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The TP63 is an indispensable transcription factor for development and homeostasis of
epithelia and its derived glandular tissue. It is also involved in female germline cell quality
control, muscle and thymus development. It is expressed as multiple isoforms tran-
scribed by two independent promoters, in addition to alternative splicing occurring at the
mRNA 3’-UTR. Expression of the TP63 gene, specifically the amino-deleted p63 isoform,
ANpB3, is required to regulate numerous biological activities, including lineage specifica-
tion, self-renewal capacity of epithelial stem cells, proliferation/expansion of basal kerati-
nocytes, differentiation of stratified epithelia. In cancer, ANp63 is implicated in squamous
cancers pathogenesis of different origin including skin, head and neck and lung and in
sustaining self-renewal of cancer stem cells. How this transcription factor can control
such a diverse set of biological pathways is central to the understanding of the molecular
mechanisms through which p63 acquires oncogenic activity, profoundly changing its
down-stream transcriptional signature. Here, we highlight how different proteins interact-
ing with p63 allow it to regulate the transcription of several central genes. The interacting
proteins include transcription factors/regulators, epigenetic modifiers, and post-transcrip-
tional modifiers. Moreover, as p63 depends on its interactome, we discuss the hypothesis
to target the protein interactors to directly affect p63 oncogenic activities and p63-related
diseases.

Introduction

The transcription factor p63, a member of the p53 family of transcription factors [1-5], is a master
regulator of gene transcription in epithelial development and homeostasis [6-10], as shown by the
p63 knock-out phenotype. It is expressed as different isoforms because of the usage of two different
promoters. One promoter precedes the first exon, while the second lies in the third intron Figure 1; by
specific usage of these two distinct promoters, TP63 transcription generates two N-terminally different
variants, named TAp63 and ANp63. Both transcripts undergo alternative splicing, giving rise to
C-terminus variants a, B and v, so that in total, one gene encodes for at least six proteins (TAp63a,
TAp63B, TAp63y, ANp63a, ANp63B and ANp63y) [8, 11, 12]. Additional isoforms (TAp638 and
ANp633) have been described in specific biological contests, Figure 1a [13]. p63 proteins are structur-
ally organized in domains, all isoforms having a DNA-binding domain (DBD) and an oligomerization
domain (OD). While the TAp63 isoforms contain an N-terminus acidic transactivation domain (TA),
the ANp63 ones maintain the transactivating capability due to the presence of 14 unique residues
[14]. Furthermore, both isoforms show an additional TA2 domain localized in the C-terminus [15].
The complexity of the proteins arises also from the C-terminus, in fact, the a isoforms, but not the B
and v, contain a Sterile alpha-motif (SAM) domain and a Trans-Inhibitory domain (TID). These
modules function as a protein-protein interaction domain, and as a regulatory module of TAp63a
transcriptional activity, respectively [16]. In addition, two proline-rich domains (PPxY) termed PY
motifs are also involved in protein—protein interactions [17]. The TID domain and the PY motif
undergo extensive post-translational modifications including sumoylation and ubiquitination [17].
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Figure 1. The TP63 gene architecture and protein domains.

(a) p63 protein isoforms and organization. TP63 encodes for two main protein isoforms, TAp63 and ANp63, thanks to the
alternative promoters (P1 and P2). Alternative splicing events at the C-terminus generate other variants: o, B, and y. Exons
skipping event produces variants 8. p63 protein isoforms are organized in different domains: TA, transactivating domain
(absent from the ANp63 isoforms); DBD, DNA-binding domain; OD, oligomerization domain; SAM, sterile alpha motif; TID,
trans-inhibitory domain. PY protein—protein interacting motifs are also indicated. (b) TAp63 and ANp63 isoforms expression
level in different normal tissues (GTex portal). (c) TP63 mRNA and ANp63 protein expression in several tumors tissue (The
Human Protein Atlas), see also (https:/www.proteinatlas.org/ENSG00000073282-TP63).

TAp63 and ANp63 isoforms are typically differentially expressed in tissues (Figure 1b,c) [18]. The complexity
of the p63 transcripts and protein isoforms leads scientists to predict the functional complexity of the gene.
The existence of several p63 isoforms expressed in different tissues, with distinct, often opposing functions,
allows p63 to have a wide array of effects (Figure 2). Indeed, we still need to define the molecular mechanisms
regulating p63 transcriptional signature in different biological contexts. The TAp63 isoforms bind canonical
p53-responsive elements (RE) on DNA and can activate the transcription of several p53 target genes. Therefore,
similarly to p53, TAp63 acts as a tumor suppressor, inducing cell cycle arrest and apoptosis [11, 19-22]. The
TAp63 isoforms are detectable at basal level in skeletal muscles and testis (Figure 1b). In addition, TAp63
isoform is expressed in resting oocytes, and it is post-translationally activated in response to DNA damaging
agents [18, 23]. In oocytes, TAp63c. is activated by CHK2, CK1 and c-Abl phosphorylation in response to
DNA damage [24, 25], leading to Puma and Noxa expression [26, 27] and cell death. This apoptotic role of
p63, specifically TAp63 isoform, is also conserved during neuronal development, together with p53, it can
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Figure 2. p63-dependent pathways.

p63 can regulate several biochemical pathways relevant for normal epithelia tissue homeostasis and tumorigenesis. ANp63
controls the formation and the homeostasis of the epidermis by regulating epithelial stemness, differentiation, metabolism, and
adhesion. These pathways, when deregulated, could also participate in tumor formation and progression, even though
additional interactors may well direct the transcription activity towards distinct promoters. p63 also negatively regulates
senescence in normal tissue [53, 54] and counteract apoptotic response in cancer cells.

regulate neuronal death [28, 29]. The ANp63 isoforms present a specific p63-RE. ANp63 protein is mainly
involved in maintaining self-renewing capacity of progenitor cells in different epithelia, including epidermis
and thymic epithelial cells [7, 30-32]. The epidermis is characterized by a high turnover, that is regenerated by
mitotically active keratinocytes in the inner basal layer. Basal keratinocytes migrate to the outer cornified layer,
giving rise to the terminally differentiated keratinized compartment [33-36]. The renewal capacity of the epi-
dermis is due to the presence of epidermal stem cells and transient amplifying (TA) cells in the basal layer,
expressing high levels of ANp63. ANp63 is highly expressed also in the proliferative compartments of glandular
and simple epithelia [7, 37-39]. In the thymus ANp63, controlling the expression of Jag2 and EgfR2-IIIb, is
essential for thymus development controlling thymic stem cell maintenance [7, 32].At a functional level,
ANp63 directly regulates the expression of many genes, thereby affecting several biological processes. ANp63
transcriptional signature is crucial to control: (i) morphogenesis and differentiation; (ii) fate specification: (iii)
proliferation; (iv) senescence; (v) cell-cell and cell-matrix interactions; (vi) cell metabolism (Figure 2) [40-42].
ANp63 has a crucial role in embryonic development and morphogenesis, as demonstrated by the phenotype of
both the global p63 knockout and the selective ANp63 knockouts [32, 43, 6 44]. p63 knockout embryos mani-
fest by E10.5 an array of severe alterations affecting epithelial-derived body parts, including skin, limbs, hair,
teeth, hard palate, salivary and mammary glands, and the urogenital tract. Not last p63 affects the mitochon-
drial metabolism [45-47], which redox regulation [48-50] is crucial to determine cell fate [51, 52].

ANp63 regulates keratinocyte proliferation, differentiation and homeostasis, by directly transactivating a
plethora of target genes, for example KRT14, PERP, EVPK, BPAG, CDKN1A, ITGA3, ITGB4, JAGI, and JAG2
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[8]. In keratinocytes, p63 also regulates the chromatin landscape by directly transcribing chromatin-modulating
factors that allow the opening of the chromatin. For instance, in epithelial progenitor cells, ANp63 directly con-
trols the transcription of BRGI, the catalytic subunit the ATP-dependent chromatin remodeler BAF (SWI/
SNF) that allows nucleosome remodeling in the region of the epidermal differentiation complex (EDC), a kera-
tinocytes lineage-specific gene cluster [55-57]. ANp63 also directly transcribes the chromobox protein homolog
4 (Cbx4), a transcriptional repressor required to inhibit the expression of non-epidermal genes during differen-
tiation and in stem cells [58, 59].

Mutations of TP63 cause developmental disorders, including ectrodactyly-ectodermal dysplasia—cleftlip/
palate (EEC) syndrome, ankyloblepharon-ectodermal defects—cleft lip/palate (AEC) syndrome and split-hand/
foot malformation-IV syndrome (SHFM) [38]. These mutations are localized in the DBD, the SAM domain
and the TID, respectively [60]. TP63 is also linked to cancer.

TP63 is rarely mutated in human cancers [61], thereby excluding it as a classic tumor suppressor gene. Yet,
in specific poorly differentiated carcinomas, including squamous cell carcinomas (SCCs), ANp63 is overex-
pressed and/or amplified [62-64], conferring a proliferative advantage to cancer cells (Figures 1c, 3). SCC of
the Head and Neck (HNSCC) and Skin Squamous Cell Carcinoma (sSCC) are the sixth most common cancers
worldwide [65-69]. Tumors originate from squamous epithelia and/or mucosa in different anatomical sites.
Whole-exome sequencing data, while confirming mutations in known genes (TP53, CDKN2A, PTEN, PIK3CA
and HRAS), also identified 30% of the cases harboring mutations/amplifications in genes important for squa-
mous differentiation (including NOTCH and TP63), indicating that epithelial differentiation deregulation
strongly participate to SCC carcinogenesis [70, 71, 72 57]. ANp63 expression has been also described as an
indicator of poor prognosis for several different tumor types [73]. ANp63 can engage specific oncogenic pro-
grams related to apoptosis resistance [74] and promotion of anchorage-dependent and-independent growth,
mobility, and invasion in HNSCC [42, 64] (Figure 3a). Interestingly, when overexpressed in epithelial cancer
cells, ANp63, and its interactors, acts as an oncogene, profoundly changing their down-stream transcriptional
signature [64]. The mechanisms driving ANp63-selective transcription in cancer cells as well as its contribution
to the regulation of the epigenetic landscape in tumors have not been fully investigated yet. In this review, we
will focus on p63a isoform, we describe how multiple proteins that interact with ANp63a enable it to regulate
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Figure 3. p63 regulated pathway in cancer.

(@) In SCC p63 is co-amplified with ACTL6a [64]. Their interaction maintains the proliferative state of the tumor cells together with other subunits of
the BAF-complex [75]. The p63-ACTL6a interaction is also important in the regulation of the Hippo-YAP signaling pathway in cancer [64, 75, 76].
Similarly, the amplification of SOX2 in SCC results in the interaction with p63 and the proliferation regulation of cancer cell, among other
co-regulated genes [77]. (b) To allow the cancer cell survival p63 can inhibit the proliferation program through its interactors. The p63 interaction
with HDAC PML and p73 inhibits the transcription of pro-apoptotic gene, such as BAX and PUMA [78-82]. The interaction of p63 with iASPP leads
to apoptosis inhibition only when p53 is mutated [83]. (c) The interaction of p63 with APC complex is also mediated by the p53 mutation. Under this
condition, the B-catenin accumulation occurs in the nucleus leading to the aberrant regulation of the Wnt pathway, also mediated by p63-TCF/LEF
interaction [84, 85]. Moreover, the p63-p300 contributes to the B-catenin accumulation in the nucleus [86-88]. Lastly the p63/SMAD/mutant-p53
complex formation is observed in cancer and leads to the down-regulation of metastasis suppressor genes [89-91].
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the transcription of several genes in different biological contexts. Specifically, we will highlight transcription
factors/epigenetic complexes and post-transcriptional modifiers that are crucial to uncover ANp63a functions
in keratinocytes and SCCs. The list of selected interactors is shown in Table 1. Figure 4 shows the molecular
determinants of p63 that are responsible for these interactions.

Exploiting the p63 interactome in epithelial development

and cancer

P63 interacts with transcriptional factors and co-regulators

Chromatin immunoprecipitation-sequencing experiments demonstrated that the p63 role is mainly related to
enhancer-mediated transactivation. As matter of fact, the majority of the p63-binding sites and p63-bound
open chromatin regions in keratinocytes are active enhancers, while only a small number of p63-bound regions
are promoters [75, 114-116]. Beside coordinating chromatin-remodeling enzymes and nucleosome modifiers
(see section below) at the enhancer sites, ANp63 also directly interacts with other transcriptional factors and
regulators, resulting in mutual regulation of their transcriptional activities (see Table 1 and Figure 4 for details).

In cancer cells, p63 interacts also with its own family members, including p73 and mutant-p53 (Figure 3b,c).
The TAp73 isoform regulates apoptosis and cell cycle via binding p53 RE on DNA to transactivate specific
target genes [117, 118]. Giving their shared homology in the OD, it is expected that they could interact,
forming hetero tetramers [89, 119]. In HNSCC, ANp63o. interacts with TAp73f and inhibits TAp73
pro-apoptotic activity (Figure 3b). ANp63o. overexpression in HNSCC cells leads to cell survival, and its down-
regulation results in pro-apoptotic gene induction (PUMA and NOXA) thanks to the release of the inhibition
on TAp73f [78]. Co-transcriptional regulators of the p53 family can also act on p63. ASPP1 and ASSP2, for
instance, are apoptosis regulators binding the p53 DBD. This interaction enhances p53 transactivation function
on apoptotic genes, such as BAX and PIG3 [120]. ASPP1 and ASPP2 can also interact with p63 and p73,
stimulating their transactivation function specifically on the promoters of BAX, PIG3, and PUMA but not on
those of MDM2 or p21, although the mechanism of selectivity is not known [94]. The other member of the
ASPP family, iASPP, inhibitor of p53 activity, also interacts with p63 in normal keratinocytes [121] to allow
proper proliferation and differentiation programmes. iASPP participates in the p63-mediated epithelial integrity
program by regulating the expression of genes controlling cell adhesion. In cutaneous SCC, iASPP and p63
autoregulatory feedback loop controls cell migration facilitating proliferation and blocking epithelial-
mesenchymal transition [122]. In other cancers, the p63/p73 interaction with iASPP leads to the inhibition of
p53-independent apoptosis, suggesting a possible rescue by down-regulation of iASPP, and the consequent
apoptosis activation mediated by p63/p73, in cancers where p53 is mutated (Figure 3b) [83, 122].

In normal epithelial cells, p63 is important to sustain proliferation and epithelial specification, However, p63
opposes TGF-B induced metastasis in breast cancer cells. From a mechanistic point of view, TGFB acts in
concert with mutant-p53 and oncogenic Ras to promote the formation of a mutant-p53/p63 protein complex
in which SMADs proteins are the crucial components [90]. When p63 is sequestered in the ternary complex,
its binding to DNA is impaired and its functions are antagonized, leading to the down-regulation of two metas-
tasis suppressor genes, Sharp-1 and Cyclin G2[90]. In several HNSCC cell lines, the NF-kB subunit c-REL
together with TAp73, mutant-p53, and ANp63a forms a nuclear complex. Upon TNFo stimulation, c-REL
interacts with ANp630, and dissociates TAp73 and ANp63a. Therefore, TNFo or the c-REL level affects
ANp630/TAp73 interaction and transcription of different p63 targets, like p21, WAF1, NOXA, and PUMA
[95].

The promyelocytic leukemia protein (PML) that functions via its association with PML-nuclear bodies
(PML-NBs) can act as a transcriptional cofactor and is another regulator of the p53 family members. PML
plays a role in a wide range of crucial cellular processes, including transcriptional regulation, tumor suppres-
sion, apoptosis, senescence, DNA damage response, as well as in viral defense [95, 123]. It has been previously
shown that both p53 and p73 physically interact with PML through their DBDs [3, 95, 123, 124]. PML physic-
ally interacts with TAp63o and ANp63o. isoforms as well. p63 is confined into the PML nuclear-bodies
(PML-NBs) in vivo, and PML manages p63 transcriptional activity (Figure 3b). This interaction increases the
levels of p63 in cultured cells and enhances its capability to transactivate the p21, GADD45 and BAX promo-
ters [79].

ANp63 also modulates the Wnt/B-Catenin signal transduction pathway that plays an important role in con-
trolling cell proliferation in tumor initiation and development [125, 126]. Upon Wnt activation, the -Catenin
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Table 1 ANp63 and TAp63 interactors Part 1 of 2
Normal tissue/
Interactor p63 isoform p63 domain cell cancer type References
Transcription factors/regulators
p73 ANpB3a oD HNSCC [78, 82]
p53 tumor derived ANp6B3o/y DBD H-Ker; cancer [89, 90, 93]
mutants cell lines
ASPP1/2iASPP ANp63y DBD ¢c-SCLC [83, 94]
SMAD2/3 ANpB3a Not specified BRCA [90]
c-REL ANPB3a C-terminus H-Ker; HNSCC [95, 168]
PML TA/ANpP630. Not specified H-Ker [79]
B-CATENIN/GSK3p/PP2A ANpB3a C-terminus/Not HNSCC [84, 85]
specified/N-terminus

SOX2 ANpB3a. Not specified LSCC [77]
SETX TA/ANpP630. C-terminus H-Ker; HNSCC [96]
NRF2 ANp630a. Not specified H-Ker [97]
ABPP1 TA/ANPB3o. SAM H-Ker (98]
Chromatin modifiers
BAF complex ANpB3a. C-terminus H-Ker [75]
ACTL6a ANp630. C-terminus SCC; H-Ker [64, 76]
KMT2D ANpB3o/B/y DBD H-Ker [99]
Dnmt3a ANp630a. Not specified H-Ker [100]
p300 ANPB3o/y; TAP63y N-terminus; C-terminus SCC, OS [86-88]
BRDT ANpB3a Not specified SCC [101]
HDAC1/2 ANp63o TID NSkin, SCC [80, 81]
SRCAP ANp630. Not specified SCC [76]
CBX4 ANpB3o. Not specified Nskin [102]
SETDBA1 ANp63o C-terminus BRCA [103]
Post-translation modifiers
Ubiquitination

MDM2; Fbw7 TA/ANpB3a SAM oS [104, 169]

WWP1 TA/ANpP630. PY Bepithelium, CRC [105]

PIR2/Rnf144B ANp630. Not specified H-Ker; SCC [105]

PIRH2 TA/ANpP630. Not specified H-Ker [105]

PINT TA/ANPB3o. T538P Nskin, SCC [106]

ITCH TA/ANpP630. Between PY and SAM H-Ker [107]

CHIP TA/ANp63 SAM SCC [108]

FBXO3 ANpB3a Not specified BRCA [170]

Tmub1 ANp63 Not specified HCC [171]

SCF BTrCp1 TA/ANpP63y N/C-terminus ¢c-SCLC, H-Ker [172]
Phosphorylation

IKK(b) ANpB30; TAPB3y N-terminus PY ¢-SCLGC, H-Ker [109, 173]

HIPK2 ANp630a. C-terminus (T397) H-Ker, tumor cell [110]

lines
APC/C complex ANp630a. D-box (Degradation SCC, H-Ker [174]
box) of the SAM
Continued
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Table 1 ANp63 and TAp63 interactors Part 2 of 2
Normal tissue/
Interactor p63 isoform p63 domain cell cancer type References
ATM; CDK2; p70s6K ANp630. On specific SCC [111]
phosphorylation sites
p38 ANp630. C-tertminal (aa 435— H-Ker [112]
408)
CRBN TA/ANpB3o. SAM (S509) H-Ker [175]
RACK1; SFN ANp63a. C-terminus SCC [176]
Cdk12 ANp630. DBD H-Ker 177
SMG1 ANp630. C-terminus H-Ker 177
Sumoylation
UBC9; SUMOA1 TA/ANpB3o. SAM H-Ker [113]

Abbreviation: OS, Osteosarcoma; LSCC, Lung squamous cell carcinoma; SCC, squamous cell carcinoma; HNSCC, Head&Neck squamous cell
carcinoma; BRCA, Breast cancer; CRC, Colon rectal cancer; Nskin, Normal skin; c-SCLC, small cell lung cancer; Bepithelium, Breast epithelium;
H-Ker, human keratinocytes; HCC, Hepatocellular carcinoma. The list of interactors was obtained using web databases (https:/string-db.org/;
https:/www.ebi.ac.uk/intact/). The interactors were restricted based on strong biochemical experiments (endoguenous/semiendogenous
co-immunoprecipitation, co-localization, mass-spectrometry analysis of pool-down experiments) present in literature, supporting a direct interaction

in human cancer cell lines or tumour samples.

@ transcription regulator

® epigenetic regulator
post-trascriptional regulator
PPXY motif

ANp63a 1 =

B-CATENIN; HIPK2; BAF Complex; ACTL6a;
p300; PP2A SETDB1; RACK1; : : SETX; c-REL; |
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Figure 4. p63 interacting proteins.

Detailed representation of p63 protein structure. The p63 interacting domain with the different interactor is also indicated. The different types of
interactors are indicated by color code. Transcription regulators: black; epigenetic regulators: blue; post-transcriptional regulators: orange (for
further details and references, see Table 1). The PPXXY motifs are indicated in light green.
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accumulation in the nucleus leads to Tcf/Lef-responsive genes expression, responsible for increasing cell prolif-
eration and de-differentiation [127]. Lack of Wnt, instead, leads to the interaction of B-Catenin with glycogen
synthase kinase 3 (GSK3p), Axin, adenomatous polyposis coli (APC) and protein phosphatase 2A (PP2A).
GSK3p phosphorylates -Catenin and targets it to the proteasome [128]. By two hybrid assays, it has been
shown that ANp63 is directly associated with B56a, a regulatory subunit of PP2A and APC complex. Under
normal conditions, p53 mediates ANp63 and B-catenin degradation. In SCC, instead, mutant-p53 causes APC
complex and ANp63 release, leading to B-catenin aberrant accumulation in the nucleus (Figure 3c) [84, 85, 129].

In SCC, ANp63 co-operates with the transcription factor SOX2. SOX2 is involved in the maintenance of
pluripotency and stemness [130]. These two factors physically interact and co-occupy several genetic loci in
SCC. Together, they regulate the transcription of many target genes, including the transcription factor ETV4, a
gene generally amplified in SCC tumors (Figure 3a) [77, 130].

During keratinocyte differentiation, ANp63 associates with Senataxin (SETX), a R-loop-resolving enzyme.
Both ANp63 and SETX physically bind the p63 DNA-binding motif present in early epidermal differentiation
genes, in order to facilitate R-loop removal and allow efficient transcriptional termination. Interestingly, SETX
expression is deregulated in cutaneous SCC, indicating that ANp63 and SETX interaction is important in skin
pathologies [96]. To sustain proliferation and wound repair in keratinocytes, ANp63 interacts with nuclear
factor erythroid 2-related factor 2 (NFE2L2; NRF2). Chromatin immunoprecipitation and sequencing data
demonstrated the binding of human NRF2 and p63 at a genome-wide level to both enhancers and promoters
of selected genes [97]. This opens the discussion on the epigenetic regulation of p63, see also below.
Interestingly, p63 controls the stemness potential of the lung regeneration [131]; indeed following a necrotizing
degeneration from HINI viral infection, Distal Airway Stem Cells (DASC) expressing Trp63 (p63) and keratin
5, called DASC(p63/Krt5) seems to be crucial for the repair and tissue regeneration [131]. This occurs also in
normal lung homeostasis, and the presence of pre-existing DASC(p63/Krt5) cells is pivotal to allow regener-
ation and prevent fibrotic lesions which would reduce oxygen exchange, as seen in Chronic Obstructive
Pulmonary Disease, COPD. Here, an epigenetic regulation on Trp63 predisposes to an inflammatory response,
driving the transcription complex towards pro-inflammatory and pro-fibrotic programs able to trigger immune
infiltrations of neutrophils, T-cells, NK cells and macrophages [132].

Finally, p63 also participates in splicing regulation by interacting with the splicing machinery. Both TAp63
and ANp63 isoforms bind apobec-1-binding protein-1 (ABBP1), a component of the RNA processing machin-
ery. This interaction causes a shift in the alternative splicing of FGFR-2, a gene implicated in epithelial differen-
tiation. In AEC syndrome, mutations of p63 in the SAM domain affect the RNA processing, since p63 is
enabled to bind ABBP1 [97, 98].

Altogether these studies, although they report only selected p63 interactors, consistently highlight that p63
co-operates with specific transcription factors and regulators during keratinocyte maturation and in different
phases of tumor development.

P63 co-ordinates chromatin-remodeling enzymes and nucleosome modifiers
Several studies implicated p63 as a crucial signaling node during epidermal differentiation and stem cell main-
tenance, through the control of the chromatin state [133-135]. As a matter of fact, several epigenetic determi-
nants are physically associated with ANp63 (Table 1, Figure 4).

In keratinocytes, an important role is played by the BAF (SWI/SNF) complex, an ATP-dependent nucleo-
some modifier, that is important to open the chromatin and to allow the expression of differentiation genes
[136]. Interestingly, ATAC-Seq, ChIP-seq and co-immunoprecipitation experiments demonstrated that p63
physically interacts with the BAF complex, and their cooperative fashion acts to control keratinocyte-specific
open chromatin structure to allow epidermal differentiation [75]. These data showed that high levels of p63
and ACTL6A are necessary to suppress differentiation and promote the epithelial progenitor state in normal
epidermis. The association of p63 with BAF also occurs in HNSCCs, where the ACTL6A is a central oncogenic
driver, commonly found amplified at genomic level or overexpressed [137]. Interestingly, both ACTL6A and
TP63 are co-amplified in HNSCC, they are also physically co-associated and co-expressed together with other
BAF complex subunits co-regulating a key set of relevant targets, including genes encoding components of the
Hippo-YAP signaling pathway (Figure 3a) [64]. These findings indicated that p63/BAF function together in a
common pathway to counteract differentiation both in normal epithelial progenitor cells and in tumor cells
[57, 64].
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Another ANp63 interactor required for proper epithelial stem cell maintenance and differentiation is the epi-
genetic regulator KMT2D (MLL4). KMT2D is the most frequently mutated gene in several cancer types, includ-
ing cutaneous SCC and basaliomas [99]. KMT2D is a histone methyltransferase that deposits the
monomethylation (H3K4mel) to the histone H3 Lys 4 (H3K4), facilitates enhancers activation and transcrip-
tion factor binding [99]. In proliferating keratinocytes, KMT2D interacts with p63 at enhancer sites, controlling
the expression of genes involved in epithelial development, adhesion, and differentiation. KMT2D participates
in the p63-mediated transcription of genes typically expressed in the self-renewing and proliferating compart-
ment, including integrins, laminins as well as key regulators of proper epidermal differentiation (retinoid and
vitamin D) [99]. It is not known at present, whether this interaction is maintained or lost in tumors.

DNA methylation is also an important epigenetic modification to control tissue homeostasis and renewal
[138]. In epithelial progenitor cells, the de novo DNA methyltransferases DNMT3a and DNMT3b are expressed
at high levels. DNMT3a increases during differentiation while DNMT3b decreases [139]. DNMT3a is highly
associated with enhancer regions and physically interacts with ANp63 to maintain high levels of DNA hydroxy-
methylation in the enhancer region. This interaction, through a mechanism involving the DNA methylase
Tet2, allows enhancer activation [100]. It has been estimated that ~50% of the DNMT3a-associated enhancers
were bound by p63 in epithelial progenitor cells, and specifically regulate the expression of genes involved in
keratinocyte proliferation [100].

The histone acetyltransferase p300 (cAMP response element-binding protein (CBP) or p300) is a transcrip-
tional co-activator known to regulate both p53 and p73 [100, 140-143]. It has been demonstrated that p300
acetylates also non-histone proteins, including different p63 isoforms. p300 enhances p63y-mediated transcrip-
tion of p21, consequently leading to G1 arrest [86]. TAp63a also interacts with the Taz2 domain of p300. This
interaction inhibits the DNA binding activity of TAp63 and its association with the transcriptional machinery
[87]. A direct and specific interaction has been also described between the ANp63c. C-terminus and p300. This
association correlates with p63 function on the B-catenin promoter activation, in HNSCC (Figure 3c) [88]. In
esophageal SCC, ANp63 physically interacts and co-operates with a member of the bromodomain testis-specific
protein (BRDT), to control the expression of a subset of ANp63-specific genes related to the squamous cancer
cell phenotype. The abnormal expression of BRDT enhances the cancer cells dependencies of ANp63o [101].

ANp63-mediated target gene repression has been described to be mediated by direct interaction with differ-
ent chromatin modifiers. In HNSCC, ANp63a-HDAC1 and/or -HDAC2 physical interaction mediates tran-
scriptional repression of genes involved in controlling cancer cell proliferation and survival (Figure 3b) [80, 81].
Chromatin immunoprecipitation experiment showed that endogenous p63 binds the PUMA promoter together
with HDACI. This interaction is necessary for SCC cell survival, leading to the repression of apoptosis [80]. In
normal skin the p63-HDAC interaction leads to a reduction in proliferation without apoptosis activation [81].
Interestingly, the HDAC null mice phenotypically resemble p63 null mice, supporting the hypothesis that
HDAC1/2 directly mediates the repression of many p63-dependent genes [81]. Another mechanism of ANp63c.
transcriptional repression in HNSCC is mediated by its interaction with a subunit of the SRCAP chromatin
remodeling complex. This causes an histone exchange from H2A to H2A.Z. H2A.Z acts as a transcriptional
repressor when localized near the transcription start sites [81, 144]. Thanks to H2A.Z deposition, several pro-
proliferation ANp63a. target genes are repressed [76]. In thymic epithelial cells (TEC) ANp63a also plays an
important role in maintaining a high proliferative potential [32]. As a matter of fact, p63 null mice present
several defects in TEC proliferation and expansion [7]. Cbx4, a subunit of the polycomb repressive complex 1
(PRC1), and ANp63a. physically interact and act in the same pathway to stimulate the proliferative and self-
renewal capacity of thymic epithelial stem cells [102]. In keratinocytes, Cbx4 represses non-epidermal lineage
gene expression interacting with PRC1 [59]. Thus, p63 and Cbx4 represses the non-epidermal transcription
program during keratinocyte proliferation via PRC1-mediated transcriptional repression. Interestingly, Cbx4 is
also frequently amplified in SCCs [59, 145], indicating that the interaction between ANp63 and Cbx4 could
also contribute to SCC formation. Finally, in breast cancer cells, SETDBI, a histone lysine methyltransferase,
part of the SET (Suppression of variegation, Enhancer of zeste, Trithorax)-domain containing enzymes, specif-
ically interacts with the ANp63o. isoform [103, 146].

Altogether these studies demonstrated that during keratinocytes differentiation and tumor formation, several
epigenetic modulators, including chromatin-remodeling complexes and enzymes, are involved in p63-mediated
epigenomic reprogramming. In normal progenitor cells and in keratinocytes, p63 expression is required for
establishing an epidermal-specific chromatin structure [75, 116, 147]. On the other hand, as a pro-survival
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oncogene in SCCs, ANp63a is utilized by tumor cells to establish squamous-specific chromatin architecture,
which fosters tumor development [148].

Post-translational regulators/interactors controlling ANp63 protein levels

A third category of interactors is represented by enzymes that post-translationally modify p63, including
kinases, E3 ubiquitin ligases (E3s) and SUMO ligases (Table 1, Figure 4). Indeed, similarly to p53, p63 regula-
tion is mostly accomplished at post-translational level [149]. Here, we will review the contribution of phosphor-
ylation and ubiquitination to the modulation of both p63 protein stability and transcriptional function. These
two modifications are undoubtedly those that more broadly impact on p63.

Phosphorylation of p63 occurs predominantly in response to genotoxic stress. Coherently, p63 plays an
instrumental role in cellular stress responses including those elicited by DNA damaging insults. ANp63 protein
is a target for direct phosphorylation by ATM, CDK2 and p70s6K kinases following DNA damage exposure of
HNSCC cells [111]. The authors demonstrated that ANp63 is sequentially phosphorylated by ATM, CDK2 and
p70s6K kinases, ultimately leading to its proteasomal-dependent degradation, though the specific E3 involved
in this mechanism has not been identified yet. Since ANp63 transcriptionally activates ATM, this would estab-
lish a feedback regulatory mechanism similar to the p53/MDM2 loop to control ANp63 protein level.

Similarly, phosphorylation of ANp63 at threonine residue 397 by Homeodomain-interacting protein kinase 2
(HIPK2) promotes its proteasomal proteolysis in response to different genotoxic stress and increases the sus-
ceptibility of p53-defective cells to chemotherapeutic drugs [110]. The Authors demonstrated that a non-
phosphorylatable ANp63-T397A mutant is resistant to DNA damage-dependent, HIPK2-induced degradation,
and confers resistance of cancer cells to doxorubicin.

An alternative molecular mechanism underlying the regulation of ANp63 protein stability in response to che-
motherapeutic agents is mediated by IkappaB kinase (IKK). IKK is a multi-subunit protein kinase consisting of
two catalytic subunits, IKKo and IKKB, and a regulatory subunit, IKKy. Chemotherapy-induced activation of
IKKpB promotes ANp63 degradation leading to enhanced transactivation of p53 target genes and increased sus-
ceptibility to DNA damage-induced cell death [109].

Another kinase involved in p63 modification is p38, which is activated upon UVB irradiation, and regulates
ANp63 functions by direct phosphorylation in keratinocytes. This modification acts as a signal for ANp63 to
detach from the promoters of p53-regulated genes involved in DNA damage-induced apoptosis and allows p53
to eliminate potentially harmful cells. Of note, phosphorylation of ANp63 by p38 is a specific mechanism that
is detected only in response to UV irradiation [112]. Additional kinases, CHK2, Abl, phosphorylate TAp63
isoform specifically during oocyte maturation and DNA-damage [25, 26, 150].

The most important mechanism of p63 degradation is the proteasome-dependent pathway. TAp63 proteins
are highly labile, while ANp63 proteins are much more stable (Figure 5).

Several E3s, belonging to either the RING-finger-type or the HECT-type subfamilies, have been implicated
in controlling p63 protein stability or function. A major role in the regulation of p63 stability in physiological
conditions is executed by the HECT-type E3 ITCH [151-153] that interacts with the proline-rich motif
(PPXY) present in the o and B isoforms of p63 through its WW domains [47, 107, 154]. ITCH targets
endogenous p63 for proteasomal degradation in keratinocytes by modifying two lysine residues (K193 and
K194), whose mutations have been associated with the SHFM-4 syndrome. Hence, these mutations likely act by
altering the stability of p63a/b isoforms during development. Overall, these findings emphasize a relevant role
for the ITCH/p63 functional interaction in the regulation of epithelial homeostasis (Figure 5).

The PPXY motif of p63 is characterized by the nearby presence of a (T/S) P motif, which is a recognition
site for the WW domain present in the prolyl-isomerase Pinl. Phosphorylation of the threonine residue and
proline cis/trans isomerization by Pinl of this (T/S) P motif is a crucial regulatory event that results in an
increase in the ITCH-WW-p63 complex stability [154].

Another HECT-type E3 involved in p63 regulation is WW domain-containing E3 ubiquitin protein ligase 1
(WWP1) [155, 156]. Modification of p63 by WWP1 may have distinct outcomes depending on the nature of
the assembled ubiquitin chains (Figure 5). Attachment of Ké63-polyubiquitin chains increases
ANp63-dependent transcriptional activation and its pro-survival behavior [156]. On the contrary, modification
of TAp63 by K48-linked chains promotes its proteasomal degradation in colon cancer cells, conferring resist-
ance to DNA damage-induced cell death [155, 156]. In both cases, WWP1 contributes to the oncogenic activity
of p63 in cancer cells.
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Figure 5. E3s involved in the regulation of p63 stabilization and transcriptional functions.

Several E3s, including ITCH, WWP1, PIRH2, PIR2/Rnf144B and MDM2 acting in concert with FBXW?7, determine the
ubiquitin-dependent degradation of p63 — through the formation of K48 polyubiquitin chains [92, 93, 105, 107]. WWP1 is also
able to inhibit p63 transcriptional activity through K63 polyubiquitination. The mono-ubiquitination mediated by MDM2 allows
p63 to translocate into the cytoplasm, ultimately inhibiting its transcriptional activity.

Proteasome 26S

Pinl has been reported to interfere with the WWP1-WW-p63- association by directly binding to the threo-
nine residue located in (T/S) P motif. This interaction results in the inhibition of p63 proteasomal degradation
by WWP1 and, hence, promotes ANp63-induced cell proliferation [106].

The RING-finger type MDM2 (murine double minute-2), the primary regulator of p53/p73 protein stability
[157, 158], also binds p63 though through weaker interactions. The formation of the MDM2-p63 complex
seems to have contradictory effects on p63 function. Mono-ubiquitination of p63 by MDM2 enhances its
nuclear export, thus negatively affecting its transactivation potential, with no effect on its degradation [159].
Another study reported that MDM2 increases p63 protein stability resulting in increased transcriptional activity
(Figure 5) [160].

Although Mdm? is incapable of directly targeting p63 for proteolysis, it can co-operate with the F-Box
protein Fbw7 to poly-ubiquitinate ANp63 and target it for proteasomal degradation [104]. The Authors
reported that MDM2 binds ANp63 in the nucleus promoting its translocation to the cytoplasm, where p63 is
targeted for degradation by the Fbw7 E3-ubiquitin ligase. Fbw7 recognizes a phosphodegron located in the
SAM domain and containing a threonine residue that has to be phosphorylated by glycogen synthase kinase 3
in order for Fbw7 to associate with p63 and promote its degradation. The MDM2/Fbw?7 cooperation is func-
tionally relevant during keratinocyte differentiation when ANp63 needs to be degraded (Figure 5) [104].

PIRH2 (p53-induced protein with a RING-H2 domain), a monomeric RING-finger-type E3, plays a physio-
logically important role in keratinocyte differentiation through the ubiquitin-mediated proteasomal degradation
of p63. Binding of PIRH2 to a yet not identified structural motif of p63 leads to its ubiquitination and subse-
quent reduction in protein half-life of p63 in keratinocytes [161]. The PIRH2/p63 functional axis becomes rele-
vant also in a cancer context. Indeed, arsenic trioxide treatment of cancer cells leads to Pirh2 promoter
transactivation, which in turn decreases the stability of ANp63 reducing its pro-oncogenic activities [162].

The RING-finger E3 PIR2/Rnf144B is transcriptionally induced by ANp63 in primary keratinocytes, where it
functions as a negative regulator of both p21 and p63 to control cell fate by sustaining proliferation and differ-
entiation of epidermal cells [105]. Indeed, the Authors also reported that PIR2/Rnfl4 is capable of
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ubiquitinating p63 to induce its proteasomal degradation, thus generating an autoregulatory loop, like the p53-
MDM?2 feedback circuit [105]. High expression of both ANp63 and PIR2/Rnfl4 in squamous cell carcinomas
(SCCs) suggests that the ANp63-PIR2/Rnf14 axis may be not operative in these tumors resulting in the protec-
tion of ANp63 degradation, which ultimately leads to ANp63 accumulation. These findings indicate that the
p63/PIR2/p21 axis has a major role in regulating the homeostasis of stratified epithelia.

CHIP (C-terminus of Hsc-70 interacting protein), an E3 containing a U-box domain, also promotes p63
degradation via the ubiquitin-proteasome pathway [108]. Here, the authors reported that Hsp70 plays a key
role in regulating CHIP-mediated p63 ubiquitination. In cancer cells, it has been found that Hsp70 overexpres-
sion increases TAp63 ubiquitination and reduces TAp63 protein levels, while prevents ANp63 ubiquitination
and causes its accumulation. This regulatory mechanism by Hsp70 ultimately contributes to cancer cell migra-
tion and invasion.

ANp63 protein levels are strictly regulated by conjugation with SUMO. Sumoylation of ANp63 occurs at
lysine residue K637 located in the SAM domain. Sumoylation represents a prerequisite for efficient ANp63a.
poly-ubiquitylation [163, 164]. Interestingly, p63 mutants having alteration in their sumoylation capacity are
found in the human hereditary congenital SHFM, EEC and LMS (Limb Mammary Syndrome) [113].

Concluding remarks

Here, we highlight the complexity of ANp63o interactome in keratinocyte proliferation/differentiation and in
squamous cell carcinomas. Squamous cell carcinoma remains an unresolved challenge to human health due to
its aggressiveness and lack of specific therapeutic options. These tumors are highly dependent on ANp63c. The
presence of p63 in chromatin-remodeling complexes provides an opportunity to target SCCs overexpressing
ANp63a via epigenetic drugs. To note, many of p63 interactors, such as KMT2D and SWI/SNF, are frequently
mutated in SCC [165-167], further supporting the relevance that the normal p63-mediated transcriptional
program in cells must be perturbed to allow SCC initiation and development. Fully understanding the
ANp63a-interactors pattern in SCCs may be a valuable strategy to enable the development of novel therapeutic
approaches. As a matter of fact, the abrogation of ANp63a. interaction with interactors/co-activators could
broadly affect ANp63-dependent transcription. On the other hand, since phosphorylation and ubiquitination
are undoubtedly the modifications that more broadly impact on p63 protein stability and transcriptional func-
tion, it is conceivable that small molecules, by modulating the activity of these enzymes, could be explored as
therapeutic options in SCCs. Additional studies are necessary to fully understand the complexity of the interac-
tions between epigenetic regulators and ANp63c.
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