers for ChlIP:

Smad7 ctr (-0.2kb)
GCGAAACACAATCGCTTTTTT

CGTCACGTGGCCGTCTAGA
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Smad7 (2) (-2.7kb)
ATCTGTTTTTACCCGGGCCT
CGTGAGTGGTGCTAATCCCCT
Smad7 (1) (-3.1kb)
GTGAGGCGAAAGAAGAGCCC
GCTCTGACTGGCTTGTATGCC
Bmp7 (1) (-1.7kb)
TGCTGTGGTGGGTGATCTGA
GTCATGTCTCCAGCTCGCAG
Bmp7 (2) (+2.2kb)
AGGCAAGGCGCTGAATTGT
TGTGATCTCCAGCAAGGCAGT
Bmp7 (3) (+2.5kb)
CCTCGCTGATTGAGAGGCTC

TCATGTTGAAAGGACAAAGCCTAG

3. Constructs, transfections and reporter assays.

Transfections were performed 5 days after plating using 2-3ul Lipofectamine
2000 (Invitrogen) and 1-1.5ug of DNA. Plasmids (250ng) were co-transfected
with pCMV2-FLAG-ANp63a or pCMV2-FLAG control. A 4.3kb Smad7
promoter (3.6 kb promoter region and 0.7kb 5’UTR upstream) was cloned
into the Xhol-HindIII sites in the pGL3 reporter plasmid (Promega). The

Smad7 fragment (-3.0/-2.6) was generated by deletion of Smad7 promoter
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using Nhel-Pstl and cloned into pGL3-TKLuc reporter plasmid. Mutations in
the p63 binding sites were generated using the QuikChange Site-directed
mutagenesis kit (Stratagene). Luciferase activity was determined 48 hours
(hrs) after transfection with the dual luciferase reporter assay kit (Promega).
pCMVRenilla reporter (20ng; Promega) was used to normalize transfection
efficiency. A total amount of 200nM siRNA (Stealth siRNA, Invitrogen) for
pan-p63, for specific p63 isoforms, and/or for Smad7, Smadl, Smad5, Bmp7
and/or anti-miR-34a, anti-miR-34c (miRCURY, Exiqon, Vedbaek, Denmark),
or scramble control (miRCURY, Exiqon 19900200) or control medium GC
rich siRNA (Stealth siRNA, Invitrogen) were transfected by Lipofectamine
2000. In some experiments cells were treated with BMP7 (20ng/ml) (R&D
Systems) 24 hrs after transfection. The BMP type I receptor inhibitor LDN-

193189 (200 nM) was given to the cells 30’ before BMP7 addition.

Mutagenesis of Smad7 promoter

Mut 166-167

GAATTAAAACACCCACAATTACACCCGATGGGAACATAGCTCTG

Mut 187-188

GGGAACATAGCTCTGCCCGTAGATGCACGTCCC

Mut 212-213

GCACGTCCCATCCAGACCCGCTGTGACATCAGATTC

33



siRNA oligonucleotides

Smad7 AGTCAAGAGGCTGTGTTGCTGTGAA
Smad7_2 CCCATCACCTTAGTCGACTCTGTGA
Smadl_a CATATTGGGAAAGGAGTCCACCTTT
Smadl_b CAATCCTATTTCATCCGTGTCTTAA
Smad5_a CAGAGATGTTCAGCCTGTCGCCTAT
Smad5_b ATTCATAGTAGACAATCGAACACCA
Bmp7_a CCTGAAGGCTATGCTGCCTACTACT

Bmp7_b CAACCTAGTGGAACATGACAAAGAA

4. Retroviral infections.

Primary mouse keratinocytes were infected 2 x 2hr with high-titer pPBABE-
Smad7, GINCO-green-fluorescent protein or GINCO-ANp63a retroviruses
and were cultured for 4 additional days. in the presence of 8ug/mL polybrene
(Sigma), selected with 2pg/ml puromycin for 48 hrs, and grown after

selection for an additional 24 hrs in the absence of puromycin.

5. Analysis of gene expression

Gene expression profiling was obtained in p63 knockdown versus control
keratinocytes 48hrs after transfection and using Affymetrix Mouse Genome
430A 2.0 chips and analyzed using the dChip algorithm. Among the genes
affected by loss of p63, 106 genes were upregulated more than 5-fold by p63

knockdown (Table S1). Tissue expression profiling of upregulated genes was
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obtained from a custom made mouse GNFIM (MASS) GNF gene expression

database (http://symatlas.gnf.org). Among 72 genes that were upregulated

more than 5-fold by p63 knockdown (FDR<0.25), 48 (67%) were not

expressed in normal epidermis, but rather in other tissues.

6. Real-time RT-PCR.

Total RNA was extracted 48 hrs after transfection from primary keratinocytes
using TRIzol reagent (Invitrogen), and from mouse embryonic skin (E14.5)
using RNAspin Mini RNA isolation kit (GE Healthcare) according to the
manufacturer’s instruction. RNA samples were treated with RNase-free
DNase I (Promega), and cDNA was synthesized using SuperScript Vilo
(Invitrogen). Two-step real-time reverse transcription RT-PCR was performed
using the SYBR Green PCR master mix in an ABI PRISM 7500 (Applied
Biosystems). Levels of the target genes were quantified using specific

oligonucleotide primers and normalized for Gapdh or Actb expression.

Oligonucleotide Primers for Real Time RT-PCR:

Gapdh
GTATGACTCCACTCACGGCAAA
TTCCCATTCTCGGCCTTG

Actb
CTAAGGCCAACCGTGAAAAGAT

GCCTGGATGGCTACGTACATG
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p63

CATGAGCTGAGCCGTGAGTTC
GGCTGTTCCCTTCTACTCGAA
Krt14

TGACGTCTCCACCCACCTG
ACCACGAGGAGGAAATGGC

Krt8

TGCTCATGTTCTGCATCCCA
GATCACCACCTACCGCAAGC
Cldn7
ACAGGAGCAAGAGAGCAGGG
CTGCCATCTTTATCGGCTGG
Tmprss2
CCTACATACAGACTAAATGTGCAA
GAAATAACCAACCAACAGCAAAGA
Bex1
TGACCACCATGATGAGTTTTGC
TCCCCATGTCATCTTCAGAGAA
Smad6
GGCTGTCTCCTCCTGACCAGTA

CAATGTAGAATCGGACAGATCCAG
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Smad7
GAAGGTGGTGCCCACTTTCA
AACGAGAGTCAGCACTGCCA
Bmp7
CATCGTCCAGACACTGGTTCA
AGCAGGGCTTGGGTACTGTG
Bmp?2
GGCCGTTTTCCCACTCATCT
CCATCACGAAGAAGCCGTG
Bmp4
TGAGGAGTTTCCATCACGAAGAA
CACTGGTCCCTGGGATGTTC
Bmp6
TGTCCAACAAAAATAGGTCAGAGT
AAGTCTTGCAGGAGCATCAGC
Lceld
TCGTCTTGCTCCAGAGCACTCACC
GGAGGCTGGCACTGCTGTTGG
Lcela2
GTTCTGCTGGCAGGACATCT

GCCCAAGGATCTTGTACTGC
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Id1

GAGCAGCAGGTGAACGTCCT
TCCTTGAGGCGTGAGTAGCA

Id2

TGATGCAGGCTGACGATAGTG
TCTTGGACCTGCAGATCGC

Smadl
ATTGAAAACACCAGGCGACATA
CCAACGTAATAAAGGTGGACTCCT
Smad5
ACTATTGAAAACACTAGGCGGCATA

CACCTCCCCACCAACGTAGTA

7. Immunostaining.

Embryos were fixed in 4% paraformaldehyde and either embedded in OCT
(Sakura) or paraffin. Fluorescent signals were monitored under a Zeiss
confocal microscope LSM510meta using a Zeiss EC Plan-Neofluar — 40/1.3
oil immersion objective. The following primary antibodies were used for
immunofluorescence staining: p63 (4A4, Santa Cruz Biotechnology), Krt8
(Troma-1 rat monoclonal antibody developed by Rolf Kemler, obtained from
the Developmental Studies Hybridoma Bank at The University of Iowa),

Cldn7 (34-9100, Invitrogen), Cldn 3 (34-1700, Invitrogen), Cdhl (610181,
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BD Biosciences) for paraffin-embedded tissue, Cdhl (13-1900, Invitrogen)
for frozen-embedded tissue, phospho-Smadl/5/8 (9511, Cell Signaling),
Smad]1 (sc-7965, Santa Cruz), phospho-Smad2 (3108, Cell Signaling), Smad?2
(3103, Cell Signaling). Alexa Fluor ® secondary antibodies (Invitrogen) were

used for detection.

8. Immunoblotting

Cells were lysed in sample buffer or in 1% Triton X-100 lysis buffer (10 mM
Tris-HCI pH7.5, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA) for Smad7
and in Laemmli sample buffer (10 % Glycerol, 0.01 % Bromophenol Blue,
0.0625 M Tris-HCI pH 6.8, 3 % SDS and 5 % B-mercaptoethanol (ME) for
the other proteins. Extracts were run on SDS-PAGE gels, transfer on
Immobilon-P transfer membranes (Millipore), probed with the indicated
antibodies and detected by chemiluminescence (ECL, GE Healthcare Life
Sciences). The following primary antibodies were used for immunoblotting
analysis: p63 (4A4), cyclin D1 (72-13G), Cdk2 (M-2), Cdk4 (C-22), and
ERK-1 (K-23), all from Santa Cruz Biotechnology (Heidelberg, Germany),
Smad7 (MAB2029, R&D Systems), polyclonal anti-Bex1, B-actin (AC-15

Sigma).

9. in situ hybridization.

In situ hybridization was performed on frozen sections of P1 skin and E14.5

embryos as previously described (24). Digoxigenin (DIG)-labeled antisense
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and sense RNA probes were transcribed from the SP6 and T7 promoters using
a DIG labeling kit (Roche Applied Science). The Smad7 probe corresponding
to a 485bp cDNA fragment was kindly provided by Xiao-Jing Wang. The
Bmp6 probe was synthesized from a 893bp SacIEcorl cDNA fragment kindly
provided by Dr. M. Mikkola. The Bmp7 probe corresponds to a 440bp long
cDNA fragment generated by PCR and inserted in the pCR®II vector vector
(Invitrogen). For microRNA the hybridization was performed with
miRCURY LNA Detection antisense Probes (Exiqon) specific for miR-34a,
miR-34b, and miR-34c at 40 1C. Digoxigenin (DIG) labeling was monitored
under a Zeiss Axioskop2 plus microscope using a Zeiss Plan-Neofluar

20X/0.50 objective.

10. Mice and Skin Explants

All experiments performed with mice were conducted under TACUC
approval. p53-null mice in a C57/BL6 background were obtained from
Alfredo Fusco (Federico II University, Napoli, Italy). p63-null mice
(B6.129S7-Trp63tm1Brd/J) were obtained from the Jackson Laboratory. For
skin explants, dorsal skins from embryos at E14.5 were laid on culture plate
insert (Millipore) and cultured in the presence or in the absence of BMP7 in

DMEM with or without 5% FBS, overnight at 37 °C and 5% CO2.
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11. Flow cytometry and BrdU labeling

For cell cycle analysis, keratinocytes were harvested 48 hours after
transfection and were incubated with a solution of propidium iodide (Sigma-
Aldrich; St Louis, MO; 2.5 mgml-1), RNAse (Imgml-1), and 0.15% NP-40
in phosphate-buffered saline overnight at 4 1C. For each sample, at least
10,000 events were acquired using FACSCanto II Flow Cytometry System
(BD Biosciences, Erembodegem, Belgium), and analyzed using the ModFit
LT 3.0 software (Verity Software House, Topsham, ME). For measurement of
DNA synthesis, cells were labeled with BrdU (Zymed, San Francisco, CA;
1:100) for 3 h and subsequently fixed with 4% paraformaldehyde. After
fixation, cells were permeabilized with NP-40 0.1%, and the DNA was
denatured with 50 mM NaOH. BrdU was detected with mouse monoclonal
antibodies (G3G4; Developmental Studies Hybridoma Bank, The University
of Towa) and rabbit anti mouse TRITC (Dako Cytomation). DNA was
counterstained with DAPI (100 ng/mL). For in vivo analysis, BrdU was
injected (1 ml per 100 g body weight) intraperitoneally in pregnant female
mice and incubated for 3 hours. Embryos were taken at E14.5 and fixed in 4%
paraformaldehyde, and embedded in paraffin. Sections, 7 mm thick, were
permeabilized in 0.2% Triton X-100, and processed for immunofluorescence

as described above.
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12. miRNA expression analysis

Total RNA from primary keratinocytes or from total embryonic skin was
extracted using TRIzol reagent (Invitrogen). The expression levels of mature
miRNA species were quantified using TagMan MicroRNA Assays (Applied
Biosystems, Foster City, CA; miR-34a: no. 4373278; miR-34b: no. 4373343,
and miR-34c: no. 4373036). The expression of each miRNA was normalized

to the expression of U6 small nuclear RNA.
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RESULTS

To explore the role of p63 in controlling gene expression in epidermal cells, I
recently contributed to identify a large number of putative p63 target genes in
primary mouse keratinocytes performing a global gene expression profiling.
We identified a large set of direct and functional p63 target genes by
applying a novel reverse-engineering algorithm (TSNI: Time Series Network
Identification) to dynamic gene expression profiles following p63 activation
in primary keratinocytes (Della Gatta et al., 2008). Validation of the identified
p63 target genes was achieved by p63 knockdown and by ChIP-chip analysis.
Data obtained revealed that p63 negatively regulates a set of genes that
are preferentially expressed in other tissues (non-epidermal genes), including
the previously reported Krt8 and Krt18 (Koster et al., 2007; Truong et al.,
2006). 67% of the genes upregulated more than 5 times in the absence of p63
were expressed at very low levels in wild-type keratinocytes, and were
enriched in genes expressed in early embryonic development, in simple
epithelia, or in neural tissues (Table 1). In addition we observed an induction
of genes encoding for cell cycle regulators. Conversely, p63 knockdown
inhibits most of these regulatory genes. According to global gene expression
profiling, p63 induces cell cycle regulators indirectly. This conclusion is
supported by the observation that none of the eight cell cycle genes analyzed

by ChIP-chip was associated with a p63-bound region.
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Table 1: Genes induced by p63 knockdown.

Probe Set ID Gene Symbol p63KD/ctr FDR GNF expression®
1451287_s_at 2810003C17Rik 9.6 0.142 U®

1436344 _at 5830404H04Rik 6.0 0.039 ND*

1424838_at A330049M08Rik 5.8 0.044 trigeminal

1455180_at AA407270 7.3 0.024 ND

1422925 _s_at Acot3 6.8 0.094 liver, kidney

1427735_a_at Actal 5.6 0.090 skeletal muscle, epidermis, snout epidermis, tongue, prostate, bone, brown fat
1421172_at Adami12 5.5 0.132 U

1450065_at Adcy7 6.4 0.040 B cells, CD8+ positive cells

1454890_at Amot 5.0 0.174 placenta, embryo day E6.5

1450325_at Angpt4 5.4 0.248 snout epidermis

1420991_at Ankrd1 10 0.234 heart, umbilical cord

1418858_at A0x3 8.9 0.068 liver, lung, trachea

1455826_a_at Bacel 7.4 0.155 U

1448595_a_at Bexl 8.2 0.055 embryo E6.5, E7.5, E8.5

1448752_at Car2 18.1 0.031 stomach, bone marrow, bone

1419609_at Cerl 6.4 0.076 U

1460569_x_at Cldn3 17.5 0.039 intestin, prostate, blastocyst

1448393_at Cldn7 7.4 0.145 small intestin, large intestin, blastocysts, uterus
1437689_x_at Clu 22.0 0.028 bladder, liver, stomach, lymphonoede, mammary gland, brain
1419872_at Csfir 5.2 0.051 U

1415803_at Cx3cl1 6.0 0.178 cortex, dorsal striatum, olfactory bulb
1427289_at Ddhd1 6.4 0.091 testis, ovary, trachea, small intestine, brain
1448619_at Dher7 6.8 0.011 adrenal gland, snout epidermis

1418937_at Dio2 7.9 0.068 uterus, brown fat

1451270_at Duspl18 5.6 0.159 U

1417023_a_at Fabp4 5.0 0.113 brown fat, adipose tissue, ovary

1424647_at Gabrp 5.7 0.025 trachea

1437618_x_at Gpr85s 6.1 0.198 brain

1436917_s_at Gpsml 5.6 0.232 olfactory bulb, heart

1424553_at Hhatl 5.9 0.181 heart, skeletal muscle

1418352_at Hsd17b2 12.7 0.023 large intestin, liver, placenta

1427029_at Htra3 10.1 0.037 epidermis, snout epidermis, digits, placenta, adipose tissue
1417141_at Igtp 5.4 0.132 CD4+ cells

1435945_a_at Kcnn4 7.1 0.100 CD4+ cells, CD8+ cells, thyroid

1448169_at Krt18 17.0 0.058 blastocyst, placenta (stoemach, large intestin)
1423691_x_at Krt8 34.1 0.103 large intestin, blastocyst, stomach, small intestin
1420350_at Lcelaz 6.7 0.249 digits, epidermis, snout epidermis, tongue
1419409_at Lcelb 6.7 0.207 digits, epidermis, snout epidermis, tongue
1420332_x_at Lceld 5.1 0.210 digits, snout epidermis, tongue

1421316_at Lcelg 16.2 0.118 epidermis, digits, pancreas

1449959_x_at Lcelh 6.3 0.148 digits, snout epidermis, tongue

1417275_at Mal 5.8 0.030 substantia nigra, eye, spinal cord, bladder, stomach, umbilical, cord
1430837_a_at Mbdl 7.9 0.242 U

1417256_at Mmp13 5.9 0.096 vomero nasal epithelium, bone

1460238_at Msin 16.4 0.028 umbelical cord, trachea (pleura)

1426562_a_at OIfm1 5.2 0.184 2;%2\“5%15)(, cerebral cortex, hyppocampus, amygdala, dorsal striatum, bulb olfactory
1436851_at Pknl /// Ptgerl 7.5 0.024 B-cells

1452517 _at Plekhh1 6.3 0.071 placenta, blastocyst

1419700_a_at Prom1 5.6 0.049 eye, uterus, large intestin, vomero nasal
1420352_at Prss22 5.9 0.170 ND

1451258_at Psca 6.3 0.121 bladder, stomach

1436448_a_at Ptgsl 5.1 0.061 bladder, epidermis, digits

1422324_a_at Pthlh 5.2 0.020 snout epidermis, vomeronasal epithelium
1451452_a_at Rgslé 11.2 0.199 mammary gland

1427020_at Scara3 10.9 0.035 trachea, digits, main olfactory epithelium
1450956_at Scd3 6.5 0.050 eye, epidermis

1437052_s_at Slc2a3 20.1 0.024 blastocyst, embryo E6.5, E7.5, E8.5, testis
1450032_at Slco2al 10.1 0.070 placenta

1420562_at Slurp1 6.9 0.173 ND

1436790_a_at Soxll 8.5 0.129 embryo E9.5, E10.5

1451601_a_at Spns2 7.1 0.077 U

1420377_at St8sia2 10.5 0.034 U

1439567_at Thx3 9.8 0.132 adrenal gland, prostate, stomach, lung
1417455_at Tgfb3 13.8 0.034 mammary gland, umbilical cord

1417455_at Tgfb3 14 0.034 mammary gland, umbilical cord

1450040_at Timp2 11.0 0.050 U

1419089_at Timp3 5.0 0.038 adrenal gland, kidney

1419154 _at Tmprss2 5.6 0.025 bladder

1438855_x_at Tnfaip2 5.5 0.030 bladder, bone marrow, embryo, spleen, liver
1455812_x_at Vasn 5.6 0.035 ND

*See Supplementary Material and Methods for GNF expression

® U: ubiquitous

“ND: not determined
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Chapter I

1. Loss of p63 induces expression of non-epidermal genes in primary

keratinocytes and in embryonic epidermis.

Aberrant expression of non-epidermal genes in p63 knockdown keratinocytes
was confirmed at the RNA and protein levels for some relevant genes (Figure
7A and 7B). Knockdown of the ANp63 and the p63a isoforms strongly
induced expression of non-epidermal genes and their gene products, whereas
knockdown of TAp63 and p63y isoforms had no effect. To test whether the
effect elicited by p63 knockdown in primary keratinocytes correlated with
p63 function in vivo, we analyzed expression of non-epidermal genes in total
embryonic skin of p63-null embryos and their wild-type counterparts at E13.5
and at El14.5. Importantly, non-epidermal gene products were strongly
expressed in p63-null epidermis but not in wild-type epidermis (Figure 7C
and 7D). In addition, non-epidermal genes were not identified as early target
genes upon activation of ERp63 (Della Gatta et al., 2008), and their induction
occurred at a late interval upon p63 knockdown, suggesting that they are not
directly regulated by p63. Taken together these data indicate that p63 is
required to suppress several non-epidermal genes during embryonic skin
development and in postnatal keratinocytes and that this regulation is unlikely

to occur directly.
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Figure 7: Aberrant expression of non-epidermal genes in the absence of p63.

(A) expression of the indicated non-epidermal genes was measured in primary
mouse keratinocytes transfected with siRNA specific for pan-p63, ANp63,
TAp63, p63a, and p637y isoforms, or control (ctr). Values were expressed as
Gapdh normalized mRNA Ievels. (B) immunoblotting of total cell lysates
prepared from primary keratinocytes transfected with siRNA as in (A). (C)
immunofluorescence analysis of the indicated non-epidermal proteins (in red)
and E-cadherin (Cdhl, in green) in dorsal skin of p63 knockout (KO) and
wild-type (WT) embryos at E13.5. Nonspecific staining in the dermis is due

to some autofluorescent cells. Scale bar is 30 um. (D) immunoblotting of total
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cell lysates prepared from the dorsal skin of p63 KO and WT embryos at

E14.5 and probed with the indicated antibodies.
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2. p63 positively controls BMP signaling.

In addition, the global gene expression analysis (Della Gatta et al., 2008)
revealed that a subset of genes of the BMP family and their regulators were
differentially expressed in p63 knockdown versus control keratinocytes. To
establish whether p63 affected BMP or TGF-8 signaling, I first co-transfected
different amounts of a ANp63a expressing plasmid together with a luciferase
reporter gene under the control of either BMP (BRE) or TGF-8 (CAGA and
3TP) responsive elements in primary mouse keratinocytes (Figure 8A). The
expression of p63 resulted in a dose-dependent induction of the BMP-
responsive element, without affecting the TGF-B ones. In parallel, p63
knockdown, obtained transfecting p63-specific small interfering RNA,
resulted in a significant reduction in Smad1/5/8phosphorylation under basal
conditions and wupon BMP7 treatment without effect on Smad2
phosphorylation (Figure 8B). To assess whether p63 regulates BMP signaling
during embryonic skin development, I measured Smad1/5/8 phosphorylation
in p63-null and in wild-type skin. Immunoblotting analysis and
immunofluorescence staining using anti phospho-Smad1/5/8 showed a strong
activation of BMP signaling in the wild-type epidermis, whereas the
phoshporylation of Smad1/5/8 was reduced in p63-null epidermis (Figure 8C,
Figure 8D). In contrast Smad2 phosphorylation was similar in wild-type and
in p63-null skin at this embryonic stage (Figure 8C). Taken together, these

data indicate that p63 positively regulates BMP signaling in primary mouse
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keratinocytes and in embryonic epidermis, without significantly affecting

TGEF-8 signaling.
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Figure 8: p63 positively regulates BMP signaling.

(A) Different amounts of the ANp63a expression vector were co-transfected
in primary mouse keratinocytes as indicated with the BMP-responsive
reporter BREluc, or with the TGF- responsive reporters CAGA-luc or 3TP-
lux, and examined 48 hr after transfection. Values were normalized to renilla
luciferase activity and are expressed as fold changes over the promoter

activity in the absence of ANp63a, and represent mean = SE of three
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independent experiments. (B) Immunoblotting of primary keratinocytes
transfected with p63 siRNA or with control siRNA for 48 hrs, and either
treated for 24 hrs with BMP7 (20ng/ml) or left untreated, and probed with the
indicated antibodies. Activation of BMP and TGF-8 signaling was measured
using phosphorylation specific antibodies for Smad1/5/8 (p-Smad1/5/8) and
Smad2 (p-Smad2), respectively. Total Smadl and Smad2 expression is
shown. ERK was used as loading control. (C) Immunoblotting of total skin
extracts isolated from wild-type (WT) and p63-null embryos (KO) at E14.5,
probed with the indicated antibodies. (D) Immunofluorescence staining was
performed with anti p-Smad1/5/8 (red) and E-cadherin antibodies (Cdhl,
green) in WT and p63 KO at E15.5, and detected by confocal microscopy.

Nuclei were stained with DAPI (blue). Scale bar is 20 pm.
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3. p63 controls Smad7 gene expression.

Data obtained from previously global gene expression analysis
indicated that p63 knockdown might affect Smad7 expression (Della Gatta et
al., 2008). Given that Smad7 has inhibitory role in phosphorylation of
Smad1/5/8, 1 explored a possible crosstalk among p63, Smad7 and BMP
signaling pathways. Smad7 mRNA and protein were induced in p63
knockdown keratinocytes, without affecting expression of the related gene
Smad6 (Figure 9A and 9C). In addition, specific knockdown of ANp63 and
p63a isoforms induced Smad7 expression, whereas knockdown of TAp63 and
p63y isoforms had no effect (Figure 9B), indicating that the ANp63a isoform
is required for Smad7 repression. Supporting these data, Smad7 expression
was significantly increased in p63-null embryonic epidermis while it was

expressed at low levels in wild-type mice (Figure 9D and 9E).
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Figure 9: Smad7 is repressed by p63.

(A) Smad7 and Smad6 mRNA levels were measured by real time RT-PCR in
primary keratinocytes transfected with p63 (p63) or control siRNA (ctr). Cells
were collected 48hrs after transfection. Values are expressed as Gapdh
normalized mRNA levels, and represent the mean of independent experiments
+ SE (**P<0.005, n=8). (B) Smad7 expression was measured in primary
mouse keratinocytes transfected with siRNA specific for pan-p63, ANp63,
TAp63, p63a, and p63y isoforms, or ctr. RNA levels were expressed as in

(A). (C) Smad7 protein levels were measured in p63 knockdown and control
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keratinocytes 48 hrs after transfection. Protein extracts were normalized using
anti-f§ actin (Actb) antibodies. (D) Smad7 and Smad6 mRNA levels were
measured by real time RT-PCR in p63 KO and WT skin at E14.5.
(**P<0.005, n=5 embryos). (E) RNA in situ hybridization of mouse
embryonic skin sections at E14.5 from WT and p63KO using a DIG-labeled
antisense probe for mouse Smad7. Scale bar is 50 um. A Smad7 sense probe
gave no detectable signal under the same conditions. The dashed lines

indicate the dermal—epidermal junction. Scale bar 60um.
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4. p63 directly regulates Smad?7.

To check whether p63 might directly regulate Smad7, I tested a putative high
affinity p63-binding region located at -2.8kb from the TSS, which emerged
from our ChIP on-chip analysis (Della Gatta et al., 2008).

The p63-binding region was centered on an evolutionary conserved sequence
containing four canonical p63 binding hemi-sites (Figure 10A). ChIP with
two independent sets of oligonucleotides confirmed that p63 specifically
bound this genomic region (Figure 10B). In addition, p63 overexpression
significantly inhibited the activity of a 3.6kb Smad7 promoter, as well as the
activity of a 0.4kb fragment containing the p63 binding sites (Figure 10C, left
panel). Conversely, p63 knockdown resulted in induction of the activity both
of the Smad7 promoter and of the fragment containing the p63 binding sites
(Figure 10C, right panel). Mutations in three canonical p63 binding hemi-sites
abolished the responsiveness of the promoter to p63 knockdown. In
conclusion, these data suggest that p63 directly represses Smad7 in primary

mouse keratinocytes and in embryonic skin.
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Figure 10: Smad7 is a transcriptional target of p63.

(A) A conserved p63-binding site is located at -2.8kb from the Smad7
transcription start site. The predicted p63-binding hemi-sites are indicated
with their nucleotide sequence and phylogenetic conservation in multiple
species. Bold nucleotides correspond to the core nucleotide sequence required
for p63-binding, while underlined nucleotides are matches in the consensus.

(B) Specific binding of endogenous p63 to the mouse Smad7 promoter.
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Primary keratinocytes were processed for ChIP with antibodies specific for
p63 (gray bars), or unrelated anti-ERK antibodies as control (white bars),
followed by real-time PCR amplification using oligonucleotide primers
designed at the indicated position from the TSS. The amount of precipitated
DNA was calculated relative to the total input chromatin, and expressed as the
percentage of the total DNA. (C) The activity of a 3.6kb Smad7 promoter
region and of its 0.4kb fragment spanning the p63-binding sites (p63BS) were
measured in the presence of the indicated amounts of a ANp63a-expressing
construct (p63) (left panel), or p63 or ctr siRNA (right panel). A 0.4kb
fragment containing two base pair mutation in each of the first three binding
hemisites indicated in (A) (0.4kb 3xmut.) was also co-transfected with p63 or
ctr siRNA. Values were normalized to renilla luciferase activity and represent

mean + SE of three independent experiments..
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5. p63 controls Bmp7 gene expression.

Given a clear important role of p63 in the regulation of BMP signaling, I
analyzed the expression of selected BMP family members known to be
expressed in skin, in the presence or in the absence of p63, both in vivo and in
vitro. Bmp2 and Bmp4 were poorly expressed in primary mouse keratinocytes
and their expression was unaffected by p63 knockdown (Figure 110A). In
p63-null embryonic skin at E14.5 Bmp2 was not significantly altered (Figure
11B). Moreover, Bmp4, which is mainly expressed in the mesenchymal
component of the skin, was reduced in p63-null skin, suggesting that p63 may
indirectly control Bmp4 expression in the adjacent dermis, thus possibly
contributing to the reduction of BMP signaling observed in p63-null
epidermis. Bmp6 was modestly induced by p63 knockdown, however its
expression was very low under non differentiating conditions, consistent with
its suprabasal expression in newborn skin (Figure 11A and 11C) and in the
developing murine epidermis (Lyons et al., 1989; Wall et al., 1993). Low
levels of Bmp6 were modestly upregulated in p63-null embryonic skin at
El14.5 in agreement with the reduction observed in p63 knockdown
keratinocytes (Figure 11B). In contrast Bmp7 was the most highly expressed
BMP family member in keratinocytes and its expression is specific of the
basal layer of epidermis (Figure 11C). Bmp7 was inhibited approximately
50% by p63 knockdown (Figure 11A) and reduction of Bmp7 transcript was
observerd in p63-null versus wild-type skin at E14.5, as assessed by real time

RT-PCR and by in situ hybridization (Figure 11B and 11D).
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Figure 11: Bmp7 is the most abundant BMP family member in keratinocytes

and embryonic skin and is down-regulated in the absence of p63.

(A) expression levels of the indicated BMPs were measured by real time RT-
PCR in primary keratinocytes transfected with p63 or control (ctr) siRNA as
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described in the legend to Fig. 2A. Values represent mean of independent
experiments +/- S.E. (* = p < 0.05, n= 4). (B) BMP mRNA levels were
measured in p63 knockout (KO) and wild-type (WT) skin at E14.5. Bmp7 and
Bmp4 are significantly down-regulated in p63 KO skin (**, p < 0.005, n = 4
embryos). (C) Expression of Bmp7 and Bmp6 mRNA was determined by in
situ hybridization in newborn mouse skin at Pl. Frozen sections were
hybridized with digoxygeninlabeled antisense probes. Corresponding sense
cRNAs were used as control. The dashed lines indicate the dermal—-epidermal
junction. Scale bar 60um. (D) In situ hybridization of Bmp7 mRNA was
performed on frozen sections of p63 null (KO) and wild-type (WT) embryos

at E14.5. Scale bar S0uM.
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6. p63 directly regulates Bmp7 gene expression.

Using ChIP analysis I revealed that p63 bound to an evolutionary conserved
region in intron 1 (Figure 12), previously shown to bind all p53 family
members in a breast cancer cell line (Yan and Chen, 2007). Taken together
these data demonstrate that p63 regulates Smad7 and Bmp7 in epidermal
cells, inducing one and repressing the other, by direct binding to specific

consensus sequences in highly conserved regions proximal to TSS.
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Figure 12: p63 binds to specific binding sites into the first intron of Bmp7

ene.

(A) The predicted p63-binding hemi-sites located at +2.4Kb from the Bmp7
gene TSS are indicated with their nucleotide sequence and phylogenetic
conservation in various species. Bold nucleotides correspond to the core
nucleotide sequence required for p63-binding, while underlined nucleotides
are matches in the consensus sequence. (B) ChIP performed using antibodies
specific for p63 (gray bars), or unrelated anti-ERK antibodies as control
(white bars), followed by real-time PCR amplification using oligonucleotide
primers designed at the indicated position from the TSS. The amount of
precipitated DNA was calculated relative to the total input chromatin and

expressed as the percentage of total DNA.
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7. p63 represses non-epidermal genes through a canonical BMP/Smad-

dependent mechanism.

Since in lower vertebrates it has been demonstrated that BMP signaling was a
crucial determinant of the epidermal cell fate during ectodermal development
by suppressing alternative fates, I hypothesized that p63 could maintain low
levels of non-epidermal genes activating the BMP signaling. To this end, 1
examined whether re-activation of BMP signaling in p63 knockdown
keratinocytes by either Smad7 knockdown and/or by BMP treatment could
restore physiological levels of non-epidermal genes.

Smad7 knockdown resulted in a significant re-activation of Smad1/5/8
signaling in the absence of p63, without affecting Smad2 activation (Figure
13A). Conversely, Smad7 overexpression inhibited BRE-Luc activity without

affecting CAGA-Luc (Figure 13B).
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Figure 13: Smad7 controls activation of Smad1/5/8 signaling.

(A) Keratinocytes were transfected with p63, Smad7 and ctr siRNA, and the
indicated proteins were detected by immunoblotting. (B) Keratinocytes were
transfected with pBABESmad7 (Smad7) or with an empty pBABE vector
(ctr) and the indicated reporters. Luciferase activity was measured 48 hrs after
transfection and values were normalized to renilla and are expressed as fold
changes over the promoter activity in the absence of Smad7, and represent

mean + SE of three independent experiments.
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In parallel, Smad7 knockdown resulted in strong downregulation of non-
epidermal gene expression in p63 knockdown keratinocytes both at the RNA
and protein levels (Figure 14A and 14B), suggesting that Smad7 depletion
counteracted the effect of p63 knockdown. A similar effect was also observed
with a second siRNA oligonucleotide targeting Smad7 (Figure 14C),
confirming the specificity of this effect. Inhibition of non-epidermal genes
was also observed by treating p63 knockdown keratinocytes with BMP7
(Figure 14A and 14B). Concomitant Smad7 knockdown and BMP treatment
had little additional effect on the expression of non-epidermal markers as
compared to each treatment alone, suggesting that these treatments repressed

non-epidermal genes through overlapping mechanisms.
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Figure 14: Re-activation of BMP signaling restores low levels of non-

epidermal genes in vitro in p63 knockdown keratinocytes.

(A) Expression of the indicated non-epidermal genes was measured in
primary keratinocytes transfected with p63, Smad7, p63 and Smad7 (p63/S7),
or control (ctr) siRNA, and cultured for 48 h. Cells were either treated with
BMP7 for the last 24 h or left untreated. Values are expressed as Gapdh
normalized mRNA levels, and represent the mean of three independent
experiments + SE. (B) Total protein extracts from primary keratinocytes

transfected with p63, Smad7, p63 and Smad7 (p63/S7), or control (ctr)

66



siRNA, and cultured for 48h, were immunoblotted with the indicated specific
antibodies. Protein extracts were normalized using anti-ERK polyclonal

antibodies.
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8. Activation of BMP Signaling specifically affects non epidermal genes.

To test whether BMP signaling functions specifically downstream of p63 to
regulate non epidermal genes, or it has a broader compensatory role on p63
downstream targets, I measured expression of the Lce genes (or Sprrl), which
encode epidermal markers involved in late differentiation and are upregulated
by p63knockdown (Table 1). Neither BMP treatment nor Smad7 knockdown
rescued the effect of p63 knockdown on Lce genes (Figure 15), indicating that

BMP signaling selectively restored low levels of non-epidermal genes.
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Figure 15: BMP signaling doesn’t affect the expression of late differentiation

marker of epidermis.

mRNA of Lcela2 and Lceld were measured by real time RT-PCR in primary
keratinocytes transfected with p63, Smad7, p63 and Smad7 (p63/S7), or ctr
siRNA 48 hrs after transfection. Cells were either treated with BMP7 for the
last 24 hrs or left untreated. Values are normalized for Gapdh mRNA

expression.
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9. BMP signaling represses non-epidermal genes in embryonic epidermis.

To demonstrate that loss of BMP signaling contributes to the expression of
non-epidermal genes in p63-null epidermis, skin explants were isolated at
E14.5 from p63-null and wild-type mice and cultured with or without BMP7.
BMP7 treatment significantly downregulated Krt8 expression in p63-null skin
(Fig. 16), consistent with a role of BMP signaling in repressing non epidermal
genes in the embryonic epidermis. In contrast, BMP7 treatment was
insufficient to rescue loss of Krtl4 expression in p63-null skin explants,
indicating that BMP7 elicited a selective effect on non-epidermal genes in

embryonic epidermis.
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Figure 16: Re-activation of BMP signaling restores low levels of Krt8 gene in

p63 KO skin explants.

Skin explants at E14.5 were cultured overnight and then treated with BMP7
(80 ng/ml) or left untreated for additional 24 h in the absence (WT1 and KO1)
or presence of fetal bovine serum (WT2 and KO2). Krt8 and Krt14 mRNA
levels were evaluated by real time RT-PCR. Data presented are the average of

two independent experiments and relative S.E is indicated. KO, knockout.
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10. Loss of BMP signaling may be sufficient to cause aberrant expression

of non-epidermal genes.

Smad7 overexpression upregulated non-epidermal genes in primary
keratinocytes (Figure 17A), while inhibited the expression of the BMP direct
target gene 1d2 as expected. Treatment with LDN-193189, a selective small-
molecule inhibitor of the BMP type I receptor kinases (Yu et al., 2008),
similarly induced expression of non-epidermal genes and repressed Id2
(Figure 17B). However, in embryonic epidermis Smad7 overexpression (Han
et al., 2006) or homozygous deletion of Bmp7 (Dudley et al., 1995) did not
induce non-epidermal genes. Taken together, these data indicate that p63
represses non-epidermal genes in a BMP dependent manner, and that -at least
in isolated keratinocytes- loss of BMP signaling by itself leads to induction of

non-epidermal genes.
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Figure 17: Canonical BMP/Smad pathway regulates the expression of

non-epidermal genes.

(A) Expression of the indicated genes was measured by real time RT-PCR in
primary keratinocytes infected with a Smad7 expressing or a control
retrovirus. (B) expression of the indicated genes was measured by real time

RT-PCR in primary keratinocytes treated with 200 nM LDN-193189 for 24 h.
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11. Blocking BMP signaling using Smad1/S specific siRNA abolished the

rescue.

BMP-mediated receptor activation leads to induction of a canonical signaling
pathway mediated by Smad1/5/8 and to the activation of other signaling
molecules, including p38 MAPK. Similarly, Smad7 has also been shown to
regulate R-Smad independent pathways as discussed above. Among the
BMP-responsive Smads, Smadl and Smad5 were highly expressed in primary
mouse keratinocytes. Concomitant Smadl/5 knockdown using specific
siRNA inhibited Id1 expression (Figure 18A and 18B), consistent with a
decreased BMP/Smad signaling, whereas knockdown of either Smadl or
Smad5 alone was insufficient to elicit any effect (Figure 18B). I then tested
whether activation of Smad1/5 is required for suppression of non-epidermal
genes. Concomitant Smad1/5 depletion completely restored high levels of
non-epidermal genes in the absence of p63 and Smad7 (Figure 18C and 18D).
Thus the canonical BMP/Smad signaling pathway is required for suppression

of non-epidermal genes downstream of p63.
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Figure 18: Concomitant Smad1/Smad5/Smad7 knockdown in the absence of

p63 abolishes the rescue of ectopic expression of non epidermal genes.

(A) Smadl (left panel) and Smad5 (right panel) expression levels were

measured by real time RT-PCR in primary keratinocytes transfected with two
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unrelated Smadl (S1_a and S1_b), two unrelated Smad5 (S5_a and S5_b), or
ctr siRNA. Values are normalized for B-actin expression. (B) Id1 expression
was measured by real time RT-PCR in primary mouse keratinocytes
transfected with siRNA for ctr, Smadl (S1_a), Smad5 (S5_a), or both Smadl1
and Smad5. (C) Expression of the indicated non-epidermal genes was
measured by real time RT-PCR in p63 knockdown primary keratinocytes in
the presence or absence of siRNA targeting Smad7 (§7), Smadl (S7), and
Smad5 (§5) in the indicated combinations. (D) Expression of the indicate
proteins was measured by immunoblotting in primary mouse keratinocytes
co-transfected with the indicated combinations of siRNA. Protein extracts

were normalized using ERK antibodies.
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Chapter 11

12. p63 positively regulates cell proliferation of mouse epidermal cells in

a p53-independent manner

p63 is required for human keratinocyte proliferation with a mechanism that
remains poorly understood. To test whether a similar requirement for p63 in
cell cycle progression occurs in mouse too, primary murine keratinocytes
were transfected with two independent p63-specific small interfering RNA
(siRNAs), and their rate of DNA synthesis was detected using BrdU
incorporation. Loss of p63 resulted in cell proliferation defect as BrdU
incorporation was strongly reduced in p63knockdown keratinocytes versus
control, 48 hours after transfection (Figure 19A, left panel). ANp63a is the
predominant p63 isoform expressed in basal epidermal cells both in vitro and
in vivo. An increased number of cells incorporating BrdU was detected in
mouse keratinocytes infected with a retrovirus carrying ANp63o (Figure 19A,
right panel), confirming the ability of ANp63a to promote cell proliferation.
Flow cytometry analysis revealed that p63 knockdown resulted in a
significant increase the percentage of cells in the G1 phase and a concomitant
reduction of cells in S phase, whereas the G2/M phase remained largely
unaffected (Figure 19B), consistent with a G1-phase arrest in the absence of
p63. To determine whether the cell cycle arrest in the absence of p63 was
dependent on p53, DNA synthesis was measured in p53-null primary

keratinocytes in the presence or absence of p63. p63 knockdown elicited a
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similar negative effect on DNA synthesis in p53-null keratinocytes and in
their wild-type counterparts (Figure 19C), indicating that p53 is not required
for p63-mediated cell cycle arrest at least in mouse keratinocytes. To analyze
the relevance of these findings in a more physiological context, the role of
p63 and p53 in cell proliferation was assessed in embryonic epidermis. BrdU
in vivo labeling was performed in embryos carrying a deletion of p63, p53, or
both, and compared with wild-type embryos. A significant reduction in DNA
synthesis was observed in the epidermis of p63-null embryos at embryonic
day 14.5 (E14.5) (Figure 19D), whereas p53 depletion did not affect the rate
of DNA synthesis in either the presence or absence of p63. Taken together,
these data reveal that p63 positively regulates progression through the G1
phase in a p53-independent manner in both cultured murine keratinocytes and

embryonic skin.
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Figure 19: p63 regulates cell cycle progression of mouse epidermal cells

independently of p53.

(A) BrdU analysis performed in primary mouse keratinocytes transfected with
p63 or with negative control short interfering RNA (siRNA; ctr; left panel), or
in primary mouse keratinocytes infected with a retrovirus carrying ANp63o. or
green fluorescent protein (GFP) as control (right panel). (B) Cell cycle

profiles generated by flow cytometry analysis of propidium iodide—stained
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primary mouse keratinocytes 48 hours after transfection with p63 or ctr
siRNA. White bars represent the G1 phase of the cell cycle, gray bars the S
phase, and black bars the G2/M phase. (C) BrdU analysis performed in p53
knockout (KO) and wild-type (WT) primary mouse keratinocytes transfected
with p63 or negative control siRNA. (D) Immunofluorescence analysis using
antibodies specific for BrdU (in red) in dorsal skin of p63 and/or pS3 KO and
WT embryos at EI14.5. Nuclei were stained with 4,6-diamidino-2-
phenylindole (DAPI; blue). The percentage of BrdU-incorporating cells
compared with the total amount of nuclei in the epidermis and relative SD are
indicated. Scale bar = 50 um. Results are representative of at least two

independent experiments +SD.

80



13. Absence of p63 represses G1 phase cell cycle genes.

To explore the mechanisms underlying cell cycle arrest as a consequence of
the absence of p63, I tested the expression of a subset of G1-phase cell cycle
regulators at different times upon p63 knockdown (Figure 20). Low levels of
cyclin D1 were detected at early times upon p63 knockdown. Interestingly,
p21Cipl was not induced by p63 knockdown in the CD1 keratinocytes in
contrast to what previously reported in human Kkeratinocytes and in
keratinocytes derived from other mouse strains (DeYoung et al., 2006;
Nguyen et al., 2006; Truong et al., 2006; Westfall et al., 2003), further
supporting the hypothesis that other mechanisms may be involved in
mediating cell cycle arrest in the absence of p63. 48 hours after transfection,
all tested cell cycle regulators were downregulated in the absence of p63,
possibly as a consequence of cell cycle arrest. Recent studies have shown that
cyclin D1 protein expression is regulated by several miRNAs, including miR-
34a (Sun et al., 2008). As miR-34 family is directly regulated by p53 in many
cell types (Chang et al., 2007; He et al., 2007; Raver-Shapira et al., 2007,
Tarasov et al., 2007) and p63 can bind to pS3-consensus sequences, |

hypotized that p63 might regulate miR-34 family in keratinocytes.
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Figure 20: p63 knockdown alters the expression of a subset of cell cycle

regulators.

Total protein extracts were collected from primary mouse keratinocytes at the
indicated time points upon transfection of p63, control (ctr), or unrelated
control (ctr2) siRNAs. Extracts from untransfected cells (-) were also loaded
as control. Immunoblots were incubated with the indicated antibodies. Equal
loading was confirmed by extracellular signal-regulated kinase (ERK)

expression. Results are representative of two independent experiments.
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14. miR-34a and miR-34c are expressed in epidermis.

I first measured the expression of miR-34 family in newborn primary
keratinocytes and skin. miR-34a was previously reported to be highly
represented in a small RNA library from mouse epidermis at E17.5 (Yi et al.,
2006), whereas no expression studies were performed for miR-34b and miR-
34c in the skin. Expression of miR-34 family members was measured by
TagMan reverse transcriptase-PCR using specific miRNA probes. miR-34a
was strongly expressed in primary mouse keratinocytes, whereas miR-34c
was expressed at lower levels, and miR-34b was undetectable (Figure 21A).
miR-34 expression in keratinocytes paralleled the expression in newborn skin,
as assessed using in situ hybridization. miR-34a was readily detectable in the
epidermis and to a lesser extent in the hair follicle with the signal being
stronger in the suprabasal layers than in the basal layer (Figure 21B). In
contrast, miR-34c was less expressed and mainly detected in the basal layer,

whereas miR-34b was undetectable.
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Figure 21: miR-34a and miR-34c are expressed in mouse epidermis.

(A) Expression levels of the indicated miRNA were measured using real-time
quantitative reverse transcriptase-PCR (RT-PCR; Tagman) in primary mouse
keratinocytes. miRNA measurements were normalized to U6 small nuclear
RNA (snRNA) expression levels. (B) In situ hybridization performed in
mouse newborn skin sections using digoxigenin (DIG)-labeled anti-miR

probes specific for miR-34a, miR-34b, and miR-34c. Scale bar = 50 pum.
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15. miR-34a and miR-34c¢ are transcriptionally repressed by p63.

To test the possibility that miR-34 family may be a p63 target, I measured
miR-34 expression levels in the presence or absence of p63 in vitro and in
vivo. miR-34a and miR-34c were incrreased in p63 knockdown when
compared with control keratinocytes (Figure 22A). Similarly, higher
expression levels of miR-34a and miR-34c were found in p63-null embryonic
skin at El4.5when compared with wild-type littermates (Figure 22B),
indicating that p63 negatively regulates miR-34a and miR-34c expression in

epidermal cells in vitro and in vivo.
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(A) Expression levels of the indicated microRNA (miRNA) were measured
using real-time quantitative reverse transcriptase-PCR (RT-PCR; Tagman) in
primary mouse keratinocytes transfected with p63 or with negative control
short interfering RNA. miRNA samples were normalized to U6 small nuclear
RNA (snRNA) expression levels. (B) miR-34a and miR-34c levels were

measured using real-time quantitative RT-PCR in E14.5 skin of wild-type

(WT) and p63 knockout (KO) embryos.
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16. miR-34a and miR-34c are transcriptional targets of p63

To explore the possibility that p63 may directly regulate miR-34aand miR-
34b/c, chromatin immunoprecipitation analysis using p63-specific antibodies
was performed in primary mouse keratinocytes. p63 bound to miR-34a
andmiR-34b/c promoters containing phylogenetically conserved p53-binding
sites (Figure 23A). In addition, p63 overexpression significantly inhibited the
activity of miR-34a and miR34b/c promoters, whereas p63 knockdown
resulted in an enhancement of their activity (Figure 23B).Taken together,
these data indicate that miR-34a and miR-34c are expressed in a spatially

discrete manner in the epidermis, and are transcriptionally repressed by p63.

87



10 Kop-ououou-——o
EF570048

miR-34a /,//"'I\
miR-34a promoter p53BS

Mouse GCCTGEGGCTTGCCTGGACTTGTTCAGAGAAGS
Human GCCTEGECTTGCCTEEECTTGTTCCGAGCCGE
Dog GCCTGGGCTTGUCTGEECTTETTCAGAGCCEE

1 kif |

BC021736

! R T e T :
/ miR-34b miR-34c
miR-34b/c promoter p53BS

Mouse ITACTAGAGAAACTCCARGCATCTT-ATTGCATCTGCTGETCATGCCTAGGEATGTCTAGAGACCAGGGAGACTCATGTTTITAR
Human TTACTAGAGARAACTCCAAGCGATCTC-ATTCCCTTTATGETTCATGTCTAGCCATGCCTGGAGACCAGGGAGACCCATGATTTAR
Dog TTACTAGAGARACTCCAAGGATCTC-ATTCCCTTTATGGTTCATGTCTAGGCATGCCTGGAGACCAGGGAGACCCATGATTTAR
Chicken ITTACTAGAGAAACTGCATCTGACTCTCTTCTCTTTGCATTTCATGCCTAGGCTTGT CTGGTGACCA-GGAGACCCACAGTTTAA

04
Ol1gG
B Anti-pB3
2 0a
=
[=
f=]
E
@
g 0.2
e
=
&
= 01
R — |
ctr miR-34a miR-34h/c
promoter promaoter
2.0 25 -
= miR-34a promaoter = miR-34b/c promoter
2 2 2.0
g 15 g~
1] [ t]
@ g 15
g 10 Z
3 g 10
2 g
z 0.5 E 05
5 o
0 0
ctr pe3 - 0Dos 025 075 ctr pe3 - 005 025 075
siRMA ANpB3ce (ng) siRMA ANpE3a (ug)

Figure 23: p63 binds to miR-34a and miR-34c¢ promoters inhibiting their

expression.

(A) Predicted structures of human miR-34a and miR-34b/c genes. Sequence

conservation between several species are represented. The promoter regions
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of miR-34a and miR-34b/c contain a sequences that matches the canonical
pS53 binding hemisite. the p53 binding site and the miR-34 are indicated as red
bars. kb, kilobase. In the lower panel, chromatin immunoprecipitation has
been performed in primary mouse keratinocytes using antibodies specific for
p63 (gray bars), or rabbit IgG antibodies as control (white bars), followed by
real-time PCR amplification using specific oligonucleotide primers designed
in miR-34a and miR-34b/c promoters. (B) The activity of miR-34a and miR-
34b/c promoters (He et al., 2007) was measured in the presence of the
indicated amounts of a ANp63a-expressing construct, or p63 or control short
interfering RNA (ctr siRNA). Values are expressed as luciferase activity
relative to Renilla. Results are representative of at least three independent

experiments +=SD.
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17. Concomitant downregulation of miR-34a and miR-34c expression

reactivates cell cycle progression in p63 knockdown keratinocytes.

To test the contribution of miR-34 family in the cell cycle arrest elicited by
loss of p63, I co-transfected antisense inhibitors (anti-miR) for miR-34a, miR-
34c, or both in the presence or absence of p63 (Figure 24A). Consistent with
previous experiments, DNA synthesis was strongly impaired in p63
knockdown keratinocytes, whereas transfection withanti-miR-34a or anti-
miR-34c partially restored DNA synthesis (Figure 24B). Concomitant
transfection of both anti-miR-34a and anti-miR-34c almost entirely rescued
the proliferation defect provoked by p63 knockdown, whereas they had no
effects on DNA synthesis in the presence of p63. Interestingly, concomitant
downregulation of miR-34a and miR-34c¢ also resulted in a decreased number
of cells with morphological alterations due to the absence of p63, whereas it

had no effects in the presence of p63 (Figure 24C).
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Figure 24: miR-34a and miR34c¢ knockdown in the absence of p63 restores

cell cycle progression and cell morphology.

(A) miR-34a and miR-34c levels measured in primary mouse keratinocytes at
48 hours after transfection with specific anti-miRNAs or a scramble control.
(B) BrdU analysis performed in primary mouse keratinocytes transfected with
anti-miR-34a and 34c or scramble control, in the absence (gray bars) or in the
presence (white bars) of p63. (C) Morphology of primary mouse
keratinocytes transfected as in (B). Results are representative of three

independent experiments +SD (** p-value <0.01, n=3). Scale bar = 50 um.
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18. Concomitant downregulation of miR-34a and miR-34c expression

restores expression levels of cyclin D1 and Cdk4 in p63 knockdown

keratinocytes.

To test whether miR-34 family exerts an effect downstream of p63 to regulate
the expression of cell cycle proteins, I measured the protein levels of a subset
of cell cycle regulators in the presence or absence of p63 and miR-34 family.
p63 knockdown inhibited the expression of cyclin D1, CDK4, and to a lesser
extent CDK2. Concomitant downregulation of both miR-34a and miR-34c
resulted in a significant rescue of the expression of cyclin D1 and CDK4, the
two known miR-34 targets, whereas CDK2 remained unaffected (Figure 25).
Taken together, these data indicate that miR-34a and miR-34c are relevant

targets of p63 in cell cycle regulation.
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Figure 25: miR-34a and miR34c¢ knockdown in the absence of p63 restores

expression levels of G1 phase cell cycle genes.

Immunoblot of Gl-phase regulators in primary mouse keratinocytes
transfected as in Figure 4b. Protein levels were normalized for extracellular

signal-regulated kinase (ERK) expression.
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DISCUSSION

p63 1s a important regulator of gene expression in the epidermis and it
is essential for epidermal development, however, its interaction with signaling
pathways is still poorly understood. In this thesis I establish a novel function
of p63 in repressing non-epidermal genes through a mechanism that involves
BMP/Smad signaling and a new mechanism through which p63 controls cell
cycle progression in keratinocytes. I observe that many non-epidermal genes
are induced by loss of p63 in epidermal cells both in vitro and in vivo, further
reinforcing the notion that p63 may participate in maintaining an epithelial
gene expression program in mammalian cells (Barbieri et al., 2006).

BMP7 was recently described as a novel direct target of the p53 family
in breast cancer cells (Yan and Chen, 2007). BMP7 is induced by p53, p63,
and p73, and all three members of the family directly bind to the p53
responsive element located in the BMP7 intron 1. In keratinocytes, I find that
Bmp7 is inhibited in the absence of p63, although the remaining levels of
Bmp7 are still fairly high, possibly suggesting that other p53 family members
are responsible for its basal expression in keratinocytes.

BMP signaling is activated by p63 both in isolated keratinocytes as
well as in the embryonic epidermis and p63 directly suppresses the inhibitory
Smad7 by binding to a highly conserved genomic region in the promoter.
Smad7 is poorly expressed in the developing epidermis and is induced in the

p63-null epidermis. I observed that aberrant expression of non-epidermal
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genes seen in p63-deficient cells can be reversed by Smad7 knockdown or, to
a lesser extent, by BMP7 treatment and that this effect is dependent on the
Smad1/5 canonical pathway. The lack of synergy between BMP7 treatment
and Smad7 knockdown suggests a threshold response, for which a critical
level of BMP signaling is necessary. Loss of BMP signaling by itself induces
aberrant expression of non-epidermal genes in cultured keratinocytes,
whereas Bmp7 deletion or Smad7 overexpression do not induce non-
epidermal genes in embryonic epidermis.

Lack of epidermal phenotype in mice carrying a deletion of single
components of the pathway may be due at least in part to functional
redundancy within the pathway. Among the BMP receptors, Bmprl A/ALK3
plays a crucial role in hair follicle development (Andl et al., 2004; Kobielak
et al, 2003; Kobielak et al., 2007). However, BmprlB/ALK6 and
Acvrl/ALK?2 are also expressed in embryonic epidermis (Dewulf et al., 1995;
He et al., 2002; Verschueren et al., 1995), and Acvrl/ALK2 is the main
receptor for BMP7 (Macias-Silva et al., 1998; ten Dijke et al., 1994;
Yamashita et al., 1995), suggesting that depletion of multiple receptors may
be required to observe an epidermal phenotype.

In addition to decreased Bmp7 and to the concomitant induction of
Smad7, I observed that Bmp4 is down-regulated in the p63-null skin at E14.5.
Bmp4 is poorly expressed in keratinocytes and is unaffected by p63
knockdown, indicating that unidentified indirect signals derived from the p63-

null epidermis inhibit Bmp4 expression in the dermis. BMP7 and BMP4 are
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capable of forming heterodimers 3—10 times more active than either BMP4 or
BMP7 homodimers (Aono et al., 1995), suggesting that the concomitant
reduction in both molecules observed in the p63-null skin could have more
severe consequences on BMP signaling in the epidermis than loss of BMP7
alone. Interestingly, Bmp7 deletion in the urethra is by itself sufficient to
induce Krt8 expression (Suzuki et al., 2008), whereas in the developing
epidermis multiple signaling molecules may be involved in this function.

Moreover, BMP7 promotes cell survival in p53-deficient breast
carcinoma cells, at least in part, through Id2 (Yan and Chen, 2007), and has
been demonstrated to promote cell survival in other contexts and tissues (Mitu
et al., 2007; Vukicevic et al., 1998; Yabe et al., 2002; Yang et al., 2008).
Survival of epidermal cells is compromised in the absence of p63 (Keyes et
al., 2005). Thus, besides playing a role in maintaining epidermal identity, an
interesting possibility that will require further studies is that Bmp7 may
cooperate with other p63 downstream target genes to promote epidermal cell
survival.

These data indicate that BMP signaling plays a crucial and selective
role in suppressing the expression of non-epidermal genes downstream of p63
in embryonic and postnatal epidermal cells, possibly in conjunction with other
mechanisms. Further assessment of the role of BMP signaling in the

embryonic epidermis will be a key subject for subsequent investigations.
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Figure 26: p63 activates BMP signaling pathway.

n \ NUCLEUS

7

Co-activato

Krt8, Ketl8, Cldn7, Cldn3, Chu. ..

De Rosa & Antonini et al, JBC 2009

97



On the other hand, I found a new mechanism through which p63 maintains
cell cycle progression in mouse basal epidermal cells in a p53-independent
manner, consistent with a strong ANp63a expression and very low p353 levels
in basal keratinocytes. The reduced rate of DNA synthesis in p63-null
embryonic epidermis is not as dramatic as the one observed in vitro,
suggesting that other compensatory mechanisms are likely to overcome the
proliferation defect in the context of the skin tissue. Beside impaired
proliferation, defective stratification (Koster et al., 2004; Mills et al., 1999),
and possibly cell adhesion (Carroll et al., 2006), significantly contribute to
severe epidermal phenotype that is observed at birth in p63-null mice, I
observed that a relevant mechanism through which p63 regulates G1-to-S-
phase transition is by direct repression of the previously reported p53 targets
miR-34a and miR-34c. Other p53 target genes, such as p21Cipl and 14-3-3c
(Nguyen et al., 2006; Truong et al., 2006; Westfall et al., 2003), are repressed
by p63 and are likely to contribute to p63-mediated cell cycle progression.
Thus p63, more specifically its ANp63a isoform, and p53 regulate a set of
target genes involved in cell proliferation in an opposing manner, by which
p63 binding represses genes that cause cell cycle arrest and p53 activates
them. The role of p53 in p63-mediated cell cycle progression in keratinocytes
is controversial. Simultaneous p63 and p53 knockdown in human
keratinocytes rescued the cell proliferation defect in the absence of p63 in one
study, possibly due to high p53 expression levels in that setting (Truong et al.,
2006), whereas regulation of cell cycle progression by p63 was found to be
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independent of p53 and p73 in another study (DeYoung et al., 2006). I found
that in mouse epidermal cells, pS3 does not contribute to cell cycle arrest due
to loss of p63 at least in the absence of DNA damage. In human keratinocytes,
p21Cipl expression was elevated (DeYoung et al., 2006; Truong et al.,
2006), but its downregulation was insufficient to restore cell proliferation in
the absence of p63. I contributed previously in a work where we reported
upregulation of p21Cipl upon p63 downregulation in Sencar mouse
keratinocytes (Nguyen et al., 2006), whereas in the CD1 background p21Cipl
expression is not induced, further reinforcing the notion that p21Cipl is
unlikely to be the only player in cell cycle arrest downstream of p63.

Similar to other cell cycle regulators, the downregulation of p21Cipl
observed at late time points upon p63 knockdown is likely to be a
consequence of cell cycle arrest. Other p63 target genes are likely to
contribute to cell cycle progression as p63 transcriptionally regulates a large
number of downstream targets (Della Gatta et al., 2008; Vigano et al., 2006;
Yang et al., 2006). Among the cyclin-dependent kinase inhibitors, pl6Ink4a
is induced in p63-null skin (Keyes et al., 2005; Su et al., 2009), and the skin
phenotype of p63-null mice is ameliorated by loss of pl6Ink4a with partial
restoration of keratinocyte proliferation (Su et al., 2009).

Data obtained indicate that miR-34 downregulation leads to induced
expression of cyclin D1 and CDK4 in the absence of p63. Both cyclin D1 and
CDK4 are direct targets of miR-34; however, previously reported G1-phase

regulators whose expression is controlled by miR-34 also include CDKG6,
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E2F3, cyclin D3, and cyclin E2 (Bommer et al., 2007; He et al., 2007; Sun et
al., 2008; Tazawa et al., 2007). Given that each miRNA is predicted to bind
to more than 100 target mRNAs, p63 is likely to control a large set of cell
cycle regulators by directing repressing miR-34 family. I found a strong and
specific expression of miR-34a in the epidermis and in the hair follicle, with a
more intense signal in the suprabasal layers than in the basal layer, consistent
with the reciprocal expression of p63.

The prevalent expression of miR-34c¢ in the basal layer of the epidermis
i1s controversial, which is consistent with the notion that other epidermal-
specific transcription factors beside p63 are likely to regulate miR-34
expression in the epidermis. In addition to its elevated expression in the
epithelial component of the skin, miR-34a is highly expressed in the brain,
with variable expression in other tissues (Bommer et al., 2007). In contrast,
miR-34c is most highly expressed in lung, with low expression in brain and
very low to undetectable expression in other tissues. Expression of miR-34b
in normal mouse tissues parallels miR-34c expression (Bommer et al., 2007),
consistent with the fact that they share the same precursor transcript.
Interestingly, miR-34c is expressed in skin whereas miR-34b is not, as shown
using Tagman assay and in situ hybridization, suggesting that their maturation
may be different. In fact, it has been recently shown that p53 modulates
miRNA processing by functional interaction with the Drosha processing
complex through binding of the DEAD box RNA helicases p68 (Suzuki et al.,

2008). p53 binds p68 through a carboxy terminal portion of the DNA-binding
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domain, which is highly homologous to the corresponding region in p63. In
addition, it has been demonstrated that TAp63 binds to and transactivates the
Dicer promoter, demonstrating direct transcriptional regulation of Dicer by
TAp63, supporting a roles of p63 in regulation of microRNAs maturation (Su
et al., 2010). Moreover, conditional targeting of Dicer or of Dgcr8 in skin
epithelium results in a severe phenotype, including altered barrier function of
epidermis and hair follicle that fail to invaginate (Andl et al., 2006; Yi and
Fuchs, 2009; Yi et al., 2006; Yi et al., 2009). In addition, inducible
conditional knockout of Dicer after hair follicle maturation leads to epidermal
thickening (Y1 et al., 2008). miRNA-203 is induced in the skin concomitantly
with stratification and differentiation, and promotes epidermal differentiation
by restricting proliferative potential and inducing cell cycle exit in both
human and mouse keratinocytes (Lena et al., 2008; Y1 et al., 2008). miR-203
directly represses the expression of p63, which fails to switch off suprabasally
when either Dicerl or miR-203 is absent. p63 becomes repressed basally
when miR-203 is prematurely expressed. This study suggest the possibility
that a regulatory axis exists in the skin, by which miR-203 and miR-34 family
are, respectively, upstream and downstream of p63 to control cell

proliferation.
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Figure 27: p63 controls cell cycle progression directly repressing miR-34a

and miR-34c.
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