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The transcription factor p73 is a structural and functional homolog of TP53, the
most famous and frequently mutated tumor-suppressor gene. The TP73 gene can
synthesize an overwhelming number of isoforms via splicing events in 5’ and 3’ ends
and alternative promoter usage. Although it originally came into the spotlight due to
the potential of several of these isoforms to mimic p53 functions, it is now clear that
TP73 has its own unique identity as a master regulator of multifaceted processes in
embryonic development, tissue homeostasis, and cancer. This remarkable functional
pleiotropy is supported by a high degree of mechanistic heterogeneity, which extends
far-beyond the typical mode of action by transactivation and largely relies on the ability
of p73 isoforms to form protein—protein interactions (PPIs) with a variety of nuclear
and cytoplasmic proteins. Importantly, each p73 isoform carries a unique combination
of functional domains and residues that facilitates the establishment of PPls in a
highly selective manner. Herein, we summarize the expanding functional repertoire of
TP73 in physiological and oncogenic processes. We emphasize how TP73’s ability to
control neurodevelopment and neurodifferentiation is co-opted in cancer cells toward
neoneurogenesis, an emerging cancer hallmark, whereby tumors promote their own
innervation. By further exploring the canonical and non-canonical mechanistic patterns
of p73, we apprehend its functional diversity as the result of a sophisticated and
coordinated interplay of: (a) the type of p73 isoforms (b) the presence of p73 interaction
partners in the cell milieu, and (c) the architecture of target gene promoters. We
suppose that dysregulation of one or more of these parameters in tumors may lead
to cancer initiation and progression by reactivating p73 isoforms and/or p73-regulated
differentiation programs thereof in a spatiotemporally inappropriate manner. A thorough
understanding of the mechanisms supporting p73 functional diversity is of paramount
importance for the efficient and precise p73 targeting not only in cancer, but also in other
pathological conditions where TP73 dysregulation is causally involved.

Keywords: p73, protein-protein interactions(PPIl), C-terminus, gene promoter architecture, development and
homeostasis, differentiation, neoneurogenesis, cancer progression

INTRODUCTION

TP53 is a well-known tumor suppressor and a famous “Holy Grail” of anticancer targeting. In 1997,
two genes were added in the so-far considered single-membered p53 family: p63 and p73, which
present similarities to p53 regarding their basic functional domains and their ability to activate
typical p53 targets and participate in common p53 pathways. Nevertheless, both also differ from
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p53, since they do not exhibit the characteristics of a classical
Knudson-type tumor suppressor gene. p63 and p73 entail three
basic functional domains which are homologous to p53, that
is the transactivation domain (TA), the core DNA-binding
domain (DBD) and the oligomerization domain (OD), with
DBD being the most conserved domain. They have an extra
SAM (sterile alpha motif) domain in their C-terminus, which
confers protein stability (Logotheti et al., 2013). Although p53
appeared later in evolution, to specifically guard the fidelity of
somatic cell divisions and protect from DNA damage-induced
cancerous alterations, the ability to regulate DNA damage and
apoptosis is primitive within the p53 family. In bony fishes, the
p63/p73 and the p53 genes are separated into distinct entities
and undergo positive selection to control different processes:
p63 got specialized in the production of epithelial cells and p73
in neuronal development, whereas p53 is better adapted as a
tumor suppressor (Belyi and Levine, 2009; Belyi et al., 2010).
These functional adaptations were associated with alterations in
the gene organization of a single ancestral p53/p63/p73 gene,
mainly gain of an alternative promoter that leads to NH2-
terminal truncated isoforms, loss of the SAM domain, and
ability for formation of additional C-terminal splice variants
in Chordata and evolutionarily higher organisms (Yang et al.,
2002). These changes overall enabled a higher level of functional
divergence and specificity for each p53 family member. All three
family members synthesize many isoforms, with p73 producing
the highest number.

The synthesis of this overwhelmingly large number of p73
isoforms is achieved by (a) use of an extrinsic (P1) and alternative
intrinsic promoter (P2) in the 5 end, generating TA and AN
classes of isoforms, (b) alternative splicing in the 5" end, resulting
in amino-truncated ATA isoforms (AEx2p73, AEx2/3p73, and
AN'p73) that partially or entirely lack the transactivation domain
and, together with AN, constitute the so called DN isoforms, (c)
alternative splicing in the 3’ end, putting forth several C-terminal
splice variants (o, B, v, 8, & ¢, M, M, nl, and 6) (Logotheti
et al., 2013) (Figure 1A). We also detected somatic genomic
rearrangements of TP73 that generate an oncogenic TP73ex2/3
(George et al., 2015). In the context of cancer, TAp73 isoforms
are considered anti-oncogenic (Stiewe and Piitzer, 2000; Malik
et al., 2021), while DNp73 forms antagonize TAp73 effects and
are oncogenic. The opposing roles of TA versus AN classes of
isoforms in the context of cancer have been underscored via
knockout mice that are selectively deficient for either TAp73
or ANp73. TAp73-knockout mice are tumor-prone and more
sensitive to carcinogens, and present genomic instability and
enhanced aneuploidy, thus highlighting a significant role of
TAp73 in the maintenance of genomic integrity (Tomasini et al.,
2008). In contrast, mice lacking ANp73 show increased apoptosis
in response to DNA damage, revealing an oncogenic effect of this
isoform in the inhibition of the DNA-damage response (DDR)
pathway (Wilhelm et al., 2010). Using kinetic modeling to detect
genetic signatures characteristic for cancer drug resistance, we
have shown for example that downregulation of miR-205 can
be mediated by an imbalance in the TAp73/ATA ratio, which
leads to increased expression of anti-apoptotic BCL-2 and ABC
transporters (Alla et al., 2012; Vera et al., 2013). The ATA’s that

are tumor-specific, are vigorously expressed in advanced stages
across a variety of highly aggressive human cancers (Knoll et al.,
2011; Steder et al., 2013; George et al., 2015; Meier et al., 2016)
and, analogous to AN’s, promote tumor initiation (Tannapfel
et al., 2008) and cancer progression (Engelmann et al.,, 2015).
For instance, DNp73 (p73AEx2/3) is a key metastatic driver,
which promotes tumor progression via inducing EMT, actin
cytoskeletal reorganization, invasion, and stemness in melanoma
(Steder et al., 2013; Engelmann and Piitzer, 2014; Meier et al,,
2016; Fiirst et al,, 2019). Consistently, p73 isoforms play a key
role in the regulation of cancer stemness, epithelial-mesenchymal
transition (EMT) and response to therapy across several cancer
types (Prabhu et al., 2016; Thakur et al, 2016; Sharif et al,
2019b; Uboveja et al., 2020). For a detailed overview, we refer to
Engelmann et al. (2015), Piitzer et al. (2017).

The TP73 gene has attracted incredible attention for
therapeutic cancer management mainly because it can mimic
and/or surrogate for p53 oncosuppressive functions, whereas
unlike p53, it is rarely mutated in cancer, a fact that renders
this targeting unbiased from intra- and inter-tumoral mutational
heterogeneity (Logotheti et al., 2019). Hence, understanding the
mechanisms through which p73 isoforms exert their functions
are of paramount importance in order to efficiently manipulate
these factors in precision medicine. All TA and DNp73 isoforms
have intact core DNA-binding and tetramerization domains, via
which they can oligomerize and bind to corresponding p53-
or p73-responsive elements (RE). The transactivation domain-
containing TA’s directly activate the transcription of p53/TAp73
target genes. Vice versa, DNp73 lacking a typical N-terminal
transactivation domain can act as transdominant inhibitors of
TAp73 and p53 (Stiewe et al,, 2002a,b) and block their gene
regulatory activity either by competing for p53/p73 binding
sites or by forming transcriptionally silent TAp73/DNp73 or
p53/DNp73 hetero-oligomers (Marabese et al, 2007). The
ultimate effect of p73 isoforms on target genes is overall attributed
to the TA/DN ratio as opposed to the overexpression of a
specific p73 isoform or a specific class of p73 isoforms per
se. Furthermore, the p53/p63 cell content often influences p73
functions, because p73 can form stable hetero-oligomers with p63
or mutant p53 (Li and Prives, 2007; Nemajerova et al., 2018).

P73 has been initially viewed as a p53 ‘copycatter, because
of its ability to activate common p53 targets and regulate
tumor-suppressive processes, such as cell cycle arrest, senescence,
apoptosis and genomic stability. However, it has currently been
realized that p73 not only affects a large number of cancer-related
pathways, but also regulates disparate processes in embryonic
development and tissue homeostasis. More intriguingly, p73
appears to have the potential to activate ‘off-context’ its non-
oncogenic differentiation programs within the cancer cell context
to modulate tumor metastasis. This process, whereby a biological
function within a specific context may be alternatively used
in another context to support a novel function, is termed co-
option and consists a recurrent and prevailing pattern during
tumor progression (Billaud and Santoro, 2011). The high level
of functional pleiotropy in physiological and cancer-related
processes cannot be sufficiently supported solely by the typical
mode of direct gene transactivation/transrepression that has
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FIGURE 1 | TP73 synthesizes a large number of isoforms contributing to its multifunctionality both in physiological and cancer-related processes. (A) Diagram
depicting synthesis of p73 isoforms by (i) alternative splicing in the 3" end, putting forth several C-terminal splice variants; or (i) the use of an extrinsic (P1) and

alternative intrinsic promoter (P2) in the 5" end, and (jii) alternative splicing in the 5" end. All isoforms contain a core DNA-binding domain. Different combinations of
the N-terminal head with the C-terminal tail give rise to functionally distinct isoforms. TA, transactivation domain; DBD, DNA-binding domain; SAM, sterile alpha
motif. (B) Overview of the documented and predicted roles of TP73 gene products in normal and cancer tissues. There are analogies in several processes regulated
by TP73 in the physiological and cancer context (terms straddling around the p73 node in the scheme) which might represent the aberrant function of p73 regulatory
networks of embryonic development, differentiation, and tissue homeostasis within the tumor context. (C) Regulatory map of the TAp73/DNp73-controlled pathways
depicting their interception with major cascades of extracellular signaling. The model was constructed using SBGN-compliant software Cell Designer. Yellow boxes:
RNA; gray boxes: protein; red boxes: mature microRNAs; green boxes: activated signaling complexes; blue boxes: receptor ligands; red font: transcription factors,
green font: apoptosis related proteins; magenta font: growth factors. Phosphorylated proteins are marked with a red circle.
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been described for p73, but rather suggests more sophisticated
mechanisms of action of p73 in multiple levels of gene regulation.
This review summarizes the roles of p73 isoforms in physiological
and oncogenic processes and describes how its ability to control
development and/or differentiation can be hijacked during
cancer progression and within the tumor microenvironment
(TME). It further sheds light on the mechanistical patterns
governing its disparate functions by using the melanoma setting
as a paradigm and suggests that a sophisticated and highly
coordinated interplay between the p73 C-terminus, the protein
interactome, target gene promoter architecture (Rudge et al,
2016) and the subcellular localization of TP73-derived isoforms
can support this multifunctionality.

THE EXPANDING FUNCTIONAL
REPERTOIRE OF TP73 IN CANCER AND
BEYOND

Besides their well-demonstrated roles in DDR and apoptosis
(Wilhelm et al., 2010), p73 isoforms also have unique targets
(Logotheti et al,, 2019; Wang et al., 2020) and exert non-
oncogenic functions (Inoue et al., 2014) that are not shared with
p53. Understanding their functional pleiotropy has been enabled
through the use of DNp73 splice isoform-specific antisense
oligonucleotide gapmers (Emmrich et al., 2009) and by knockout
mice models with (i) deletion of the entire TP73 gene, (ii)
deletion of exons encoding the TAp73 isoforms, (iii) deletion
of exons encoding the ANp73 isoform, and (iv) deletions of
exons encoding the C-terminus of the alpha isoform. These
tools in combination with expression and molecular studies,
have allowed to uncover the roles of TP73 in cancer and
beyond, such as neurodevelopment, ciliogenesis, and metabolism
(Melino, 2020). In this chapter, we summarize the non-oncogenic
as well as the cancer-related functions of p73 isoforms. We
also report that p73 has newly identified roles in regulating the
neurogenic potential of tumors by co-opting, in a cancer cell
context, its neurodevelopmental/neurodifferentiation programs
(Logotheti et al., 2020b).

Roles in Development, Differentiation

and Tissue Homeostasis

The generation of the first p73 KO mice unambiguously
showed that deletion of all p73 isoforms creates a wide
range of neurological, pheromonal and inflammatory defects
(Yang et al., 2000). A recurring and predominant phenotypic
outcome upon ablation of either global (pan-TP73KO) or
isoform class-specific (TAp73 or ANp73 KO) knockdown of
TP73 products is manifestation of several neurodevelopmental
abnormalities. In particular, pan-TP73KO mice display severe
hydrocephalus and hippocampal dysgenesis characterized by
partial or total loss of the lower blade of the dentate gyrus
(DG) and by an impaired organization of CAl and CA3
regions. TAp73KO mice show a less severe phenotype, but still
exert abnormal hippocampal development, whereas ANp73 mice
demonstrate only marginal reduction of cortical thickness but

no hydrocephalus (Nemajerova et al., 2018). In general, TAp73
is required for neuronal differentiation and maintenance of
neural stem cells (NSCs), while ANp73 is needed for neuronal
survival during development and in adult neuronal tissues
(Killick et al., 2011). In addition, p73 is essential for maintaining
the neurogenic pool in the subventricular (SVZ) and subgranular
zone (SGZ) through promoting self-renewal and proliferation,
and inhibiting premature senescence of NSCs and/or neural
precursor cells (NPCs). Mechanistically, TAp73 either directly
or indirectly regulates the expression of genes involved in
NSCs maintenance (Sox2, Sox3, TRIM32, and Hey-2), in axonal
growth and dendritic arborisation (neurotrophin receptor p75),
and in neuronal terminal differentiation (synaptotagmin-1 and
syntaxin-1A). The recently described Trp73913/413 mice, lacking
exon 13 in the p73 gene, have revealed a significant contribution
of the C-terminus to the brain development. Deletion of exon
13 produces a switch of the longest and most expressed isoform
o into B, which in contrast to a lacks the SAM domain.
Replacement of o with § substantially affects brain development,
producing hippocampal dysgenesis, in particular, progressive
depauperation of Cajal-Retzius (CR) cells in the developing
brain. Hippocampal dysgenesis appears to be a consequence
of deprivation of CR cells that are physiologically deputed to
direct brain architecture during embryonic development. These
effects appear to be highly isoform-dependent (Killick et al.,
2011). Hence, not only the N-terminus of p73 isoforms, but
also in their carboxy-terminal sequences have divergent effects
on neuronal differentiation, maintenance of NSCs, neuronal
survival during development and in adult neuronal tissues
(Killick et al., 2011). Overall, p73 is nodal in the regulation
of CNS development and function, by modulating NSC self-
renewal and differentiation and by promoting terminal neuronal
differentiation (Niklison-Chirou et al., 2020). The fact that these
phenotypes are non-overlapping with the neurodevelopmental
defects caused by the deletion of all p73 isoforms (p73 KO
mice), the TAp73 isoforms (TAp73 KO) or the ANp73 (ANp73
KO mice), indicates indispensable, yet distinct, roles of the
N-terminal, core and C-terminal domains of p73 in the regulation
of neuronal processes.

In addition to their prevalent role in the central and peripheral
nervous system, p73 isoforms have tissue-specific roles in the
male and female reproductive organs, the development of
respiratory epithelium and the vascular network. A recently
discovered function of p73 manifested across several tissues is
the differentiation and fate specification of multiciliated cells
(MCC), which are vital for respiration, neurogenesis and fertility.
Moreover, TAp73 shows a significant ability to regulate cellular
metabolism. The abovementioned physiological functions of
p73 in these organ systems have been extensively reviewed
elsewhere (Nemajerova et al., 2018; Nemajerova and Moll,
2019; Maeso-Alonso et al., 2021). Besides these roles, p73
isoforms are essential for the proper function of the immune
system. On one hand, TAp73 is required for macrophage-
mediated innate immunity and the resolution of inflammatory
response. TAp73 KO alters macrophage polarization such that
maintenance of the M1 effector phenotype is prolonged at the
expense of the M2 phenotype, thus impairing resolution of
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the inflammation (Tomasini et al., 2013). On the other hand,
regarding adaptive immunity, Ren et al. (2020) recently identified
P73 as a negative regulator of the Thl immune response via
transrepression of IFN gamma transcription and downregulation
of IFN gamma production.

Last but not least, several lines of evidence imply a key role
of TP73 protein products in the differentiation and homeostasis
in several types of muscle tissues. In skeletal muscles, TAp73a
but not TAp73f isoform suppresses myogenic differentiation (Li
etal,, 2005), while ANp73a protect differentiated myotubes from
DNA damage-induced apoptosis and inhibits the spontaneous
apoptosis of satellite skeletal muscle cells that fail to complete
their differentiation. Upregulation of the p73 P2 promoter
during myogenic differentiation is mediated by a coordinated
recruitment and activity of p53/p73 and the master-regulator
of muscle cell development, MyoD (Belloni et al., 2006). In
smooth muscles, p73 induces apoptosis of vascular smooth
muscle cells and is present at high levels in human atherosclerotic
plaque (Weiss and Howard, 2001; Davis et al,, 2003). In the
cardiac tissue, low expression of TP73 products has been
observed in cardiomyocytes and other cell types of the heart
muscle (data mined from Human Protein Atlas), while others
have shown that the directed expression of DNp73 stimulates
proliferation of cardiomyocytes via antagonizing p53 (Ebelt
et al., 2008). Basal p53 levels are essential for embryonic cardiac
development and for maintaining normal heart architecture
and physiological function (Men et al, 2021), but it has not
been investigated whether p73 isoform(s) participate in these
processes. Based on these hints, it would be interesting to
explore a so far unnoticed physiological role for p73 isoforms
in cardiac development and physiology, a possibility that would
further pave new avenues in treatment of cardiovascular diseases
and/or cardiac tissue regeneration. The functional diversity
of p73 isoforms in embryonic development, differentiation,
and tissue homeostasis is depicted in Figure 1B. It has
been proposed that a common unifying theme among several
seemingly divergent p73-regulated physiological functions is
that p73 acts as a master-regulator of tissue architecture, and
that such a role might have been inherited from a single
p53/p63/p73-hybrid gene ancestor at the dawn of epithelial tissue
evolution, which is traced back to Placozoans and Cnidaria
(Maeso-Alonso et al., 2021).

p73 Involvement in Cancer Hallmarks
and Oncogenic Signaling Cascades

Oncogenic  transformation occurs through progressive
acquisition of key adaptations, the so-called cancer hallmarks,
which include sustaining proliferative signaling, resisting
cell death, evading growth suppressors, activating invasion,
enabling replicative immortality, inducing angiogenesis,
reprogramming energy metabolism and evading immune
destruction. Transformation is further facilitated by tumor-
promoting inflammation and genome instability. Strikingly,
TAp73 isoforms inhibit all these hallmarks [reviewed in detail in
Logotheti et al. (2013)] and can also enhance responsiveness to
standard radio- and chemotherapies (Logothetietal., 2013)

(Figure 1B). Their DNp73 counterparts can typically
antagonize these functions, thereby drastically influencing
cancer promotion, progression and metastasis [reviewed in
Logotheti et al. (2013), Engelmann and Piitzer (2014), and
Engelmann et al. (2015)]. Recently, it was shown that TAp73
regulates macrophage accumulation and tumor infiltration,
which is in general a strong driver of cancer progression and
predictor of poor outcomes in cancer patients. This occurs via
inhibition of the NF-kB pathway, since loss of TAp73 leads to
NF-kB hyperactivation and secretion of Ccl2, a known NF-kB
target and chemoattractant for monocytes and macrophages.
Importantly, TAp73-deficient tumors display an increased
accumulation of protumoral macrophages that express the
mannose receptor (CD206) and scavenger receptor A (CD204)
(Wolfsberger et al., 2021).

It is noteworthy that in some cancer-related processes and
cell-contents, TAp73 isoforms show an effect inconsistent with
their traditional tumor suppressive function. For example,
TAp73 activates anabolic pathways compatible with proliferation
and cancer promotion by regulating glucose metabolism to
control cellular biosynthetic pathways and antioxidant capacity
[reviewed in Nemajerova et al. (2018)]. TAp73 modifies the
metabolism and positively regulates growth of cancer stem-
like cells in a redox-sensitive manner (Sharif et al., 2019a).
Nevertheless, it remains still unclear whether this metabolic effect
reflects cancer-associated metabolic changes, or instead a role in
promoting adaptative cellular mechanisms to stress conditions
[reviewed in Nemajerova et al. (2018) and Maeso-Alonso et al.
(2021) and]. Furthermore, p73 proteins regulate angiogenesis,
with the ANp73 form that has a clear role in promoting this
phenomenon, whereas TAp73 isoforms exert both, positive and
negative effects, depending on parameters like the strength and
spatiotemporal context of its activation (Sabapathy, 2015). It is
also not clear if every TAp73 isoform can exhibit such Janus
behavior in metastasis-promoting processes, or if this is an
attribute of only specific TAp73 C-terminus splice variants.

Using our previous work on melanoma as a representative
example of p73’s regulation of cancer outcomes via orchestrating
molecular networks, we further made the striking observation
that TAp73/DNp73-controlled pathways can co-ordinate
extracellular changes in the TME and intracellular gene
regulation by intercepting with major cellular signaling cascades
which respond to growth factors in the TME. These intersections
suggest that p73 isoforms internalize the information from
extracellular signals that are received by cell surface receptors
and convey them to the nucleus, leading to global changes
in p73-transcriptome. In particular, we used the melanoma
paradigm and constructed a comprehensive regulatory map
by exploiting own high-throughput and experimental data
from melanoma tissue culture, mouse metastasis models
and patient tumor samples. These results were integrated
with data from the literature, previous mathematical models
describing sections of the map (Vera et al., 2013; Khan et al,,
2014), and partial elements of existing IGFIR computational
models (Borisov et al., 2009; Bianconi et al., 2012). The
reconstructed network demonstrates that TAp73/DNp73-
dependent pathways (Alla et al., 2010, 2012) intercept with
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cellular receptor-triggered signaling cascades that are relevant
for melanoma progression, such as EGFR (Sun et al., 2014; Wang
et al., 2015), IGFR (Rosenbluth et al., 2008), and HER3 (Iorio
et al., 2009; Tiwary et al., 2014) and portray the potential of p73
isoforms to sense changes in the cell microenvironment and
modify the gene regulation programs accordingly (Figure 1C).

Regulation of Cancer Neurobiology - p73
and the Emerging Hallmark of

Neoneurogenesis

Of particular interest is that neurodevelopmental defects and
cancer-related phenotypes co-exist in TAp73 knockout and,
to a much lesser extent, in ANp73 KO mice. The ability of
p73 isoforms to modulate tumor initiation and progression
may be relevant to their neurological functions. In particular,
it is becoming increasingly evident that cancer and neuronal
cells develop reciprocal interactions via mutual production and
secretion of neuronal growth factors, neurothrophins and/or
axon guidance molecules in the TME. Intriguingly, tumors can
stimulate their own innervation during cancer progression, and
this phenomenon is termed neoneurogenesis. Tumors produce
and excrete neurogenic factors that modulate the TME and
induce formation of new nerves that eventually infiltrate tumors
(Logotheti et al., 2020b). Recently, Mauffrey et al. (2019) showed
that prostate tumors summon neural progenitors from sites as
distant as the subventricular zone of the central nervous system
(CNS), which break the blood-brain barrier, infiltrate prostate
tumors and initiate neurogenesis. This process is essentially
distinct from perineural invasion (PNI), which refers to tumor
invading into already existing nerves along the perineural
space. Besides, cancer cells themselves may acquire brain-like
properties as an adaptation for brain colonization (Neman
et al.,, 2014). The nervous system-cancer crosstalk emerges as
a crucial regulator of cancer initiation and progression, both
systemically and within the local TME. In turn, cancers and
cancer therapies can alter nervous system form and function
Tumors may induce profound nervous system remodeling and
dysfunction by secreting circulating factors which not only
locally alter neural activity in the TME, but also have a
remote and systemic effect on important brain functions, such
as sleep. The interactions between neural and malignant cells
are highly relevant for cancer clinical therapy, since they are
suspected to be involved, at least in part, in neuronal toxicities
induced by radiation and chemotherapies (Monje et al., 2020).
The mechanisms that support this enigmatic crosstalk between
tumors and the nervous system remain largely unexplored. We
have recently provided mechanistic insights that the neurogenic
potential of tumors appears to be induced, at least in part,
by co-option of neuronal processes within cancer cells. Genes
involved in neuronal development and function are reactivated
in various tumor types and predict poor patient outcomes.
The ectopic activation of neuronal programs in cancer cells
and the switch to neurogenic phenotypes does not appear to
be a stochastic, random event, but rather provides selective
advantages to tumor cells (Logotheti et al., 2020b). Moreover,
deregulation of genes that are indispensable for nervous

system development and neurological function are associated
with long-term survival in adult AML [Yilmaz et al, 2021),
accepted for publication]. In this regard, neoneurogenesis might
constitute a novel cancer hallmark, comparable to angio- and
lymphangiogenesis.

It is possible that the ability of p73 isoforms to regulate
several cancer hallmarks may not be independent from their
neurological and/or immunomodulatory functions, but instead
might imply co-options of relevant p73-governed pathways in
a cancer cell context. Looking at the processes regulated by
p73 isoforms in normal and cancerous tissues more closely,
analogies can be found between some physiological processes and
cancer hallmarks. It is well-accepted that ANp73 overexpression
becomes a positive advantage for tumor progression due to
co-option of its pro-angiogenic capacity in tumors that trigger
neoangiogenesis (Nemajerova and Moll, 2019). In an analogous
manner, it is reasonable to assume that recapitulation of the
same p73-regulated neurodevelopmental/neurodifferentiation
pathways in cancer cells could promote tumor progression,
for example by inducing neoneurogenesis or by altering
interactions of cancer cells with neuronal and immune cells
(Figure 1B). Several p73 isoforms may positively or even
negatively regulate cancer invasion and metastasis through
activating their nervous system-related target genes within the
cancer cell context. In support of this rationale, TAp73 isoforms
control cancer cell proliferation, migration and invasion through
transactivation of the brain-enriched miRNA gene MIR3158,
which targets vimentin (Galtsidis et al., 2017). Similarly, ATAp73
(p73AEx2/3 o and P) expression in less-invasive melanoma
cells enhances stemness and self-renewal capacity through
an interplay with MIR885 (Meier et al, 2016), a miRNA
with brain/cerebellum-restricted expression [data mined from
miRiad database (Hinske et al., 2014)], that targets IGFR
(Meier et al, 2016). Again in an IGFR-dependent manner,
p73AEx2/3 drives EMT phenotypic conversion and initiation
of metastasis in melanoma (Steder et al., 2013), along with
tyrosinase degradation, depigmentation and loss of melanocyte
identity (First et al, 2019). In the presence of p73AEx2/3
and persistently high TAp73a levels, melanoma cells lose their
original cell-type characteristics, and simultaneously activate
stemness (Meier et al, 2016), EMT (Steder et al, 2013),
and nervous system-related genes. Upregulation of stemness
markers in aggressive melanoma states is accompanied by
increased expression of key neurotrophic factors, including
BDNEF, which was recently shown to foster neoneurogenesis
(Logotheti et al., 2020b).

In view of these data, our results suggest that p73 isoforms
co-regulate stemness and neurodifferentiation to control
tumor progression. The tumor-specific p73AEx2/3 isoforms,
which are established metastasis inducers and CSC regulators,
have the ability to activate key neurodifferentiation players.
Increased cancer stemness, together with the loss of original
cell identity (de-differentiation), and the acquisition of
characteristics of neuronal cell types upon p73 isoform
expression, are overall indicative for their ability to switch
from a melanocyte to a neuronal-like cell phenotype which
would be theoretically able to foster a newly-emerged
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dangerous liaison between melanomas and the nervous
system (Su et al, 2014; Luetal, 2017; Logotheti et al., 2020b;
Pomeranz Krummel et al., 2021).

DISSECTING THE FUNCTIONAL
PLEIOTROPY OF TP73

In light of the overwhelming functional diversity of the products
of TP73, it is reasonable to assume that the typical mode of
direct transactivation/transrepression that has been described for
TAp73 and DNp73’, on its own, is not sufficient to support
such high level of functional pleiotropy across several organ
systems. Besides the TA/DN ratio, isoforms synthesized by
other members of the p53 family, like p53 and p63, also
influence p73 activity (Li and Prives, 2007; Nemajerova et al,,
2018). However, even distinct p53/p63 backgrounds, wildtype or
mutant, cannot explain the plethora of p73 effects in different
cellular contexts. The divergent and tissue-specific roles of p73
imply a high degree of complexity and sophistication in relation
to its modes of function. Several lines of evidence instead
argue for a possible existence of p73 traits complementary to
its canonical function as a transcription factor. First of all,
global genomic binding studies (Rosenbluth et al., 2008; Koeppel
et al,, 2011) indicate that only a disproportionally small fraction
of p73-responsive genes directly binds p73 to induce p73-
mediated functional changes. Second, the ANp73 isoforms bear
a unique 13-amino acid motif in their N-terminus that possesses
transactivation potential (Liu et al., 2004), questioning the dogma
that ANp73’s are transcriptionally inactive at all times. Third,
there is a certain degree of controversy, whereby in some cellular
contexts, TAp73 isoforms might regulate anti-apoptotic and pro-
survival genes (Wang et al., 2020) and ANp73 isoforms can
activate apoptotic targets (Liu et al., 2004; Toh et al., 2008),
a fact that pinpoints toward the cell milieu as a significant
determinant of the functional outcome of p73 isoforms. This
functional controversy is particularly evident in the context of
neoangiogenesis, in which TAp73 manifests a context-dependent
dual role, suggesting that other modifiers in the cell milieu co-
determine and thus impart its ultimate effect on the process
(Sabapathy, 2015). Fourth, TAp73alpha shows a preference for
genes with a distinct promoter architecture compared to the ones
that specifically respond to TAp73beta, a finding that implies a
C-terminus-based selectivity of TAp73 isoforms for target genes
(Koeppel et al., 2011). These evidences overall suggest that p73-
governed gene regulatory programs may be further orchestrated
by indirect mechanisms that extend beyond their canonical role
as transcriptional regulators, which compete for occupying gene
promoters (Marabese et al., 2007).

In this section we provide compelling evidence to support
that p73-regulated functions are a result of a sophisticated
combination of at least three parameters: (a) the type of p73
isoforms, (b) the presence of p73 interacting partners in the
cellular milieu, and (c) the intrinsic properties of promoters of
the target genes. Tissues are characterized by distinct proteomes,
hence the expression of the same p73 isoform in one tissue
content could lead to functional diversification, since this isoform
is able to form protein—protein interactions (PPIs) with a

particular set of factors that is contained in one tissue but
not in another. In addition, the C-terminus of p73 determines
whether PPI occurs, because even if the interactor is present
in the cell, the expressed p73 splice variant may not interact
with it. Furthermore, p73 isoforms form protein complexes
with several other key transcriptional regulators on target gene
promoters to fine-tune their transcriptional regulation. Besides,
some p73 isoforms appear to have non-transcriptional functions
by interacting with proteins other than transcriptional regulators
outside the nucleus (Tomasini et al., 2009; Vernole et al., 2009),
suggesting that the subcellular localization of p73 isoforms can be
an additional co-determinant of the p73 functional repertoire.

The Characteristics of the p73 Protein

Interactome

The p73 protein interactome is a decisive parameter of the
tissue- and/or cell context-specific p73 activity. Several proteins
have been described to physically associate with p73 isoforms,
by recognizing the TA domain, the DBD domain, the OD or the
C-terminus. These interactions usually take place in the nucleus
and regulate the transactivation activity of p73 either positively
or negatively. However, in some cases the interactions occur in
the cytoplasm (Table 1). Another feature of the p73 interactome
is that complex feedback loops can be generated among p73
and their binding partners. For example, PIR2 is a direct p73
target gene, and its protein product associates with DNp73 and
promotes its proteosomal degradation (Sayan et al., 2010). Sp1
activates transcription from the P1 promoter of TP73 but also
has the potential to form Spl1-TAp73 complexes, which can
modulate Sp1 binding to corresponding elements on target gene
promoters (Logotheti et al., 2010). Another candidate is the p73
transcriptional target NGFR (Logotheti et al., 2020b; Niklison-
Chirou et al., 2020) that directly binds p73 isoforms at the DBD to
facilitate their proteosomal degradation via chaperone-mediated
autophagy (Nguyen et al., 2020).

Several p73 protein binding partners induce post-translational
modification,  proteolytic ~ degradation, phosphorylation-
dependent activation or inhibition, acetylation or gene target
co-regulation, often in a p73 C-terminus-dependent manner
(Logotheti et al., 2013). Other proteins bind to p73 isoforms
and retain them in the cytoplasm, thereby interfering with
p73-mediated transcription of its target genes. Moreover, p73
isoforms can interact with non-transcriptional regulators in
the nucleus, intimating that they are also involved in processes
beyond gene transactivation. For example, TAp73 regulate the
spindle assembly checkpoint (SAC) during mitosis and meiosis
via physical interaction with components of the SAC complex,
such as Bubl, Bub3 and BubRl, the inhibitor of anaphase-
promoting complex protein Cdc20, regulating their proper
localization (Tomasini et al., 2009). TAp73alpha interacts with
the kinetochore-related proteins Bubl and Bub3, which leads
to the alteration of mitotic checkpoint abilities and induction
of polyploidy. This association is specific for TAp73alpha but
not p53 or any of the other p73 forms (Vernole et al., 2009).
Using computational approaches, a previous study predicted that
some p73s can interact with DGCR8 (Boominathan, 2010), a
nucleus-localized, highly conserved component of the miRNA
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TABLE 1 | Interacting partners of p73 isoforms and their outcome on p73 function.

Protein interactor

P73 domain that
mediates the PPI

Site of
interaction

Outcome

References

MDM2
Pin1

YAP1

Itch

FBXO45

PIASY

c-Abl

NEDL2

JNK

IKK

CDK complex

PKA-CB(PRKACB)

HCK

PLK1/PLK3
p300

SIRT1
HIPK2
amphiphysin llb-1

Wwox
ASPP1/ASPP2
p19ras(HRAS)
MM1

RanBPM

WTH
HCV core protein

Edorf6
CTF2(CTF/NF-1)
BAG-1

TIP6O
PKP1
ETS2
NGFR

DGCR8

TA

C-terminus

C-terminus (PPPPY)

C-terminus (PPPPY)

C-terminus (SAM)

C-terminus (OD)

C-terminus (3K)

C-terminus (PPPPY)

n.d.

DBD

DBD, C-terminus
(SAM)

N- and C-terminus

N-terminus

TA
TA

n.d.
oD
C-terminus (3K)

C-terminus (PPPPY)
DBD
DBD
Extreme C-terminus
Extreme C-terminus

n.d.
Extreme C-terminus

oD
DBD
n.d.

n.d.

C-terminus (SAM)
C-terminus (SAM)
DBD

C-terminus (PPPPY)

Nuclear
Nuclear

Nuclear

Nuclear
n.d.
Nuclear

Nucleus

Cytoplasm

Nucleus

Nucleus

Nucleus

n.d.

Cytoplasm

Nucleus
Nucleus

n.d.
Nucleus
Cytoplasm

Cytoplasm
Nucleus
Nucleus
Nucleus
Nucleus

Nucleus
Nucleus

n.d.
Nucleus
n.d.

Nucleus
Cytoplasm
Nucleus
Cytoplasm

Nucleus

Blocks p73 transcriptional activity by competing with
p300/CBP binding without inducing proteolytic degradation
Stabilizes p73, promotes conformational change of p73 and
enhances its proapoptotic activity

p73-coactivator, potentiates p300-mediated

acetylation of p73 and promotes stabilization by displacing Itch
binding to p73

Ubiquitination of p73 and subsequently promoting its
proteasome-dependent degradation

Promotes the proteasome-dependent degradation of p73

Stabilizes p73 but together with SUMO-1 decreases functional
activation of p73 by sumoylation

c-Abl-mediated phosphorylation of p73 induces
p300-mediated acetylation, enhances interaction between Pin1
and p73 and therefore increases its stability and transcriptional
as well as proapoptotic activity

Promotes polyubiquitination of p73, stabilizes and enhances its
transcriptional activity

JNK-mediated phosphorylation of p73 promotes its
stabilization, p300-mediated acetylation and transcriptional
activity

Stabilizes p73 by inhibiting its polyubiquitination, enhances
transcriptional activation and proapoptotic activity of p73
Inhibits transcriptional activity of p73 by phosphorylation of
Thr86

Inhibits transcriptional and apoptotic activity of p73 by
phosphorylation

Stabilizes cytoplasmic p73, inhibits transcriptional and
apoptotic activity of p73

Inhibits p73 transcriptional and apoptotic activity

Stabilizes p73 by acetylation at Lys321, Lys327, and Lys331,
enhances p73 transcriptional and apoptotic activity

Inhibits transcriptional and apoptotic activity of p73

Enhances the transcriptional activity of p73

Relocalizes p73 to the cytoplasm, inhibits transcriptional and
apoptotic activity of p73

Tumor-suppressor; relocalizes p73 to the cytoplasm, inhibits
the transcriptional activity of p73, p73 increases proapoptotic
activity of Wwox

Selectively enhances proapoptotic function of p73

Blocks MDM2-mediated transcriptional repression of p73 and
led to the activation of p73

Selectively enhances transcriptional and growth-suppressing
activity of p73

Stabilizes p73 by inhibiting its ubiquitination; enhances its
transcriptional and proapoptotic activity

Tumor-suppressor; inhibits transcriptional activity of p73
Selectively inhibits the transacriptional and proapoptotic activity
of p73

Inhibits transcriptional and proapoptotic activity of p73

Inhibits the sequence-specific DNA-binding activity of p73
Decreases expression of p73 and inhibits its transcriptional
activity

Enhances MDM2 binding affinity to p73 and therefore inhibits its
transcriptional and proapoptotic activity

n.d.

Forms a complex with DNp73, which directly activates
ANGPT1 (angiogenesis and promoting tumor growth) and Tie2
(cell survival and proliferation) gene expression in tumor cells
Inactivates p73 transcriptional activity by promoting its
degradation

Is predicted to interact with p73 and thereby influencing miRNA
processing

Balint et al., 1999; Zeng et al., 1999

Ozaki et al., 2010; Logotheti et al.,

2013

Ozaki et al., 2010; Logotheti et al.,

2013

Ozaki et al., 2010; Logotheti et al.,

2013

Ozaki et al., 2010; Logotheti et al.,

2013

Ozaki et al., 2010; Logotheti et al.,

2013

Ozaki et al., 2010; Logotheti et al.,

2013

Ozaki et al., 2010; Logotheti et al.,

2013

Ozaki et al., 2010; Logotheti et al.,

2013

Ozaki et al., 2010

Gaiddon et al., 2003; Ozaki et al.,

2010
Ozaki et al., 2010

Ozaki et al., 2010

Ozaki et al., 2010

Ozaki et al., 2010; Logotheti et al.,

2013
Ozaki et al., 2010
Ozaki et al., 2010

Kim et al., 2001; Ozaki et al., 2010

Ozaki et al., 2010; Logotheti et al.,

2013

Ozaki et al., 2010
Ozaki et al., 2010

Ozaki et al., 2010; Logotheti et al.,

2013

Ozaki et al., 2010; Logotheti et al.,

2013
Ozaki et al., 2010
Ozaki et al., 2010

Ozaki et al., 2010
Ozaki et al., 2010
Ozaki et al., 2010
Ozaki et al., 2010
Neira et al., 2021
Cam et al., 2020

Nguyen et al., 2020

Boominathan, 2010
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TABLE 1 | (Continued)

Protein interactor P73 domain that Site of Outcome References
mediates the PPI interaction

GemCH n.d. Nucleus Recruits p73 to E2F5 to selectively transactivate genes involved Lalioti et al., 2019
in multiciliogenesis as well as p73 itself

Sp1 n.d. Nucleus Prevents Sp1 binding to target promoter and subsequently its Koutsodontis et al., 2005; Racek
transcriptional activity et al., 2005

MCLA OD Nucleus Inhibits p73 DNA binding and therefore inhibits its Widden et al., 2020
transcriptional activity

PIR2 n.d. n.d. Modulates p73 stability, alters TA/DNp73 ratio by promoting Sayan et al., 2010
preferential degradation of DNp73

Bub1 C-terminus (SAM) Nucleus TAp73 regulates SAC protein localization and activities, Tomasini et al., 2009; Vernole et al.,
deregulation of p73 can alter mitotic checkpoint abilities and 2009
induce polyploidy

Bub3 C-terminus (SAM) Nucleus Deregulation of p73 can alter mitotic checkpoint abilities and Vernole et al., 2009
induce polyploidy

BubR1 C-terminus Nucleus TAp73 but not DNp73 potentiates BubR1 activity, regulates Tomasini et al., 2009
SAC protein localization and activities

HIF-1a n.d. n.d. p73 affects HIF-1a protein stability and subsequently Amelio et al., 2015
ubiquitin-dependent proteasomal degradation in an
oxygen-independent manner

FLASH C-terminus n.d. Regulation of histone gene transcription De Cola et al., 2012

Cul4A-DDB1 n.d. Nucleus Inhibits transcriptional activity of p73 Malatesta et al., 2013

SUMO-1 Extreme C-terminus Nucleus Enhances proteosomal degradation of TAp73a Logotheti et al., 2013

RACK1 Extreme C-terminus Nucleus Downregulation of apoptotic targets and inhibition of Logotheti et al., 2013
TAp73a-mediated apoptosis

PTEN C-terminus (SAM) Nucleus Enhances the transcriptional activation of apoptotic genes Logotheti et al., 2013

UFD2A C-terminus (SAM) Nucleus Ubiquitination of p73 and subsequently promoting its Logotheti et al., 2013

proteasome-dependent degradation

n.d., not determined.

processing machinery which binds pri-miRNA to stabilize it
for processing by Yeom et al. (2006). Importantly, DGCRS is
a miRNA-processing protein that is indispensable for miRNA
maturation, and its ablation leads to early developmental arrest
due to the lack of maturation of pre-miRNA products (Wang
et al., 2007). It is therefore possible that p73alpha and p73beta
isoforms may crosstalk with the miRNA processing machinery to
control the quality and quantity of mature miRNA populations
by physically associating with DGCR8. Considering that p73
isoforms can exhibit cytoplasmic localization (Dobbelstein
et al., 2005; Nekulova et al, 2010), this raises the possibility
of additional functions beyond transcription, in subcellular
organelles outside the nucleus. In agreement with this notion,
the results of our coIP-MS analyses in Saos-2 cells in which
distinct p73 isoforms were exogenously added demonstrated
that p73 variants have the ability to bind to proteins in the ER,
Golgi apparatus, mitochondria, and endosome. Of particular
interest, p73alpha and p73beta can bind to proteins associated
with the ruffle membrane, plasma membrane and extracellular
region (Figure 2A).

The C-Terminus as the Basis for

Protein-Protein Interaction Selectivity

While the N-terminus of TP73 has provided a first rule of
thumb for the functional characterization and classification of
the many gene products based on the presence of TA and the
corresponding ability to activate transcription of gene targets, the
C-terminus inevitably represents the most variable region of the
TP73 gene. A total of eight alternative splicing events in the 3’ end

and one alternative termination event in a portion of exon 13
generate 10 different versions of the C-terminus. These carboxy-
terminal tails are combined with a main core domain that exerts
DNA binding and oligomerization ability, and an N-terminus
with or without canonical transactivation activity, giving rise
to more than twenty gene products (Logotheti et al,, 2013).
The significance of the C-terminus for p73-mediated functions
is underscored by the recently described Trp73913/413 mice, in
which a switch from the a to § form through knockout of exon 13
results in distinct phenotypic abnormalities that do not overlap
with those of other p73 knockout mice (Niklison-Chirou et al.,
2020). The C-terminus is a highly active region, both in terms of
binding to proteins and DNA. First of all, it carries an electrostatic
charge that differs significantly between p73 variants and affects
promoter binding and gene transactivation. More importantly,
it is particularly enriched in unique motifs and crucial amino
acid residues that serve as protein-interacting surfaces. Because
of the numerous alternative splicing events in the 3’ end, each
C-terminal variant bears its own combination of these motifs.
The versatility of the C-terminus can be particularly associated
with the many different biological activities of p73 isoforms, as
each isoform carries its own unique combinations of functional
domains and motifs that are recognized by distinct groups of
protein interactors. Overall, the C-terminus may act as a platform
for the selection of p73 PPIs that can play a decisive role in both
the nature of target genes and the degree of activation, possibly
via differential interactions with regulatory proteins.

The functional domains and residues of the C-terminus
have been highlighted previously and are shown, along with
their corresponding protein interactors in Figure 2B. First, the
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FIGURE 2 | Several proteins physically associate with p73 isoforms inside and outside the nucleus. (A) Analysis of the cellular localization of the p73alpha and beta
interactome based on high-throughput colP-MS screening in Saos-2 cells overexpressing TAp73alpha, ATAp73alpha, TAp73beta, or ATAp73beta. Protein
annotation and subcellular distribution was retrieved from UniProt and DAVID GO. (B) The TP73 gene encodes a variety of functional motifs and crucial amino acid
residues in the N-terminus, the core domain, and the C-terminus that serve as selective interacting surfaces for the p73 proteome. The C-terminus is particularly
enriched in such protein-binding sites. Each p73 isoform contains unique combinations of these protein-binding sites. Annotations: TA transactivation domain, DBD
DNA binding domain, OD oligomerization domain, 3K p300 acetylation sites, 2nd TA second transactivation domain, SAM sterile alpha motif, extreme: extreme
carboxy terminus. The literature-curated protein interactors that recognize the corresponding motifs and residues are also depicted. The proteins with inhibitory
effect on p73 stability or activity are highlighted in red.

carboxy-terminal region 380-513 is spanned by Glu/Pro-rich
and Pro-rich regions that exhibit transactivation activity. In
particular, it entails a glutamine/proline-rich domain within
amino residues 381-399 that is phosphorylated by PKCa2 and
PKCP in Ser388, and regulates genes involved in cell cycle
progression; three crucial pS/pT-P motifs at residues 412, 442 and
482, which are specifically recognized by the propyl isomerase
Pinl, a chaperone that catalyzes the isomerization of peptidyl-
propyl bond from cis- to trans-conformation and regulates
transactivation efficiency, stability and subcellular localization;
and a highly conserved PPPPY motif in residues 483-491 that
is specifically targeted by proteins bearing a WW domain,
causing them to develop PPPPY-WW-mediated PPIs. The WW-
containing interactors of p73 are (a) the yes-associated protein
YAP, a phosphoprotein that interacts with a non-receptor Src
tyrosine kinase encoded by the c-yes protooncogene, (b) NEDD4-
like ubiquitin protein ligase 2 (NEDL2), (c) cytoplasmic tumor
suppressor oxidoreductase (Wwox), and (d) E3 ubiquitin ligase
Itch. YAP, NEDL2, and Wwox enhance the transcriptional
activity of p73, while Itch is a YAP antagonist, that leads to
p73 ubiquitination and degradation and impairs transcriptional
activity (Logotheti et al., 2013). DGCR8 was also predicted
in silico to possess a WW-domain, which may interact with

the PPPPY motif of the C-terminal domains of p73a and p73f
(Boominathan, 2010).

Additional interacting surfaces downstream of PPPPY render
TAp73a susceptible to mediators of ubiquitin-proteasome
degradation, as well as other effectors of p73 stability and activity.
In detail, the SAM extends between residues 487-554 and is
recognized by PTEN, an inducer, and by UFD2A and FBXO45,
two attenuators of TAp73a transactivation efficacy. The SAM
domain can also bind to the N terminus of MDM2 (Neira
etal., 2019). Plakophilin 1 (PKP1), a component of desmosomes,
which are key structural components for cell-cell adhesion, also
recognizes the SAM domain (Neira et al., 2021). Moreover,
residues 555-636, representing the extreme C-terminus of
p73 alpha and comprising four conserved sequence motifs
(Logotheti et al., 2013), are recognized by RanBPM, a cellular
interactor of the nuclear-cytoplasmic transport protein Ran,
which stabilizes TAp73alpha and enhances its transactivation
activity, most likely by masking C-terminal lysine residues that
could be the sites for ubiquitin ligation and/or disrupting the
interaction of TAp73alpha with unknown proteins required for
ubiquitin-mediated proteolysis. Another protein that physically
interacts with TAp73alpha via the extreme C-terminus is
MMI1, a c-myc binding protein. Upon binding to p73, it
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selectively enhances transcription of specific p73 target genes,
thereby potentiating growth suppression. MM1 antagonizes the
inhibitory effect of c-myc on the extreme C-terminal domain-
containing TAp73alpha isoform by preventing the c-myc-
p73alpha interaction and/or directly binding to c-myc to inhibit
its activity. In addition, the receptor for activated C kinase
RACKI1 physically interacts through the extreme C-terminus,
leading to the downregulation of apoptotic targets and inhibition
of TAp73alpha-mediated apoptosis. Finally, small ubiquitin-like
modifier 1 (SUMO-1), binds to TAp73alpha through a covalent
modification of Lys627, making this isoform more susceptible to
proteosomal degradation [reviewed in Logotheti et al. (2013)].

These motifs and residues appear to be important in
“finalizing” the effects of the major p73 interactors by recruiting
their essential co-factors. For example, it is well-established that
TAp73alpha can bind to MDM2 via its OD, but unlike its p53
sibling, this interaction does not lead to protein degradation
of p73 (Balint et al,, 1999; Zeng et al,, 1999). Only in the
presence of Itch, which recognizes PPPPY motifs, can p73
protein degradation finally occur (Balint et al., 1999; Zeng et al.,
1999; Rossi et al., 2005). In a similar manner, c-abl induces
phosphorylation of p73 at the NH2-terminus, but additional p73
interactors selective for the C-terminus are needed to enable
p73-mediated apoptosis. DNA damage activates c-Abl, which
phosphorylates TAp73 directly at site Tyr99 and indirectly, via
p38, at Pinl-binding sites 412, 442, and 482. Subsequently,
Pinl targets the phosphorylated residues and catalyzes the
conformational change at TAp73. The c-abl phosphorylated
YAP1 binds to the PPPPY motif and attracts p300, which in
turn acetylates a 3K motif downstream of the OD domain. In
this state, the complex selectively binds to transactivate apoptotic
versus cell cycle arrest targets (Logotheti et al., 2013). Several
of the abovementioned motifs and residues, together with their
corresponding interactors, have been conserved within vertebrate
clades where p73 has split from its p53/p63/p73-hybrid ancestor.
The patterns of co-conservation of the C-terminal motifs and
corresponding protein interactors suggest that the corresponding
PPIs are required for p73 functions (Logotheti et al., 2013). It
is therefore possible that the increase in the number of splice
variants reflects the enhanced potential of p73 to evolve PPIs that
can support its expanding functional repertoire.

The Promoter Architecture of Direct and
Indirect p73 Target Genes

The p73 isoforms show complex patterns of interaction with
target gene promoters in addition to their canonical mode of gene
transactivation/transrepression (Figure 3A). C-terminal variant-
specific transcriptional responses have been described previously
for TAp73alpha and TAp73beta. The genes responding to
TAp73alpha have different binding patterns and gene promoter
architectures than TAp73beta-responsive ones. Gene promoters
occupied by TAp73alpha are enriched in the AP1 motif, which
can bind to Jun/Fos family heterodimers, and this is associated
with more frequent upregulation of genes with AP1 motif in
comparison to genes lacking this motif. In contrast, promoters
occupied by TAp73beta do not exhibit this motif and do not

show similar activations of AP1-responsive genes (Koeppel et al.,
2011). TAp73 can physically interact with c-Jun of the AP-
1 complex on target gene promoters via its carboxyl-terminal
region (Subramanian et al., 2015). Taken together, these data
underscore a p73 isoform-specific selectivity of target genes that
is shaped not only by their intrinsic promoter characteristics
but also by PPIs between p73forms and other “extrinsic”
transcription factors on these promoters. Based on these findings,
we postulate that the interplay of gene promoter architecture
with p73 binding partners orchestrates the functional diversity
of p73 family members. Target genes may bear typical p73-
responsive elements (RE), but there are also cases of indirect
p73 targets which lack them. Several p73 isoforms physically
associate with other transcriptional regulators at target gene
promoters and modify transactivation both in a direct p73-RE-
dependent and an indirect p73RE-independent manner (Racek
et al, 2005; Beitzinger et al., 2006; Buhlmann et al., 2008).
First scenario, p73 isoforms interact with co-regulators at the
promoters of p73-responsive genes (Figure3B), which induce
post-translational modifications to p73 proteins and fine-tune
target genes that are eventually transactivated. Such co-activator
examples are YAPI and Pin, which form complexes with TAp73
in response to DNA damage to favor transcription of p73-
responsive pro-apoptotic genes (Logotheti et al., 2013). Second,
p73 isoforms tether on transcription factors bound to promoters
lacking a typical p73RE and modulate their transcriptional
activity. For instance, TAp73 interacts with NF-Y bound on
the PDGFRB promoter and turns off gene expression, whereas
DNp73 interacts with SMAD3/4 bound to SMAD-responsive
elements and potentiates activation of the PAI1 and COL1A1l
genes (Engelmann et al., 2015) (Figure 3C). Similarly, ANp73
transcriptionally upregulates both ANGPT1 and Tie2 through
conserved ETS-binding sites by interacting with ETS2, resulting
in forced angiogenesis and survival of glioblastoma (Cam et al,,
2020). Third, p73 isoforms act in a composite manner both
by direct binding to p73REs and by physical interaction with
transcription factors that bind to adjacent sites. An example is
the cooperative activation of PUMA by TAp73beta and Spl,
both of which associate with neighboring responsive elements
at the PUMA promoter and physically interact with each other
(Ming et al., 2008) (Figure 3D).

Using the Promoter Architecture of
p73-Responsive Genes as ‘Footprint’ for
Predicting Novel, Functionally Relevant

p73 Protein—-Protein Interactions

To further explore the idea that the architecture of gene
promoters related to p73 PPIs is important for the function
of p73 isoforms, we used microarray transcriptomics data that
we have produced previously (Steder et al, 2013). Ectopic
stable expression of DNp73 in the low-invasive SK-Mel-
29 cells causes whole-transcriptome changes and supports
metastasis-initiating phenotypes, such as stemness, EMT and
invasion, and de-differentiation (Steder et al., 2013; Meier et al.,
2016; First et al, 2019). If the hypothesis that the effect of
DNp73 on these cancer cell phenotypes is achieved through
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FIGURE 3 | An interplay of gene promoter architecture with p73 binding partners orchestrates the functional diversity of the p73 isoforms. (A) Typical transcription
factor-based and (B-D) PPI-based modes of genomic action of p73 isoforms. (E,F) Computational prediction of p73 PPls relative to the promoter architecture by
meta-analysis of extrapolated p73 ChIP-seq and Mel.DNp73 microarray data (Koeppel et al., 2011; Steder et al., 2013). (E) Composite scenario: the
overrepresentation (Z-score) of transcription factor binding sites (ORTFBS) in the DNp73-responsive gene groups (using Pscan software): (A1) >2x over-expressed
(OF); (A2) >10x OE; (B1) >2x underexpressed (UE); (B2) >10x UE. The groups A1 and B1 were integrated with ChIP-seq data on p73 binding sites. The distance
of the p73REs from the selected TFBS in A1 and B1 groups was calculated by Pscan using the “Report Occurrences” function with a PWM-threshold of 0.75. The
distance score was set as 1 if the distance was within a range of 15-250 bp and to 0 otherwise. Afterward, the relative number of close TFBS within each group was
calculated by setting up the ratio of positive distance hits to the total number of genes in the respective group. This ratio in each group (A1, B1) was compared to the
ratio of the same TFBS versus all genes in the microarray to calculate the enrichment of close TFBS. The enriched TFBS were significantly close to the respective
p73RE in group B1 (estimated by t-test), whereas a significant enrichment in group A1 could only be found for one TF. (F) Tethering scenario: factors that bind
DNp73 were predicted using the A2 and B2 groups of DNp73-responsive genes. The number of TFs recognizing the enriched ORTFBS for A2 and B2 were 58 and
158, respectively. The functions in which TFs are involved were predicted by GO-term analysis.

PPI of DNp73 with nodal molecules on gene promoters is
solid, then the architecture of the promoters of the genes that
are deregulated upon DNp73 overexpression can serve as
a ‘footprint’ of these PP-interactions. In detail, the DNp73-
responsive transcriptome will be enriched of genes which
have binding sites for specific and functionally-coherent
interactors in their promoter regions. Hence, we sought to meta-
analyze this transcriptome data to predict novel, functionally

coherent interactors of DNp73 in the promoter regions of
these genes. To this end, we integrated the high-throughput
mRNAs array of stable SK-Mel-29.DNp73 clones versus its
mock counterpart (Steder et al., 2013) with p73 ChIP-seq data
(Koeppel et al., 2011) and searched for overrepresentations
of binding motifs for transcriptional regulators either near
pP73REs (composite scenario) or independent of p73REs
(tethering scenario) in the promoters of DNp73-responsive
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genes. For example, when DNp73 interacts with the transcription
factor TF1, the upregulated and downregulated genes in the
transcriptome will have over-represented binding sites for
TF1. In the case of a composite mechanism, p73REs will
be found in close proximity (up to 250 bps) to TF1 REs
(Koeppel et al,, 2011) to allow physical association between
DNp73-TF1. On the other hand, in case of a tethering
mechanism, where DNp73 binds independently of p73Res
to, e.g., TF2, many significantly up- or downregulated DNp73-
responsive genes (more than 10-fold increase) without p73REs
would instead have overrepresented binding sites for TF2. As
consequence, TF1 and TF2 should have functional relevance to
the resulting cell phenotype. With this approach, we were able
to predict potential binding partners of DNp73. Our results in
detail are:

(a) Composite scenario: we found a clear enrichment of TFBS
for LBX1, LHX6, and PAX4 in close proximity to p73REs in genes
that are downregulated in response to DNp73, whereas in the
case of DNp73-upregulated genes, TFAP2B binding sites were
significantly enriched. Overall, we predicted that DNp73 binds
adjacent to responsive elements for LHX6, PAX4, and/or LBX1 as
well as TFAP2B transcription factors and down- or upregulates
the corresponding genes, suggesting that these proteins are
candidates for p73 co-regulators. Three striking observations
were made by this analysis: (Logotheti et al., 2013) candidate
p73 co-regulators for downregulated genes differs from predicted
p73 co-regulators for upregulated genes. The complete lack of
overlap implies a ‘deterministic trend’ of DNp73 to develop
highly “selective” PPIs with the candidate co-regulators; (Belyi
and Levine, 2009) candidate p73 co-regulators are important
neurodifferentiation/neurodevelopment factors, which suggests
the involvement of neurodifferentiation programs in the effect of
DNp73 on cancer aggressiveness; and (Belyi et al., 2010) the likely
co-regulators for downregulated genes have different structures
than those for upregulated genes: LHX6, PAX4, and LBX1 are
homeobox proteins, whereas TFAP2B is a basic helix-loop-
helix protein. These instances intriguingly imply that DNp73
can select interaction candidates at gene promoters based on
structure (Figure 3E).

(b) Tethering scenario: we checked ORTFBS in DNp73 genes
that are highly increased (A2, >10-fold) or decreased (B2, <10-
fold) and found non-overlapping groups of ORTFBS between
both groups (A2 vs. B2) (Figure 3F). In A2, genes with binding
sites for 58 TFs were significantly enriched, while in B2, 158
TFs behaved in this way. GO-term analysis of the ORTFs of
each group revealed that these ORTFs tend to be involved in
cellular and embryonic developmental/differentiation processes
(Figure 3F, annotated with *) in a non-overlapping manner.

In summary, the interplay between p73 isoforms with different
C-termini, their interacting partners, and the architecture of the
target gene promoter supports a high degree of heterogeneity
in the mechanisms underlying tissue-specific p73-driven
functions in a variety of organ systems including immunity,
neurodevelopment and reproduction. Such sophisticated
mechanistical patterns may explain, at least partially, the
different and sometimes opposing results across different cell
contents and experimental settings. Dysregulation of one or

more of the above parameters in tumors could lead to tumor
initiation and progression by, at least in some cases, reactivating
p73-regulated differentiation programs in a spatiotemporally
inappropriate manner.

CONCLUSION AND FUTURE
PERSPECTIVES

The main body of research on TP73 has been initially performed
in the cancer setting, due to its functional and structural similarity
with the tumor-suppressor TP53. In cancer, the networks
controlled by the typically anti-oncogenic TAp73 isoforms offer
functional redundancy to the intricate circuitries regulated by
p53, through activating fully or partially overlapping pathways,
which can circumvent blocks attributed to mutations in TP53 or
its downstream effectors (Logotheti et al., 2019). Nevertheless,
it is now clear that TP73 with the complexity of isoforms is a
key regulator of an own unique and wide range of biological
aspects in embryonic development, differentiation, homeostasis,
and immune response. This pleiotropy has rejuvenated the
interest in p73 as a therapeutic target for the management
of not only cancer, but also several other complex diseases,
such as neurodevelopmental disorders, COPD (Nemajerova
and Moll, 2019), sterility (Inoue et al, 2014), metabolic
disorders (Jia et al., 2018), and autoimmune disease susceptibility
(Ren et al., 2020). Several common unifying themes can be
recognized among the diversity of physiological and oncogenic
p73 functions, such as the ability of p73 isoforms to act
as transcriptional master regulators of motile multiciliogenesis
underlying the disparate p73KO phenotypes of airway infections
and female and male infertility (Nemajerova and Moll, 2019).
Moreover, to determine tissue architecture, through regulating
cell adhesion, cytoskeleton dynamics and planar cell polarity,
which is essential for the organization and homeostasis of
various complex microenvironments, like the neurogenic niche,
reproductive organs, respiratory epithelium, or vascular network
(Maeso-Alonso et al., 2021).

In view of recent findings, the potential of p73 isoforms
to modulate cancer initiation and progression might not be
independent from the physiological functions of TP73. Instead,
it could reflect the recapitulation of the same p73-regulated
developmental/tissue homeostasis pathways within the cancer
cell content. Specifically, a new idea proposes that metastatic
transcriptional programs arise from de novo combinatorial
activation of multiple distinct and developmentally distant
transcriptional modules (Rodrigues et al., 2018). Although
mutations in tumor suppressors and oncogenes predominate
during tumor initiation, cancer cells become metastatic at
progression stages, often by hijacking gene expression programs
of normal embryonic development and reactivating them outside
their physiological context. In support of this notion, we have
recently shown that p73-driven neurodevelopmental pathways
are co-opted in cancer cells to promote the acquisition of
neurogenic features in melanoma cells via production of secreted
neurotrophins, such as NGF and BDNF (Logotheti et al., 2020b).
This process plausibly facilitates cancer cells to gain neurogenic
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potential and communicate with neuronal cells, providing
overall selective advantages for tumors. More intriguingly,
specific factors of the cancer cell secretome force a variety
of surrounding cells in the TME, including fibroblasts,

endothelial cells, bone marrow-derived cells, immune cells,
and neurons to integrate into the stroma, where their activities
are redirected to benefit cancer cell progression. Given that
BDNF and NGF are recognizable by both, neuronal cells and
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FIGURE 4 | Comprehensive illustration of the mechanistic heterogeneity that supports the functional pleiotropy of TP73. Each p73 isoform has a unique combination
of interacting motifs and residues that can develop distinct PPIs. This is particularly important for their function across several organ systems, which present
tissue-specific protein contents. The resulting complexes of p73 isoforms with their protein binding partners interact with gene promoters according to composite or
tethering mechanisms of gene transcription regulation; are integrated in other multi-protein complexes within the nucleus, such as the miRNA processing complex,
to control miIRNA maturation; or are localized in the cytoplasm, possibly affecting the function of several subcellular organelles and/or the plasma membrane.
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immune cells, an appealing hypothesis is that reactivation
of p73 neurodevelopmental networks in cancer cells leading
to neurotrophin production and secretion may establish a
complex cancer-neuroimmune crosstalk in the TME that alters
the dynamics of cellular interactions toward an unfavorable
prognosis (Logotheti et al., 2020b).

The functional pleiotropy of TP73 assumes existence of
mechanistic heterogeneity that extends beyond its typical
transactivation mode of action. The PPI-mode of action of
TP73 can provide a basis for its multifunctionality and tissue
specificity. We propose that multiple p73 isoforms can establish
PPIs with many proteins via several motifs in the N-terminus,
core domain, and C-terminus, with the C-terminus being
particularly enriched in protein binding motifs and residues.
In different tissues, p73 isoforms with different C-termini may
have different binding partners that can be recognized by the
appropriate interacting regions of 73, causing the formation
of a variety of p73 coregulator complexes. The localization
of these complexes can also lead to functional diversification.
Thus, p73-containing complexes within the nucleus select
direct and indirect p73 target genes and regulate them via
composite and tethering mechanisms based on a specified
promoter architecture. In addition, p73 isoforms may be able
to bind to other proteins as transcriptional regulators, such
as the miRNA processing complex and SAC. p73 isoforms
also physically associate outside the nucleus with proteins
localized in a number of subcellular organelles. The ER- and
Golgi-related interactome reflects to some extent the well-
established tendency of TP73 gene products to undergo post-
translational modifications. However, their potential to interact
directly with proteins in intracellular compartments, such as
the cell membrane, lysosomes, endosomes, and mitochondria
might indicate novel, non-transcription-mediated functions
of p73 isoforms that are worth unveiling in the future.
A comprehensive scheme of the heterogeneity of mechanisms
supporting p73 functional pleiotropy and diversity is shown
in Figure 4. The proposed mechanistic models could explain,
at least in part, the different and sometimes conflicting
results in different cell contents and experimental settings.
Dysregulation of one or more of the above parameters in tumors
could lead to cancer progression by reactivating p73-regulated
differentiation programs in a spatiotemporally inappropriate
manner. Moreover, miRNAs that target and inhibit p73
mRNA at the post-transcriptional level [extensively described in
Logotheti et al. (2019)], as well as several protein modificators of

REFERENCES

Alla, V., Engelmann, D., Niemetz, A., Pahnke, J., Schmidt, A., Kunz, M., et al.
(2010). E2F1 in melanoma progression and metastasis. J. Natl. Cancer Inst. 102,
127-133.

Alla, V., Kowtharapu, B. S., Engelmann, D., Emmrich, S., Schmitz, U., Steder,
M., et al. (2012). E2F1 confers anticancer drug resistance by targeting
ABC transporter family members and Bc-2 via the p73/
DNp73-miR-205 circuitry. Cell Cycle 11, 3067-3078. doi: 10.4161/cc.21476

Amelio, I, Inoue, S., Markert, E. K., Levine, A. J., Knight, R. A., Mak, T. W,, et al.
(2015). TAp73 opposes tumor angiogenesis by promoting hypoxia-inducible

the activity and stability of p73 protein in the post-translational
label [reviewed in detail in Conforti et al. (2012)] create
additional layers of complexity in the mechanisms underlying the
p73-mediated functions.

From the therapeutic perspective, these new insights provide a
roadmap for efficient and selective manipulation of p73 isoforms
toward precision medicine. On the shoulders of structural
systems pharmacology (Duran-Frigola et al., 2013; Xie et al,
2014), these mechanisms can be translated into personalized
solutions against various complex diseases associated with
p73 dysregulation. By applying relative structure-based
computational pipelines, which we have recently successfully
implemented to design strategies against the metastatic
interactome of other key transcription factors such as E2F1
(Babushok et al., 2015; Logotheti et al., 2020a), the p73 isoform-
coregulator complexes causally associated with pathological
conditions can be identified and 3D models generated to
reveal their interacting interfaces. Subsequently, structure-based
pharmacophore modeling can be used to identify potential
inhibitors that disrupt these PPIs and dissociate the pathological
p73 coregulator complexes of interest by destabilizing the
bonds at the sites of their physical association. These predicted
inhibitors with prognosticating effect can become part of drug
discovery programs for the development of next generation
p73-based targeted therapeutics.

AUTHOR CONTRIBUTIONS

SL and BP conceived the review and took the lead in writing.
SM developed bioinformatics pipelines and analyzed high-
throughput data. CR conducted CoIP-MS and data analysis. NM,
CR, and SL performed literature search. AS, SM, and SL crafted
the illustrations. All authors contributed to and approved the
final manuscript.

FUNDING

This work was supported by Grant PU 188/17-1 from
Deutsche Forschungsgemeinschaft (DFG), Deutsche Krebshilfe
Grant 70112353, and e:Med-MelAutim Grant 01ZX1905D from
German Federal Ministry of Education and Research. NM holds
a doctoral scholarship from the graduate funding program of the
Land Mecklenburg-Vorpommern.

factor 1o degradation. Proc. Natl. Acad. Sci. U.S.A. 112, 226-231. doi: 10.1073/
pnas.1410609111

Babushok, D. V., Perdigones, N., Perin, J. C, Olson, T. S, Ye, W,
Roth, J. ], et al. (2015). Emergence of clonal hematopoiesis in the
majority of patients with acquired aplastic anemia. Cancer Genet. 208,
115-128.

Balint, E., Bates, S., and Vousden, K. H. (1999). Mdm2 binds p73 alpha without
targeting degradation. Oncogene 18, 3923-3929.

Beitzinger, M., Oswald, C., Beinoraviciute-Kellner, R., and Stiewe, T. (2006).
Regulation of telomerase activity by the p53 family member p73. Oncogene 25,
813-826.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

September 2021 | Volume 9 | Article 737735


https://doi.org/10.4161/cc.21476
https://doi.org/10.1073/pnas.1410609111
https://doi.org/10.1073/pnas.1410609111
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Logotheti et al.

p73’s Mechanistic Heterogeneity and Functional Pleiotropy

Belloni, L., Moretti, F., Merlo, P., Damalas, A., Costanzo, A., Blandino, G., et al.
(2006). DNp73alpha protects myogenic cells from apoptosis. Oncogene 25,
3606-3612. doi: 10.1038/sj.0nc.1209321

Belyi, V. A., Ak, P., Markert, E., Wang, H., Hu, W., Puzio-Kuter, A, et al. (2010).
The origins and evolution of the p53 family of genes. Cold Spring Harb. Perspect.
Biol. 2:a001198.

Belyi, V. A., and Levine, A. J. (2009). One billion years of p53/p63/p73 evolution.
Proc. Natl. Acad. Sci. U.S.A. 106, 17609-17610. doi: 10.1073/pnas.0910634106

Bianconi, F., Baldelli, E., Ludovini, V., Crino, L., Flacco, A., and Valigi, P. (2012).
Computational model of EGFR and IGFIR pathways in lung cancer: a systems
biology approach for translational oncology. Biotechnol. Adv. 30, 142-153. doi:
10.1016/j.biotechadv.2011.05.010

Billaud, M., and Santoro, M. (2011). Is co-option a prevailing mechanism during
cancer progression? Cancer Res. 71, 6572-6575. doi: 10.1158/0008-5472.CAN-
11-2158

Boominathan, L. (2010). The tumor suppressors p53, p63, and p73 are regulators of
microRNA processing complex. PLoS One 5:¢10615. doi: 10.1371/journal.pone.
0010615

Borisov, N., Aksamitiene, E., Kiyatkin, A., Legewie, S., Berkhout, J., Maiwald, T.,
et al. (2009). Systems-level interactions between insulin-EGF networks amplify
mitogenic signaling. Mol. Syst. Biol. 5:256. doi: 10.1038/msb.2009.19

Buhlmann, S., Racek, T., Schwarz, A., Schaefer, S., and Piitzer, B. M. (2008).
Molecular mechanism of p73-mediated regulation of hepatitis B virus core
promoter/enhancer II: implications for hepatocarcinogenesis. J. Mol. Biol. 378,
20-30. doi: 10.1016/j.jmb.2008.02.021

Cam, M., Charan, M., Welker, A. M., Dravid, P., Studebaker, A. W., Leonard, J. R,,
etal. (2020). ANp73/ETS2 complex drives glioblastoma pathogenesis- targeting
downstream mediators by rebastinib prolongs survival in preclinical models of
glioblastoma. Neuro Oncol. 22, 345-356. doi: 10.1093/neuonc/noz190

Conforti, F., Sayan, A. E., Sreekumar, R., and Sayan, B. S. (2012). Regulation of p73
activity by post-translational modifications. Cell Death Dis. 3:¢285.

Davis, B. B., Dong, Y., and Weiss, R. H. (2003). Overexpression of p73 causes
apoptosis in vascular smooth muscle cells. Am. J. Physiol. Cell Physiol. 284,
C16-C23. doi: 10.1152/ajpcell.00211.2002

De Cola, A., Bongiorno-Borbone, L., Bianchi, E., Barcaroli, D., Carletti, E.,
Knight, R. A,, et al. (2012). FLASH is essential during early embryogenesis
and cooperates with p73 to regulate histone gene transcription. Oncogene 31,
573-582. doi: 10.1038/0nc.2011.274

Dobbelstein, M., Strano, S., Roth, J., and Blandino, G. (2005). p73-induced
apoptosis: a question of compartments and cooperation. Biochem. Biophys. Res.
Commun. 331, 688-693. doi: 10.1016/j.bbrc.2005.03.155

Duran-Frigola, M., Mosca, R.,, and Aloy, P. (2013). Structural systems
pharmacology: the role of 3D structures in next-generation drug development.
Chem. Biol. 20, 674-684. doi: 10.1016/j.chembiol.2013.03.004

Ebelt, H., Zhang, Y., Kohler, K., Xu, J., Gajawada, P., Boettger, T., et al.
(2008). Directed expression of dominant-negative p73 enables proliferation of
cardiomyocytes in mice. J. Mol. Cell Cardiol. 45, 411-419. doi: 10.1016/j.yjmcc.
2008.06.006

Emmrich, S., Wang, W., John, K., Li, W., and Piitzer, B. M. (2009). Antisense
gapmers selectively suppress individual oncogenic p73 splice isoforms and
inhibit tumor growth in vivo. Mol. Cancer. 8:61. doi: 10.1186/1476-459
8-8-61

Engelmann, D., and Piitzer, B. M. (2014). Emerging from the shade of p53 mutants:
n-terminally truncated variants of the p53 family in EMT signaling and cancer
progression. Sci. Signal. 7:re9. doi: 10.1126/scisignal. 2005699

Engelmann, D., Meier, C., Alla, V., and Pitzer, B. M. (2015). A balancing act:
orchestrating amino-truncated and full-length p73 variants as decisive factors
in cancer progression. Oncogene 34, 4287-4299. doi: 10.1038/0nc.2014.365

Fiirst, K., Steder, M., Logotheti, S., Angerilli, A., Spitschak, A., Marquardt, S., et al.
(2019). DNp73-induced degradation of tyrosinase links depigmentation with
EMT-driven melanoma progression. Cancer Lett. 442, 299-309. doi: 10.1016/j.
canlet.2018.11.009

Gaiddon, C., Lokshin, M., Gross, L, Levasseur, D., Taya, Y., Loeffler, J. P., et al.
(2003). Cyclin-dependent kinases phosphorylate p73 at threonine 86 in a
cell cycle-dependent manner and negatively regulate p73. J. Biol. Chem. 278,
27421-27431. doi: 10.1074/jbc.M300251200

Galtsidis, S., Logotheti, S., Pavlopoulou, A., Zampetidis, C. P., Papachristopoulou,
G., Scorilas, A., et al. (2017). Unravelling a p73-regulated network: the role

of a novel p73-dependent target, MIR3158, in cancer cell migration and
invasiveness. Cancer Lett. 388, 96-106. doi: 10.1016/j.canlet.2016.11.036

George, J., Lim, J. S,, Jang, S. J., Cun, Y., Ozreti¢, L., Kong, G., et al. (2015).
Comprehensive genomic profiles of small cell lung cancer. Nature 524, 47-53.

Hinske, L. C., Franga, G. S., Torres, H. A., Ohara, D. T., Lopes-Ramos, C. M.,
Heyn, J., et al. (2014). miRIAD-integrating microRNA inter-and intragenic
data. Database 2014:bau099. doi: 10.1093/database/bau099

Inoue, S., Tomasini, R., Rufini, A., Elia, A. J., Agostini, M., Amelio, I, et al. (2014).
TAp73 is required for spermatogenesis and the maintenance of male fertility.
Proc. Natl. Acad. Sci. U.S.A. 111, 1843-1848. doi: 10.1073/pnas.1323416111

Torio, M. V., Casalini, P., Piovan, C., Di Leva, G., Merlo, A., Triulzi, T., et al.
(2009). microRNA-205 regulates HER3 in human breast cancer. Cancer Res. 69,
2195-2200. doi: 10.1158/0008-5472.CAN-08-2920

Jia, H., Ren, W, Feng, Y., Wei, T., Guo, M., Guo, J., et al. (2018). The enhanced
antitumour response of pimozide combined with the IDO inhibitor L-MT in
melanoma. Int. J. Oncol. 53, 949-960. doi: 10.3892/ij0.2018.4473

Khan, F. M., Schmitz, U., Nikolov, S., Engelmann, D., Piitzer, B. M., Wolkenhauer,
O., et al. (2014). Hybrid modeling of the crosstalk between signaling and
transcriptional networks using ordinary differential equations and multi-valued
logic. Biochim. Biophys. Acta 1844(1 Pt B), 289-298. doi: 10.1016/j.bbapap.
2013.05.007

Killick, R., Niklison-Chirou, M., Tomasini, R., Bano, D., Rufini, A., Grespi, F.,
et al. (2011). p73: a multifunctional protein in neurobiology. Mol. Neurobiol.
43,139-146. doi: 10.1007/s12035-011-8172-6

Kim, K. C., Kim, T. S., Kang, K. H., and Choi, K. H. (2001). Amphiphysin IIb-1, a
novel splicing variant of amphiphysin II, regulates p73beta function through
protein-protein interactions. Oncogene 20, 6689-6699. doi: 10.1038/sj.onc.
1204839

Knoll, S., Fiirst, K., Thomas, S., Villanueva Baselga, S., Stoll, A., Schaefer, S., et al.
(2011). Dissection of cell context-dependent interactions between HBx and p53
family members in regulation of apoptosis: a role for HBV-induced HCC. Cell
Cycle 10, 3554-3565. doi: 10.4161/cc.10.20.17856

Koeppel, M., van Heeringen, S. J., Kramer, D., Smeenk, L., Janssen-Megens, E.,
Hartmann, M., et al. (2011). Crosstalk between c-Jun and TAp73alpha/beta
contributes to the apoptosis-survival balance. Nucleic Acids Res. 39, 6069-6085.
doi: 10.1093/nar/gkr028

Koutsodontis, G., Vasilaki, E., Chou, W. C., Papakosta, P., and Kardassis, D.
(2005). Physical and functional interactions between members of the tumour
suppressor p53 and the Sp families of transcription factors: importance for
the regulation of genes involved in cell-cycle arrest and apoptosis. Biochem. J.
389(Pt 2), 443-455. doi: 10.1042/BJ20041980

Lalioti, M. E., Arbi, M., Loukas, I, Kaplani, K., Kalogeropoulou, A., Lokka, G., et al.
(2019). GemCl governs multiciliogenesis through direct interaction with and
transcriptional regulation of p73. J. Cell. Sci. 132:jcs228684. doi: 10.1242/jcs.
228684

Li, C. Y., Zhu, J., and Wang, J. Y. (2005). Ectopic expression of p73alpha, but not
p73beta, suppresses myogenic differentiation. J. Biol. Chem. 280, 2159-2164.

Li, Y., and Prives, C. (2007). Are interactions with p63 and p73 involved in mutant
P53 gain of oncogenic function? Oncogene 26, 2220-2225.

Liu, G., Nozell, S., Xiao, H., and Chen, X. (2004). DeltaNp73beta is active in
transactivation and growth suppression. Mol. Cell Biol. 24, 487-501. doi: 10.
1128/MCB.24.2.487-501.2004

Logotheti, S., Marquardt, S., and Piitzer, B. M. (2019). p73-Governed miRNA
networks: translating bioinformatics approaches to therapeutic solutions for
cancer metastasis. Methods Mol. Biol. 1912, 33-52. doi: 10.1007/978-1-4939-
8982-9_2

Logotheti, S., Marquardt, S., Gupta, S. K., Richter, C., Edelhduser, B. A. H.,
Engelmann, D., et al. (2020a). LncRNA-SLC16A1-AS1 induces metabolic
reprogramming during bladder cancer progression as target and co-activator
of E2F1. Theranostics 10, 9620-9643. doi: 10.7150/thno.44176

Logotheti, S., Marquardt, S., Richter, C., Sophie Hain, R., Murr, N., Takan, I,
et al. (2020b). Neural networks recapitulation by cancer cells promotes disease
progression: a novel role of p73 isoforms in cancer-neuronal crosstalk. Cancers
12:3789. doi: 10.3390/cancers12123789

Logotheti, S., Michalopoulos, I., Sideridou, M., Daskalos, A., Kossida, S.,
Spandidos, D. A, et al. (2010). Sp1 binds to the external promoter of the p73
gene and induces the expression of TAp73gamma in lung cancer. FEBS J. 277,
3014-3027. doi: 10.1111/j.1742-4658.2010.07710.x

Frontiers in Cell and Developmental Biology | www.frontiersin.org

September 2021 | Volume 9 | Article 737735


https://doi.org/10.1038/sj.onc.1209321
https://doi.org/10.1073/pnas.0910634106
https://doi.org/10.1016/j.biotechadv.2011.05.010
https://doi.org/10.1016/j.biotechadv.2011.05.010
https://doi.org/10.1158/0008-5472.CAN-11-2158
https://doi.org/10.1158/0008-5472.CAN-11-2158
https://doi.org/10.1371/journal.pone.0010615
https://doi.org/10.1371/journal.pone.0010615
https://doi.org/10.1038/msb.2009.19
https://doi.org/10.1016/j.jmb.2008.02.021
https://doi.org/10.1093/neuonc/noz190
https://doi.org/10.1152/ajpcell.00211.2002
https://doi.org/10.1038/onc.2011.274
https://doi.org/10.1016/j.bbrc.2005.03.155
https://doi.org/10.1016/j.chembiol.2013.03.004
https://doi.org/10.1016/j.yjmcc.2008.06.006
https://doi.org/10.1016/j.yjmcc.2008.06.006
https://doi.org/10.1186/1476-4598-8-61
https://doi.org/10.1186/1476-4598-8-61
https://doi.org/10.1126/scisignal.2005699
https://doi.org/10.1038/onc.2014.365
https://doi.org/10.1016/j.canlet.2018.11.009
https://doi.org/10.1016/j.canlet.2018.11.009
https://doi.org/10.1074/jbc.M300251200
https://doi.org/10.1016/j.canlet.2016.11.036
https://doi.org/10.1093/database/bau099
https://doi.org/10.1073/pnas.1323416111
https://doi.org/10.1158/0008-5472.CAN-08-2920
https://doi.org/10.3892/ijo.2018.4473
https://doi.org/10.1016/j.bbapap.2013.05.007
https://doi.org/10.1016/j.bbapap.2013.05.007
https://doi.org/10.1007/s12035-011-8172-6
https://doi.org/10.1038/sj.onc.1204839
https://doi.org/10.1038/sj.onc.1204839
https://doi.org/10.4161/cc.10.20.17856
https://doi.org/10.1093/nar/gkr028
https://doi.org/10.1042/BJ20041980
https://doi.org/10.1242/jcs.228684
https://doi.org/10.1242/jcs.228684
https://doi.org/10.1128/MCB.24.2.487-501.2004
https://doi.org/10.1128/MCB.24.2.487-501.2004
https://doi.org/10.1007/978-1-4939-8982-9_2
https://doi.org/10.1007/978-1-4939-8982-9_2
https://doi.org/10.7150/thno.44176
https://doi.org/10.3390/cancers12123789
https://doi.org/10.1111/j.1742-4658.2010.07710.x
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Logotheti et al.

p73’s Mechanistic Heterogeneity and Functional Pleiotropy

Logotheti, S., Pavlopoulou, A., Galtsidis, S., Vojtesek, B., and Zoumpourlis, V.
(2013). Functions, divergence and clinical value of TAp73 isoforms in cancer.
Cancer Metastasis Rev. 32, 511-534. doi: 10.1007/s10555-013-9424-x

Lu, R, Fan, C, Shangguan, W, Liu, Y., Li, Y., Shang, Y., et al. (2017). Neurons
generated from carcinoma stem cells support cancer progression. Signal
Transduct. Target Ther. 2:16036.

Maeso-Alonso, L., Lopez-Ferreras, L., Marques, M. M., and Marin, M. C. (2021).
p73 as a tissue architect. Front. Cell Dev. Biol. 9:716957. doi: 10.3389/fcell.2021.
716957

Malatesta, M., Peschiaroli, A., Memmi, E. M., Zhang, J., Antonov, A., Green,
D. R, etal. (2013). The cul4A-DDBI1 E3 ubiquitin ligase complex represses p73
transcriptional activity. Oncogene 32, 4721-4726. doi: 10.1038/0nc.2012.463

Malik, N., Yan, H., Yang, H. H., Ayaz, G., DuBois, W., Tseng, Y. C,, et al. (2021).
CBFB cooperates with p53 to maintain TAp73 expression and suppress breast
cancer. PLoS Genet. 17:¢1009553. doi: 10.1371/journal.pgen.1009553

Marabese, M., Vikhanskaya, F., and Broggini, M. (2007). p73: a chiaroscuro gene
in cancer. Eur. J. Cancer 43, 1361-1372. doi: 10.1016/j.¢jca.2007.01.042

Mauffrey, P., Tchitchek, N., Barroca, V., Bemelmans, A., Firlej, V., Allory, Y.,
et al. (2019). Progenitors from the central nervous system drive neurogenesis
in cancer. Nature 569, 672-678.

Meier, C., Hardtstock, P., Joost, S., Alla, V., and Piitzer, B. M. (2016). p73 and
IGFIR regulate emergence of aggressive cancer stem-like features via miR-
885-5p control. Cancer Res. 76, 197-205. doi: 10.1158/0008-5472.CAN-15-
1228

Melino, G. (2020). Molecular mechanisms and function of the p53 protein family
member - p73. Biochemistry 85, 1202-1209.

Men, H., Cai, H., Cheng, Q., Zhou, W., Wang, X., Huang, S., et al. (2021). The
regulatory roles of p53 in cardiovascular health and disease. Cell Mol. Life Sci.
78,2001-2018.

Ming, L., Sakaida, T., Yue, W., Jha, A., Zhang, L., and Yu, J. (2008). Sp1 and
p73 activate PUMA following serum starvation. Carcinogenesis 29, 1878-1884.
doi: 10.1093/carcin/bgn150

Monje, M., Borniger, J. C., D’Silva, N. J., Deneen, B., Dirks, P. B., Fattahi, F.,
et al. (2020). Roadmap for the emerging field of cancer neuroscience. Cell 181,
219-222. doi: 10.1016/j.cell.2020.03.034

Neira, J. L., Diaz-Garcia, C., Prieto, M., and Coutinho, A. (2019). The C-terminal
SAM domain of p73 binds to the N terminus of MDM2. Biochim. Biophys. Acta
Gen. Subj. 1863, 760-770. doi: 10.1016/j.bbagen.2019.01.019

Neira, J. L., Rizzuti, B., Ortega-Alarcén, D., Giudici, A. M., Abién, O., Farez-Vidal,
M. E,, et al. (2021). The armadillo-repeat domain of plakophilin 1 binds the
C-terminal sterile alpha motif (SAM) of p73. Biochim. Biophys. Acta Gen. Subj.
1865:129914. doi: 10.1016/j.bbagen.2021.129914

Nekulova, M., Zitterbart, K., Sterba, J., and Veselskd, R. (2010). Analysis of the
intracellular localization of p73 N-terminal protein isoforms TAp73 and ?Np73
in medulloblastoma cell lines. J. Mol. Histol. 41, 267-275. doi: 10.1007/s10735-
010-9288-0

Nemajerova, A., Amelio, I, Gebel, J., Dotsch, V., Melino, G., and Moll, U. M.
(2018). Non-oncogenic roles of TAp73: from multiciliogenesis to metabolism.
Cell Death Differ. 25, 144-153.

Nemajerova, A., and Moll, U. M. (2019). Tissue-specific roles of p73 in
development and homeostasis. J. Cell Sci. 132:jcs233338. doi: 10.1242/jcs.
233338

Neman, J., Termini, J., Wilczynski, S., Vaidehi, N., Choy, C., Kowolik, C. M.,
et al. (2014). Human breast cancer metastases to the brain display GABAergic
properties in the neural niche. Proc. Natl. Acad. Sci. U.S.A. 111, 984-989. doi:
10.1073/pnas.1322098111

Nguyen, D., Yang, K., Chiao, L., Deng, Y., Zhou, X., Zhang, Z., et al. (2020).
Inhibition of tumor suppressor p73 by nerve growth factor receptor via
chaperone-mediated autophagy. J. Mol. Cell Biol. 12, 700-712. doi: 10.1093/
jmcb/mjaa017

Niklison-Chirou, M. V., Agostini, M., Amelio, I., and Melino, G. (2020). Regulation
of adult neurogenesis in mammalian brain. Int. J. Mol. Sci. 21:4869.

Ozaki, T., Kubo, N., and Nakagawara, A. (2010). p73-binding partners and their
functional significance. Int. J. Proteomics 2010:283863. doi: 10.1155/2010/
283863

Pomeranz Krummel, D. A., Nasti, T. H., Kaluzova, M., Kallay, L., Bhattacharya, D.,
Melms, J. C., et al. (2021). Melanoma cell intrinsic GABA. Int. J. Radiat. Oncol.
Biol. Phys. 109, 1040-1053. doi: 10.1016/j.ijrobp.2020.10.025

Prabhu, V. V., Hong, B., Allen, J. E., Zhang, S., Lulla, A. R, Dicker, D. T.,
etal. (2016). Small-molecule prodigiosin restores p53 tumor suppressor activity
in chemoresistant colorectal cancer stem cells via c-jun-mediated ANp73
inhibition and p73 activation. Cancer Res. 76, 1989-1999. doi: 10.1158/0008-
5472.CAN-14-2430

Piitzer, B. M., Solanki, M., and Herchenroder, O. (2017). Advances in cancer stem
cell targeting: how to strike the evil at its root. Adv. Drug Deliv. Rev. 120, 89-107.
doi: 10.1016/j.addr.2017.07.013

Racek, T., Mise, N., Li, Z., Stoll, A., and Piitzer, B. M. (2005). C-terminal p73
isoforms repress transcriptional activity of the human telomerase reverse
transcriptase (W\TERT) promoter. J. Biol. Chem. 280, 40402-40405. doi: 10.1074/
jbc.C500193200

Ren, M., Kazemian, M., Zheng, M., He, ], Li, P., Oh, ., et al. (2020). Transcription
factor p73 regulates Th1 differentiation. Nat. Commun. 11:1475. doi: 10.1038/
541467-020-15172-5

Rodrigues, P., Patel, S. A., Harewood, L., Olan, I., Vojtasova, E., Syafruddin, S. E.,
et al. (2018). NF-kB-dependent lymphoid enhancer co-option promotes renal
carcinoma metastasis. Cancer Discov. 8, 850-865. doi: 10.1158/2159-8290.CD-
17-1211

Rosenbluth, J. M., Mays, D. J., Pino, M. F., Tang, L. J., and Pietenpol, . A. (2008). A
gene signature-based approach identifies mTOR as a regulator of p73. Mol. Cell
Biol. 28, 5951-5964. doi: 10.1128/MCB.00305-08

Rossi, M., De Laurenzi, V., Munarriz, E., Green, D. R, Liu, Y. C,, Vousden, K. H,,
et al. (2005). The ubiquitin-protein ligase itch regulates p73 stability. EMBO J.
24, 836-848.

Rudge, T. J., Brown, J. R, Federici, F., Dalchau, N., Phillips, A., Ajioka, ]. W., et al.
(2016). Characterization of intrinsic properties of promoters. ACS Synth. Biol.
5, 89-98.

Sabapathy, K. (2015). p73: a positive or negative regulator of angiogenesis, or both?
Mol. Cell Biol. 36, 848-854.

Sayan, B. S., Yang, A. L., Conforti, F., Tucci, P., Piro, M. C,, Browne, G. J., et al.
(2010). Differential control of TAp73 and DeltaNp73 protein stability by the
ring finger ubiquitin ligase PIR2. Proc. Natl. Acad. Sci. U.S.A. 107, 12877-12882.
doi: 10.1073/pnas.0911828107

Sharif, T., Martell, E., Dai, C., Singh, S. K., and Gujar, S. (2019b). Regulation of
the proline regulatory axis and autophagy modulates stemness in TP73/p73
deficient cancer stem-like cells. Autophagy 15, 934-936. doi: 10.1080/15548627.
2019.1586321

Sharif, T., Dai, C., Martell, E., Ghassemi-Rad, M. S., Hanes, M. R., Murphy, P. J.,
et al. (2019a). TAp73 modifies metabolism and positively regulates growth
of cancer stem-like cells in a redox-sensitive manner. Clin. Cancer Res. 25,
2001-2017. doi: 10.1158/1078-0432.CCR-17-3177

Steder, M., Alla, V., Meier, C., Spitschak, A., Pahnke, J., Furst, K., et al. (2013).
DNp73 exerts function in metastasis initiation by disconnecting the inhibitory
role of EPLIN on IGF1R-AKT/STAT3 signaling. Cancer Cell. 24, 512-527. doi:
10.1016/j.ccr.2013.08.023

Stiewe, T., and Piitzer, B. M. (2000). Role of the p53-homologue p73 in E2F1-
induced apoptosis. Nat. Genet. 26, 464-469. doi: 10.1038/82617

Stiewe, T., Theseling, C. C., and Piitzer, B. M. (2002a). Transactivation-deficient
delta TA-p73 inhibits p53 by direct competition for DNA binding: implications
for tumorigenesis. J. Biol. Chem. 277, 14177-14185. doi: 10.1074/jbc.
M200480200

Stiewe, T., Zimmermann, S., Frilling, A., Esche, H., and Piitzer, B. M. (2002b).
Transactivation-deficient DeltaTA-p73 acts as an oncogene. Cancer Res. 62,
3598-3602.

Su, A, Dry, S. M., Binder, S. W,, Said, J., Shintaku, P., and Sarantopoulos, G. P.
(2014). Malignant melanoma with neural differentiation: an exceptional case
report and brief review of the pertinent literature. Am. J. Dermatopathol. 36,
e5-¢e9. doi: 10.1097/DAD.0b013e31828cf90a

Subramanian, D., Bunjobpol, W., and Sabapathy, K. (2015). Interplay between
TAp73 protein and selected activator protein-1 (AP-1) family members
promotes AP-1 target gene activation and cellular growth. J. Biol. Chem. 290,
18636-18649. doi: 10.1074/jbc.M115.636548

Sun, C., Wang, L., Huang, S., Heynen, G. J., Prahallad, A., Robert, C., et al. (2014).
Reversible and adaptive resistance to BRAF(V600E) inhibition in melanoma.
Nature 508, 118-122.

Tannapfel, A., John, K., Mise, N., Schmidt, A., Buhlmann, S., Ibrahim, S. M.,
etal. (2008). Autonomous growth and hepatocarcinogenesis in transgenic mice

Frontiers in Cell and Developmental Biology | www.frontiersin.org

September 2021 | Volume 9 | Article 737735


https://doi.org/10.1007/s10555-013-9424-x
https://doi.org/10.3389/fcell.2021.716957
https://doi.org/10.3389/fcell.2021.716957
https://doi.org/10.1038/onc.2012.463
https://doi.org/10.1371/journal.pgen.1009553
https://doi.org/10.1016/j.ejca.2007.01.042
https://doi.org/10.1158/0008-5472.CAN-15-1228
https://doi.org/10.1158/0008-5472.CAN-15-1228
https://doi.org/10.1093/carcin/bgn150
https://doi.org/10.1016/j.cell.2020.03.034
https://doi.org/10.1016/j.bbagen.2019.01.019
https://doi.org/10.1016/j.bbagen.2021.129914
https://doi.org/10.1007/s10735-010-9288-0
https://doi.org/10.1007/s10735-010-9288-0
https://doi.org/10.1242/jcs.233338
https://doi.org/10.1242/jcs.233338
https://doi.org/10.1073/pnas.1322098111
https://doi.org/10.1073/pnas.1322098111
https://doi.org/10.1093/jmcb/mjaa017
https://doi.org/10.1093/jmcb/mjaa017
https://doi.org/10.1155/2010/283863
https://doi.org/10.1155/2010/283863
https://doi.org/10.1016/j.ijrobp.2020.10.025
https://doi.org/10.1158/0008-5472.CAN-14-2430
https://doi.org/10.1158/0008-5472.CAN-14-2430
https://doi.org/10.1016/j.addr.2017.07.013
https://doi.org/10.1074/jbc.C500193200
https://doi.org/10.1074/jbc.C500193200
https://doi.org/10.1038/s41467-020-15172-5
https://doi.org/10.1038/s41467-020-15172-5
https://doi.org/10.1158/2159-8290.CD-17-1211
https://doi.org/10.1158/2159-8290.CD-17-1211
https://doi.org/10.1128/MCB.00305-08
https://doi.org/10.1073/pnas.0911828107
https://doi.org/10.1080/15548627.2019.1586321
https://doi.org/10.1080/15548627.2019.1586321
https://doi.org/10.1158/1078-0432.CCR-17-3177
https://doi.org/10.1016/j.ccr.2013.08.023
https://doi.org/10.1016/j.ccr.2013.08.023
https://doi.org/10.1038/82617
https://doi.org/10.1074/jbc.M200480200
https://doi.org/10.1074/jbc.M200480200
https://doi.org/10.1097/DAD.0b013e31828cf90a
https://doi.org/10.1074/jbc.M115.636548
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Logotheti et al.

p73’s Mechanistic Heterogeneity and Functional Pleiotropy

expressing the p53 family inhibitor DNp73. Carcinogenesis 29, 211-218. doi:
10.1093/carcin/bgm236

Thakur, A. K., Nigri, J., Lac, S., Leca, J., Bressy, C., Berthezene, P., et al. (2016).
TAp73 loss favors Smad-independent TGF-B signaling that drives EMT in
pancreatic ductal adenocarcinoma. Cell Death Differ. 23, 1358-1370. doi: 10.
1038/cdd.2016.18

Tiwary, S., Preziosi, M., Rothberg, P. G., Zeitouni, N., Corson, N., and Xu, L. (2014).
ERBB3 is required for metastasis formation of melanoma cells. Oncogenesis
3:e110. doi: 10.1038/oncsis.2014.23

Toh, W. H., Logette, E., Corcos, L., and Sabapathy, K. (2008). TAp73beta and
DNp73beta activate the expression of the pro-survival caspase-2S. Nucleic Acids
Res. 36, 4498-4509. doi: 10.1093/nar/gkn414

Tomasini, R., Secq, V., Pouyet, L., Thakur, A. K., Wilhelm, M., Nigri, J., et al.
(2013). TAp73 is required for macrophage-mediated innate immunity and the
resolution of inflammatory responses. Cell Death Differ. 20, 293-301. doi:
10.1038/cdd.2012.123

Tomasini, R., Tsuchihara, K., Tsuda, C., Lau, S. K., Wilhelm, M., Rufini, A., et al.
(2009). TAp73 regulates the spindle assembly checkpoint by modulating BubR1
activity. Proc. Natl. Acad. Sci. U.S.A. 106, 797-802.

Tomasini, R., Tsuchihara, K., Wilhelm, M., Fujitani, M., Rufini, A., Cheung, C. C.,
et al. (2008). TAp73 knockout shows genomic instability with infertility and
tumor suppressor functions. Genes Dev. 22, 2677-2691. doi: 10.1101/gad.
1695308

Uboveja, A., Satija, Y. K., Siraj, F., Sharma, I., and Saluja, D. (2020). p73 - NAV3
axis plays a critical role in suppression of colon cancer metastasis. Oncogenesis
9:12. doi: 10.1038/s41389-020-0193-4

Vera, J., Schmitz, U., Lai, X., Engelmann, D., Khan, F. M., Wolkenhauer, O., et al.
(2013). Kinetic modeling-based detection of genetic signatures that provide
chemoresistance via the E2F1-p73/DNp73-miR-205 network. Cancer Res. 73,
3511-3524. doi: 10.1158/0008-5472.CAN-12-4095

Vernole, P., Neale, M. H., Barcaroli, D., Munarriz, E., Knight, R. A., Tomasini,
R, et al. (2009). TAp73alpha binds the kinetochore proteins Bubl and Bub3
resulting in polyploidy. Cell Cycle 8, 421-429. doi: 10.4161/cc.8.3.7623

Wang, C,, Teo, C. R., and Sabapathy, K. (2020). p53-related transcription targets of
TAp73 in cancer cells-bona fide or distorted reality? Int. J. Mol. Sci. 21:1346.

Wang, J., Huang, S. K., Marzese, D. M., Hsu, S. C., Kawas, N. P., Chong, K. K.,
et al. (2015). Epigenetic changes of EGFR have an important role in BRAF
inhibitor-resistant cutaneous melanomas. J. Invest. Dermatol. 135, 532-541.
doi: 10.1038/jid.2014.418

Wang, Y., Medvid, R., Melton, C., Jaenisch, R., and Blelloch, R. (2007). DGCR8
is essential for microRNA biogenesis and silencing of embryonic stem cell
self-renewal. Nat. Genet. 39, 380-385.

Weiss, R. H., and Howard, L. L. (2001). p73 is a growth-regulated protein
in vascular smooth muscle cells and is present at high levels in human
atherosclerotic plaque. Cell Signal. 13, 727-733. doi: 10.1016/s0898-6568(01)
00195-4

Widden, H., Kaczmarczyk, A., Subedi, A., Whitaker, R. H., and Placzek, W. J.
(2020). MCLI binds and negatively regulates the transcriptional function of

tumor suppressor p73. Cell Death Dis. 11:946. doi: 10.1038/s41419-020-0
3068-7

Wilhelm, M. T., Rufini, A., Wetzel, M. K., Tsuchihara, K., Inoue, S., Tomasini,
R., et al. (2010). Isoform-specific p73 knockout mice reveal a novel role for
delta Np73 in the DNA damage response pathway. Genes Dev. 24, 549-560.
doi: 10.1101/gad.1873910

Wolfsberger, J., Sakil, H. A. M., Zhou, L., van Bree, N., Baldisseri, E., de Souza
Ferreira, S., et al. (2021). TAp73 represses NF-kB-mediated recruitment of
tumor-associated macrophages in breast cancer. Proc. Natl. Acad. Sci. U.S.A
118:€2017089118. doi: 10.1073/pnas.2017089118

Xie, L., Ge, X., Tan, H., Zhang, Y., Hart, T., Yang, X, et al. (2014). Towards
structural systems pharmacology to study complex diseases and personalized
medicine. PLoS Comput. Biol. 10:e1003554. doi: 10.1371/journal.pcbi.1003554

Yang, A., Kaghad, M., Caput, D., and McKeon, F. (2002). On the shoulders of
giants: p63, p73 and the rise of p53. Trends Genet. 18, 90-95. doi: 10.1016/
$0168-9525(02)02595-7

Yang, A., Walker, N., Bronson, R., Kaghad, M., Oosterwegel, M., Bonnin, J., et al.
(2000). p73-deficient mice have neurological, pheromonal and inflammatory
defects but lack spontaneous tumours. Nature 404, 99-103. doi: 10.1038/
35003607

Yeom, K. H,, Lee, Y., Han, J., Suh, M. R., and Kim, V. N. (2006). Characterization of
DGCR8/Pasha, the essential cofactor for Drosha in primary miRNA processing.
Nucleic Acids Res. 34, 4622-4629. doi: 10.1093/nar/gkl458

Yilmaz, H., Toy, H., Marquardt, S., Karakiilah, G., Kiigiik, C., Kontou, P., et al.
(2021). In silico methods for the identification of diagnostic and favorable
prognostic markers in acute myeloid leukemia. Int. J. Mol. Sci 22:9601. doi:
10.3390/ijms22179601

Zeng, X., Chen, L., Jost, C. A, Maya, R., Keller, D., Wang, X,, et al. (1999). MDM2
suppresses p73 function without promoting p73 degradation. Mol. Cell Biol. 19,
3257-3266.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Logotheti, Richter, Murr, Spitschak, Marquardt and Piitzer. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

18

September 2021 | Volume 9 | Article 737735


https://doi.org/10.1093/carcin/bgm236
https://doi.org/10.1093/carcin/bgm236
https://doi.org/10.1038/cdd.2016.18
https://doi.org/10.1038/cdd.2016.18
https://doi.org/10.1038/oncsis.2014.23
https://doi.org/10.1093/nar/gkn414
https://doi.org/10.1038/cdd.2012.123
https://doi.org/10.1038/cdd.2012.123
https://doi.org/10.1101/gad.1695308
https://doi.org/10.1101/gad.1695308
https://doi.org/10.1038/s41389-020-0193-4
https://doi.org/10.1158/0008-5472.CAN-12-4095
https://doi.org/10.4161/cc.8.3.7623
https://doi.org/10.1038/jid.2014.418
https://doi.org/10.1016/s0898-6568(01)00195-4
https://doi.org/10.1016/s0898-6568(01)00195-4
https://doi.org/10.1038/s41419-020-03068-7
https://doi.org/10.1038/s41419-020-03068-7
https://doi.org/10.1101/gad.1873910
https://doi.org/10.1073/pnas.2017089118
https://doi.org/10.1371/journal.pcbi.1003554
https://doi.org/10.1016/s0168-9525(02)02595-7
https://doi.org/10.1016/s0168-9525(02)02595-7
https://doi.org/10.1038/35003607
https://doi.org/10.1038/35003607
https://doi.org/10.1093/nar/gkl458
https://doi.org/10.3390/ijms22179601
https://doi.org/10.3390/ijms22179601
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Mechanisms of Functional Pleiotropy of p73 in Cancer and Beyond
	Introduction
	The Expanding Functional Repertoire of Tp73 in Cancer and Beyond
	Roles in Development, Differentiation and Tissue Homeostasis
	p73 Involvement in Cancer Hallmarks and Oncogenic Signaling Cascades
	Regulation of Cancer Neurobiology – p73 and the Emerging Hallmark of Neoneurogenesis

	Dissecting the Functional Pleiotropy of Tp73
	The Characteristics of the p73 Protein Interactome
	The C-Terminus as the Basis for Protein–Protein Interaction Selectivity
	The Promoter Architecture of Direct and Indirect p73 Target Genes
	Using the Promoter Architecture of p73-Responsive Genes as `Footprint' for Predicting Novel, Functionally Relevant p73 Protein–Protein Interactions

	Conclusion and Future Perspectives
	Author Contributions
	Funding
	References


