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Abstract

p73 is a tumor suppressor belonging to the p53 family of transcription factors. Distinct isoforms are transcribed from the p73 locus. The use of 2
promoters at the N-terminus allows the expression of an isoform containing (TAp73) or not containing (ANp73) a complete N-terminal transactivation
domain, with the latter isoform capable of a dominant negative effect over the former. In addition, both N-terminal variants are alternatively spliced at
the C-terminus. TAp73 is a bona fide tumor suppressor, being able to induce cell death and cell cycle arrest; conversely, ANp73 shows oncogenic
properties, inhibiting TAp73 and p53 functions. Here, we discuss the latest findings linking p73 to cancer. The generation of isoform specific null mice
has helped in dissecting the contribution of TA versus ANp73 isoforms to tumorigenesis. The activity of both isoforms is regulated transcriptionally
and by posttranslational modification. p73 dysfunction, particularly of TAp73, has been associated with mitotic abnormalities, which may lead to
polyploidy and aneuploidy and thus contribute to tumorigenesis. Although p73 is only rarely mutated in cancer, the tumor suppressor actions of TAp73
are inhibited by mutant p53, a finding that has important implications for cancer therapy. Finally, we discuss the expression and role of p73 isoforms
in human cancer, with a particular emphasis on the neuroblastoma cancer model. Broadly, the data support the hypothesis that the ratio between

TAp73 and ANp73 is crucial for tumor progression and therapeutic response.
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p73: Gene Structure
and Isoforms

p73 is a transcription factor and a mem-
ber of the p53-family, which includes
p53 itself and p63. The human Trp73
gene was cloned more than 10 years ago
by McKeon’s group, who identified its
chromosomal location at 1p36, a region
frequently deleted in tumors such as
neuroblastoma and other late stage
human cancers,' thus immediately link-
ing p73 to cancer.

Because of alternative promoter usage
and C-terminal alternative splicing, all
p53 family members are expressed in a
number of isomeric forms. All p53 family
genes contain the same modular domain
structure, including an amino-terminal
transactivation domain (TA), a DNA-
binding domain, and a carboxy-terminal
oligomerization domain.” The particular
complexity of the p73 locus results both
from the use of 2 major transcriptional
start sites and from C-terminal splicing.
Biologically, the most distinctive charac-
teristic arises from alternative promoter

usage: transcription from the most
upstream P1 promoter generates the trans-
activating (TAp73) isoforms, whereas the
second downstream promoter P2, situated
within an alternative intron 3’, yields
amino-terminal truncated proteins that
lack the TA domain (3Np73).>> Another
group of N-terminal truncated p73 iso-
forms, collectively called ATAp73, stems
from alternative splicing targeting the
N-terminus of the transcript generated
from the P1 promoter.’ These products
include AEx2p73 (lacking exon 2),
AEx2/3p73 (lacking exons 2 and 3), and
AN'p73. This latter isoform aberrantly
contains the 3’ promoter of ANp73 within
the transcript of TAp73 and produces a
protein indistinguishable from ANp73,
because its translation starts from the
ATG on intron 3'.° ATAp73 isoforms are
mainly but not exclusively present in pri-
mary tumors and cancer cell lines.
Within the C-terminus of p73 are
2 further domains; an additional TA
domain and a transcriptional inhibitory
(TI) domain, although because of the
C-terminal splicing, these are absent

from some C-terminal variants. At least
7 different transcripts (a, B, v, {, 9, &, 1)
are known to be generated at the C-ter-
minus, expressed on either a TA or AN
N-terminal sequence, although it is still
debatable how many of these are truly
expressed as proteins. The longest C-ter-
minal isoform (o), which has been
detected as a protein, contains a sterile-
o-motif (SAM) domain that mediates
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Figure 1. Scheme of the p73 gene structure. Matured spliced isoforms and protein domains
positions are shown (a). The structures of the Trp73 locus are depicted, and the exons originating
the domains (shown in Figure 3a) are represented (b). Note the binding of E2F on P1 promoter and
activation of ANp73 by p53 or TAp73. TA = transactivation domain; DBD = DNA binding domain;

OD = oligomerization domain.

protein—protein interactions that are
essential for tetramerization and thus for
the formation of the active molecule.’
This domain, absent in p53, is important
for intermolecular aggregation in both
p63 and p73, as best shown for p63."
Here, the p63-TI domain can bind the
N-terminal TA domain and inhibit its
activity in cis.*” As a consequence, the
ability of TAp63a to trigger transcrip-
tion of target genes is reduced when
compared with shorter C-terminal iso-
forms that lack a TI domain. It is clearly
important to verify that this internal
inhibitory mechanism is also conserved
in p73.

A schematic representation of the p73
gene structure is shown in Figure 1.

p73 Isoforms: Tumor
Suppressor or Oncogene?

In general, TAp73 and ANp73 show
opposing roles. Thus, TAp73 is an
inducer of cell cycle arrest and apoptosis
and largely mimics p53 activities,'*" and
its tumor suppressor function has been
confirmed by studies in selective TAp73

null mice (see below).'? This function is
inhibited, and consequently survival is
promoted, by the dominant negative
property of AN isoforms (which may
therefore be considered oncogenes),
exerted either by heteroduplex formation
with TAp73 variants or by competition
for promoter binding with both p53 and
TAp73.""" In this context, it is notewor-
thy that p73 and p53 have structurally
dissimilar oligomerization domains.'® As
a consequence, p53 and p73 do not form
heterotetramers, explaining why ANp73
inhibits p53 by competition for promoter
binding and not by direct protein—protein
interaction. This negative regulation by
ANp73 forms an autoregulatory feedback
loop, since both TAp73 and p53 can
induce expression of AN isoforms by
direct binding to the P2 promoter.'”'®
However, in apparent contradiction to
this alternative  suppressor/oncogene
hypothesis, the first total p73 knockout
mouse model showed developmental
abnormalities but no spontaneous tumors
(Fig. 2).” This is in striking contrast with
p53 knockout mice, which show high
susceptibility to spontaneous and induced

carcinogenesis,” but this has to be inter-
preted with some caution due to the lim-
ited lifespan of the p73 null mice. It later
emerged that the picture was not quite so
clear-cut. Indeed, Tyler Jacks’s group
found that heterozygosity of p73 substan-
tially shortened the animal’s life span,
and half of the p73+/— cohort developed
malignant tumors such as lung adenocar-
cinomas, thymic lymphomas, and hem-
angiosarcomas by 15 months of age. In
addition, p73 heterozygosity led to an
increase in benign lesions, such as squa-
mous cell hyperplasia and lung adeno-
mas. Importantly, these tumors show loss
of heterozygosity of the remaining WT
p73 allele, which is a typical hallmark of
tumor suppressor inactivation in cancer.
p53+/— mice also develop spontanecous
tumors and exhibit a median survival of
10 months. Moreover, survival of double
heterozygote p53+/—;p73+/— mice is fur-
ther reduced (from 10 to 6 months), due
to an increased tumor burden and more
aggressive metastatic disease. In many of
the tumor specimens analyzed, the loss of
heterozygosity of p73 was more frequent
than the loss of the remaining p53 allele,
revealing a potent tumor suppressor func-
tion for p73.%

Nonetheless, the p73 null and hetero-
zygous mouse models used for these
studies have a fundamental bias: they tar-
get all p73 isoforms, as they were devel-
oped by depletion of the common DNA
binding domain. This bias has recently
been overcome by the generation of
N-terminal isoform specific knockouts
that have allowed the relative contribu-
tions of TAp73 and ANp73 to tumorigen-
esis to be assessed (Figure 2).'*?!

TAp73—/— mice indeed show an
increased susceptibility to spontaneous
and induced carcinogenesis, with more
than 70% of the knockout animals devel-
oping tumors, mainly lung adenocarcino-
mas. In contrast, there is no evidence of
tumor development in ANp73—/— mice,
and ElA/Ras-transformed ANp73—/—
mouse fibroblasts fail to form tumors
when transplanted into immunocompro-
mised recipient mice. These findings are
in agreement with previously published
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Figure 2. p73 mouse models. Three mouse models for p73 are available. The p73 knockout mouse
was developed by targeting the DNA binding domain and thus lacks expression of all p73 isoforms
and shows severe developmental defects. Recently, N-terminus selective knockouts have been
developed as well: TAp73 and ANp73 knockout mice show less severe developmental phenotype,
but, importantly, depletion of TAp73 predisposes the animal to spontaneous tumorigenesis.

data showing that overexpression of
ANp73 in primary mouse fibroblasts
facilitates Ras-induced transformation
and favors tumor formation in transplan-
tation assays.”> Moreover, overexpres-
sion of oncogenic Ras influences the
TAp73/3Np73 ratio in favor of dNp73,
and the resulting downregulation of
TAp73 and upregulation of 6Np73 are
important for Ras transforming activity.”
Taken together, these findings support a
tumor suppressive function for TAp73
and an oncogenic role for N-terminal
truncated isoforms. Finally, a study by
Nemajerova et al** addresses the issue of
p73 function in B-cell lymphomagenesis.
The authors investigated whether p73
loss influences lymphoma development
in Em-myc transgenic animals, which
overexpress the oncogene c-Myc in
B-cell progenitors under the control of
the immunoglobulin heavy chain
enhancer and develop pre-B-cell and/or
B-cell lymphomas. The investigators
found that p73 does not act as a prototype
tumor suppressor in this setting, as tumor
onset and overall mortality were not
dependent on the p73 genotype. Nonethe-
less, depletion of p73 affected the pheno-
type of the disease by increasing
extranodal dissemination. These data,
together with the increased metastatic
potential of p53+/—;p73+/— derived

tumors,” suggest that p73 may also regu-
late motility and invasion.

Transcriptional Regulators of p73 and
Their Implication in Cancer

E2F1, member of the E2F family of
transcription factor, is an important posi-
tive regulator of cell cycle progression
and an inducer of apoptosis.”® In fact,
E2F1 triggers the expression of pl4ARF,
a potent inhibitor of MDM2, and this
results in accumulation of p53 and
thereby induction of p53-dependent cell
death. E2F1 is also able to induce cell
death independently of p53, due to its
ability to induce expression of TAp73.%%
*¥ Indeed, the p73 P1 promoter contains
3 E2F1 binding sites, and in vivo binding
of E2F-1 to the 2 proximal sites medi-
ates the increased expression of TAp73
transcripts. Physiologically, this has
important consequences. First, it has
been shown that E2F1-dependent apop-
tosis was substantially impaired in
p73—/— cells.”” Second, the E2F1/p73
axis mediates the response to DNA
damage (DDR) and has been implicated
in E2F1 therapeutic efficacy in pancre-
atic cancer. Indeed, treatment of cells
with DNA damaging agents (i.e., camp-
tothecin, Adriamycin, daunorubicin)
leads to a 2- to 3-fold increase in TAp73

mRNA.*° In a pivotal study, Urist and
colleagues® showed that the kinases
Chk1/Chk2, which are activated by
DNA damage, phosphorylate and stabi-
lize E2F1 that, in turn, induces TAp73,
thus leading to DNA-damage—depen-
dent apoptosis. Remarkably, this mecha-
nism is independent of p53.*° Marabese
and colleagues’' have added a further
detail to this picture, showing that C/
EBPa hinders E2F1 induction of p73.
According to their data, C-EBPa binds
the p73 P1 promoter and directly inhib-
its E2F1 transactivation. Following
DNA damage, C/EBPla is displaced
from this repressor complex, allowing
upregulation of TAp73 by E2F.*' Clini-
cal data showing that there is a strong
synergism between chemotherapy and
E2F expression in the induction of apop-
tosis and that this also correlates with
induction of p73 provide proof of con-
cept that the E2F1/p73 axis may be of
relevant therapeutic value.*”

As mentioned, apoptosis is not the
only outcome of E2F transcriptional
activity,” and the ability of E2F1 to dis-
criminate between cell proliferation
or cell death depends on posttranscrip-
tional modification. Indeed, DNA dam-
age induces stabilization and acetylation
of E2F1 and this event promotes E2F1
binding to the promoters of proapoptotic
genes, including the p73 P1 promoter.”

The first intron of the p73 locus con-
tains a 1Kb sequence, including a consen-
sus element bound by the transcriptional
repressor ZEB1. ZEBI1 binding to this
element can dampen transcription from
the p73 promoter, even in the presence of
active E2F1.** Recently, this region has
been linked to chemotherapeutic sensitiv-
ity depending on BRCA1 status. Indeed,
whereas TAp73 mediates cisplatin toxic-
ity in BRCA1-negative cancer cell lines,
it has a negligible effect on BRCA1-pos-
itive ovarian tumors. This is probably
dependent on selective epigenetic meth-
ylation of the ZEBI target sequence
in BRCAl-negative tumors. This meth-
ylation, whose mechanism remains
unknown, abrogates ZEB1 binding, thus



[ MONOGRAPHS |

Genes & Cancer / vol 2 no 4 (2011) ]

allowing TAp73 upregulation in response
to chemotherapy.®®

Regulation of p73
by Phosphorylation

Three independent studies published in
Nature in 1999 established c-Abl as a
nonreceptor tyrosine kinase responsible
for p73 phosphorylation and stabilization
upon DNA damage.’** Indeed, DNA
damage induces c-Abl phosphorylation
of Tyrosine 99 of p73. This event leads
to stabilization and activation of p73
and elicits TAp73-induced apoptosis
in response to chemotherapy. Indeed,
TAp73 fails to accumulate and to induce
cell death in c-Abl—/— cells or upon
reconstitution with a kinase defective
c-Abl. The interaction between p73 and
c-Abl is mediated by the src homology 2
(SH2) domain of the kinase and is
increased upon Tyr99 phosphorylation.
Interestingly, the direct interaction
between the 2 proteins is an additional
prerequisite for the efficient stabilization
of p73.% Despite the crucial importance
of this posttranslational regulation in trig-
gering cell death in response to chemo-
therapy, the mechanism underpinning
p73 stabilization is yet to be clarified. In
addition, c-Abl can phosphorylate and
stabilize ANp73,” hinting at a paradoxi-
cal prosurvival role for c-Abl. However,
the significance of this has never been
thoroughly investigated. The MAPK
pathway is also required for c-Abl-
dependent stabilization of p73. Thus,
c-Abl activates p38 kinase, and inhibition
of p38 impairs p73 stabilization, even
upon tyr99 phosphorylation. Importantly,
p38 targets a yet unidentified threonine
residue on p73, and this is per se suffi-
cient to promote p73 stabilization and to
enhance its transcriptional activity.*’

In contrast, p73 phosphorylation by
cyclin/CDK  complexes inhibits p73
activity. Cyclin/CDK complexes are
well-known regulators of cell cycle pro-
gression and can phosphorylate p73 on a
threonine residue (Thr 86), and Thr 86
phosphorylation impairs p73 transcrip-
tional activity by a yet unknown mecha-
nism. The cycD/CDK4 complex, which

is involved in G1 progression, is unable
to phosphorylate p73, whereas CycA/
CDK2, CycE/CDK2, and CycB/cdc2
(involved in S-phase and G2/M progres-
sion) phosphorylate p73 both in vivo and
in vitro. In consequence, Thr 86 phos-
phorylation of p73 is cell cycle depen-
dent and is detectable at S phase with a
peak during M phase.*' Strikingly, p73
has recently been implicated in regula-
tion of genomic stability and cell sur-
vival during mitosis (see below), but a
role for Cyc/CDK-dependent phosphor-
ylation of p73 in this setting has not been
reported.

p73 Inhibition by Mutant p53
and Regulation by ASPP

We have already discussed the potential
interactions between wild-type p53 and
p73. What can occur in tumors harboring
mutant p53? There is now good evidence
that some p53 mutants can bind and
sequester p73, thus inhibiting its transac-
tivation and proapoptotic activity.*** In
this regard, p53 mutants fall into 2 cate-
gories. Some, such as 143A, 175H, and
173L, affect p53 conformation, whereas
others, such as 179Q and 248W, have a
negligible impact on protein conforma-
tion. It is interesting that the same 2
classes differentially affect p73: indeed,
conformational mutants can bind to, and
consequently inhibit, p73 more effi-
ciently than nonconformational mutants.
But structure is not the only variable
influencing mutant-p53/p73 interaction.
More specifically, a p5S3 polymorphism at
codon 72 also dictates binding affinity
with p73. Codon 72 of p53 encodes either
an arginine or a proline residue (72R and
72P, respectively), and this polymorphic
variance has been shown to influence the
clinical outcome of cancer patients.
Indeed, survival studies showed that
patients with point mutations of p53
affecting the 72R variant have a reduced
overall survival compared with patients
bearing the same mutation but in a 72P
polymorphic p53. DNA sequencing of
heterozygous patients with both 72R and
72P alleles shows that mutations occur in
the 72R allelic variant in the vast majority

of subjects, thus indicating a selective
advantage for cancer cell bearing p53
mutations within the 72R polymorphic
allele. Intriguingly, this allele also shows
the highest affinity for p73 and inhibits its
transcriptional activity more efficiently
than 72P mutants. Thus, Bergamaschi
et al* have shown that p53 mutants
inhibit p73-dependent cell death induced
by DNA damaging anticancer drugs (i.e.,
doxorubicin, cisplatinum, Taxol). This
inhibition correlates with their binding
affinity for p73 and also depends on the
polymorphic variant, with codon 72R
showing the highest degree of cell death
inhibition. Remarkably, mutant p53 acts
as a dominant negative toward WT p53
independently of the codon 72 polymor-
phism, strongly suggesting a central role
for p73 in the adverse effects associated
with the arginine residue.* The potential
impact of the mutant p53/p73 interaction
has recently been reinforced by the find-
ings of Bruno and colleagues® on Che-
I—dependent regulation of mutant p53
and cell survival. Che-1 is a RNA poly-
merase I binding protein involved in the
regulation of gene expression, and previ-
ous findings showed that Che-1 also
localizes to the p53 promoter and triggers
its expression.*® Che-1 is necessary for
the sustained expression of mutant p53 in
a variety of cancer cell lines, as knock-
down of Che-1 by siRNA potently
reduces levels of mutant p53. In addition,
the concomitant downregulation of DNA
repair genes (such as Bloom Syndrome
Helicase and Rad17) elicited by Che-1
depletion results in S-phase arrest, accu-
mulation of DNA damage, and conse-
quent stabilization of E2F1. These events
unleash TAp73, which, by increasing
expression of proapoptotic genes, such as
Noxa and Puma, results in apoptosis of
cancer cells.

One translational implication of these
data is that the effect of any therapeutic
approach targeting mutant p53 will
depend on the status of p73 in the spe-
cific tumors.

In addition to interfamily interaction,
other transcriptional regulators finely
tune p73 activity. One crucial example is
the apoptosis stimulating proteins of p53
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(ASPP), which are able to regulate all
p53 family members.”’** The ASPP
family consists of 3 members, ASPP1,
ASPP2, and iASPP, and by interacting
with all p53 family members can act as
tumor suppressors.

The Role of p73
in Mitosis and Aneuploidy

Major genomic abnormalities, such as
aneuploidy and polyploidy, are well-
known features of established tumors,
and it has often been implied that these
are necessary for tumor development.
Several reports'>**>* have consis-
tently linked p73, especially TAp73, to
mitosis and maintenance of genomic sta-
bility. In fact, in the absence of p73, pri-
mary cells rapidly become polyploid. The
impact of this and its precise mechanism,
however, remain debatable. Talos et al*’
have reported that loss of p73 induces a
rapid increase in cell ploidy that is coun-
teracted by activation of p53, as the
authors could detect persistent genomic
instability only after depletion of both
p73 and p53. When secking a molecular
mechanism to explain this phenotype,
they failed to detect any obvious abnor-
mality in mitotic function but found aber-
rant activation of cyclin/CDK complexes
during S phase, which led to delayed S
phase and endoreduplication and, thus,
polyploidy. In addition, p73—/—;p53—/—
fibroblasts fail to arrest in S/G2
after DNA damage, and this failure cor-
relates with increased aberrant DNA syn-
thesis and widespread aneuploidy in
damaged cells.® However, other groups
have obtained substantially different
results,'>'? as they detected polyploidy
and aneuploidy in p73 null MEFs inde-
pendently of p53 status. They also
described mitotic defects such as lagging
chromosomes and aberrant mitotic spin-
dle formation. These defects are depen-
dent on TAp73, as they were detected in
oocytes and fibroblasts from TAp73
selective knockout mice.” Also, the
authors showed that TAp73 localizes to
the mitotic spindle and interacts with the
spindle assembly checkpoint (SAC)

A B @
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©
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Figure 3. p73 role in mitosis. p73 interaction with BubR1 is shown as a prerequisite for functional
SAC activity (A). In the absence of TAp73, a dysfunctional SAC fails to arrest cells in mitosis,
leading to aneuploidy, cancer, and infertility (B). TAp73 is also necessary to trigger mitotic cell death
upon prolonged mitotic arrest or in the presence of reduced Bub1 levels. This cell death depends
on SAC activity, but whether direct interaction between TAp73 and SAC components plays a role

is unclear (C). SAC = spindle assembly checkpoint; MCD = mitotic cell death.

proteins, such as Bubl, Bub3, and
BubR1.”""* SAC is a regulatory multi-
protein complex that senses the improper
attachment of sister chromatids to the
mitotic spindle and delays anaphase until
all chromosomes are correctly oriented
for segregation.” Consequently, a failure
in the SAC results in aberrant mitosis and
aneuploidy. Loss of TAp73 impairs SAC
function and promotes ancuploidy by
directly influencing efficiency and accu-
racy of mitosis (Fig. 3A, 3B).

Finally, p73 regulates cell death trig-
gered by prolonged arrest in mitosis or
by defective activity of the SAC, and
this forms a safeguard mechanism that

prevents aberrant mitosis and genomic
instability. Two different cell death
mechanisms have been described, either
caspase dependent or independent, and
both require p73.>*® Partial depletion of
Bubl, a SAC component, does not
impair activation of the SAC and mitotic
arrest, and Bubl—partially depleted cells
are still able to arrest in mitosis after
treatment with spindle inhibitory drugs
such as nocodazole and Taxol. Nonethe-
less, these cells undergo mitotic cell
death, showing extensive TUNEL posi-
tivity in prophase, prometaphase, and
metaphase. This cell death is known as
caspase-independent mitotic cell death
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Table 1. Expression of p73 Isoforms in Human Tumors

Tumor type p73 Isoforms References
Breast cancer AEX2; AEX2/3; ANp73T 59, 60, 72
Ovarian cancer AEX2T 75
HCC ANp73T 61,62, 76
Thyroid carcinoma ANp73T 70
Prostate carcinoma ANp73T 64
Pancreatic cancer p73d 67
Cervical cancer ANp73T 73
HNSSC ANp73T 74
Colorectal cancer ANp73T 66
AML 7. 8,¢07T 69
CML v, 8,¢07T 69
B-CLL ANp73T 71
Neuroblastoma ANp73T;p73l 63, 78, 79, 80
Glioma ANp73T 70
RMS ANp737 90

AML = acute myeloid leukemia; B-CLL = B-cell chronic leukemia; CML = chronic myeloid leukemia;
HCC = hepatocellular carcinoma; HNSSC = head and neck squamous cell carcinoma; RMS = rhabdo-
myosarcoma; T = upregulated; | = downregulated/lost.

(CIMD), as caspase activation is dis-
pensable.” In addition, whereas p53 is
not essential for CIMD, depletion of p73
rescues lethality of cells in which CIMD
occurs.” Indeed, spindle drug treatment
of Bubl—partially depleted cells triggers
c-abl-mediated phosphorylation of p73
and promotes its binding to Bub3. Both
events are necessary for p73 to unleash
CIMD, but whether Bub3 triggers p73
activation and whether Tyr99 phosphor-
ylation precedes or follows Bub3 bind-
ing to p73 are yet to be clearly
demonstrated. Intriguingly, overexpres-
sion of ANp73 inhibits CIMD, through a
yet unknown mechanism.”

An alternative p73 and caspase-
dependent mitotic cell death has recently
been reported by Sabapathy’s group™® to
occur in cells with normal Bubl levels
after prolonged engagement of SAC-
dependent mitotic arrest. This is, again,
p53 independent and is impaired by
silencing or knockdown of p73. The
mechanism described by Toh and col-
leagues™ is intriguing: they showed that
mitotic cells fail to release cytochrome ¢
from the mitochondria to trigger cas-
pase-9 activation in the absence of tran-
scriptional active p73. Bim is a BH3
only protein required for outer mito-
chondrial membrane permeabilization

and cytochrome c release, and its silenc-
ing prevents mitotic cell death.”’ In addi-
tion, Bim is a p73 but not a p53
transcriptional target.”*>® The authors
found that both Bim and p73 expression
peak at the G1/S phase of the cell cycle,
suggesting that p73 upregulates Bim
ahead of mitosis, thus priming cells to
die in case of prolonged mitotic arrest
(Fig. 30).

p73 Expression
in Human Tumors

As stated above, early studies on the
involvement of p73 in tumorigenesis
revealed that loss of heterozygosity fre-
quently involved the region containing
p73 in many cancers.' But the issue of
p73 expression in human cancers is far
more complex. Unlike p53, p73 is rarely
mutated in cancers, but its expression is
often deregulated (Table 1), and, in pass-
ing, it is important for our understanding
of oncogenic pathways that we investi-
gate why mutations in p53 are common
whereas those in its highly homologous
partner, p73, are rare—an area that has
received surprisingly little study. p73
dysregulation has been particularly well
studied in breast tumors, where one
study found that p73 mRNA levels were

increased in 40% of patients. This was
confirmed by analysis of cell lines
derived from breast tumors, where the
incidence of increased p73 mRNA lev-
els was even higher.”* Furthermore,
there was a different pattern of isoform
expression between normal tissue, in
which the predominant isoforms were a
and B, and malignant tissue, in which
there was a shift toward other C-termi-
nal splice variants. Increased expression
of p73 isoforms has also been detected
in other types of tumors. For example, in
70% of ovarian cancers p73 is increased
at both mRNA and protein levels. Simi-
lar findings have been found in hepato-
cellular carcinomas, where several
studies reported increased p73 protein
levels in aggressive tumors, compared
with normal liver tissue.®"*> Again, this
is also true in neuroblastomas, where
neuroblastoma-derived cell lines showed
up to a 90-fold increase of p73 tran-
scripts.®® Overexpression of p73 has also
been reported in bladder, prostate, and
colorectal cancers.”*® On the contrary,
loss of p73 at 1p36 associates frequently
with pancreatic malignancies and pre-
dicts worst prognosis.”” Interestingly,
p73 polymorphisms (G-to-A at exon 2 +
4 and C-to-T at exon 2 + 14) could help
in predicting the chemotherapeutic out-
come of pancreatic cancer patients, as
median survival of p73 wild-type and
polymorphic variants was 17.4 and 10.2
months, respectively.®®

In acute myeloid leukemia (AML) and
chronic myeloid leukemia (CML),
expression of v, d, €, and 0 isoforms is
also strongly upregulated.”” Although of
potential interest, most of these studies
have focused on mRNA levels, and only
a few have studied protein expression,
perhaps reflecting the unsatisfactory
nature of the available antibodies; more-
over, no distinction was made between
TA and oON isoforms. Indeed, there is
increasing evidence that p73 effects
on tumor progression do not rely on
total p73 levels but rather on the ratio
between TA and SN expression. In sup-
port of this hypothesis, the dEx2/3 iso-
form has been identified for the first time
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in a neuroblastoma cell line' and, further-
more, has been detected at high levels in
around 50% of breast cancer-derived cell
lines."” The relative overexpression of
this isoform confers resistance to apopto-
sis induced by chemotherapeutic drugs,
and 0Ex2/3 has been shown to inhibit the
activity of both p53 and TAp730.” In
addition, 6N isoforms have a longer half-
life than TAp73, implying that even if the
transcription of N-terminal isoforms is
identical, 0N predominates due to its
higher stability."* For these reasons, over-
expression of SNp73 in tumors could be
an important mechanism in blocking the
proapoptotic functions of TAp73 and
p53. Thus, in most thyroid carcinomas’
and B-cell chronic leukemias,”' both TA
and ON isoforms are overexpressed. In
colon and breast cancers, also, there are
reports of tumors upregulating expres-
sion of both isoforms but with a bias
toward higher levels of 3Np73.”

Moreover, in many cases, ONp73
expression correlates with prognosis.
Indeed, many reports have highlighted
that increased levels of SNp73, without a
concomitant increase of TA, are a sig-
nificant risk factor for reduced survival.
This has been shown in neuroblastoma,
prostate, and cervical cancers. In the lat-
ter case, high levels of Np73 were also
associated with resistance to radiother-
apy.” Finally, similar findings have
been reported in head and neck squa-
mous cell carcinomas with a significant
correlation between ONp73 levels and
poor prognosis.”* However, N-terminal
truncated p73 isoforms are not all equiv-
alent, and tumors expressing isoforms
from the P1 promoter (8Ex2/3 or 6Ex2)
are usually more aggressive than those
overexpressing the isoforms generated
from the P2 promoter (6Np73). For
example, in ovarian tumors, the SEx2
isoform has been detected in malignant
tumors but is absent in noninvasive
tumors or normal tissues.”” Prostate car-
cinomas, gliomas, and hepatocellular
carcinomas are others for which the
presence of ONp73 correlates with
increased aggressiveness.”®
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Figure 4. p73 role in neuroblastoma. TAp73 plays a tumor suppressive role by inducing target
genes (some of which are reported) that trigger cell cycle arrest, apoptosis, and differentiation.
These activities are promoted by chemotherapeutic drugs, such as cisplatin or nutlin 3 or retinoic
acid, and counteracted by the dominant negative function of ANp73. Two other important players
are the transcription factors N-myc and E2F1, which upregulate and repress TAp73, respectively.

Zooming In: p73in
Neuroblastoma

Given the complexity and, sometimes,
confusion around the field of p73 and
cancer, in the last part of this review we
will focus in more detail on the particu-
lar contribution of p73 to neuroblastoma
development and outcome.

Neuroblastoma (NB) is the most com-
mon extracranial tumor in childhood.
Epidemiological studies show that NB
represents more than 7% of malignancies
in patients younger than 15 years.”’

Clinically, NB is a malignant embry-
onic tumor of the sympathetic lineage of
neuronal crest cells, and for this reason it
can arise anywhere in the sympathetic
nervous system.

Genetically, the most common aber-
rations in NB are genomic amplification
of MYCN (which occurs in about 20%
of primary tumors), deletion of the short

arm of chromosome 1 (1p36 deletion is
present in 25%-35% of NB), and the
duplication of chromosome 17q. All
these chromosomal alterations are asso-
ciated with poor patient survival. The
human Trp73 gene maps within the
regionlp36, which led to the idea that
p73 could have a role in the develop-
ment of this tumor (Figure 4).

Expression Studies

Although the Trp73 gene is rarely
mutated in tumors, (indeed only 2 muta-
tions [P405R and P425L] in the TP73
gene have been identified in tumors.*>"*"
Trp73 silencing has been reported in NB,
leukemia (acute lymphoblastic), and
Burkitt’s and non-Hodgkin lymphomas.
The lack of expression of p73 can be due
to several mechanisms, such as by the
loss of 1 allele at 1p36 and by methyla-
tion or mutations in the promoter region
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of the apoptotic TAp73 that would result
in the loss of p73 apoptotic activity.
Already in 2002, Casciano and co-work-
ers™ reported that SNp73 expression, but
not that of TAp73, correlates with poor
overall and progression-free survival in
patients with NB. In particular, the inves-
tigators found high levels of expression
of 6Np73 by RT-PCR in 30% of 52 pri-
mary NB. In addition, expression of
ONp73 is a negative prognostic marker
independent of age, primary tumor site,
stage, and MYCN amplification.

Hypothesis Concerning p73
Molecular Mechanisms in NB

In a majority of undifferentiated NB,
wild-type p53 accumulates in the cyto-
plasm and is therefore unable to function
as a transcription factor.®' In addition,
the overexpression of the SNp73 iso-
forms described above could function-
ally block any residual nuclear p53
activity.*> 8Np73 could also interact
with TAp73 to inhibit its transcriptional
role both in terms of apoptosis and in the
neuronal differentiation actions of
TAp73.%

Crosstalk between MYCN and p73
could also be involved. Whereas the data
on ¢c-MYC are controversial, with some
studies showing enhancement and oth-
ers reduction or no effect on transcrip-
tional activity of p73,***  the
overexpression of TAp73 clearly down-
regulatess MYCN.*® This might allow
NB cells to escape from the growth
inhibiting properties of p73. TAp73 is
also able to reduce MYCN expression
and thus induce differentiation, g3 SUg-
gesting an antagonistic role of the 2 tran-
scription factors on NB cell proliferation
and differentiation.

Epigenetic modifications, particu-
larly by hyper- or hypomethylation, are
critical events in cell transformation.
Methylation of the TP73 promoter has
been described,’” and the internal P2
promoter that controls the transcription
of dNp73 is demethylated in NB cell
lines and primary tumors, indicating a
possible mechanism for the differential
regulation of TAp73 and dNp73.

Therapeutic Approaches Targeting
the p73 Pathway

Conventional therapies used in the treat-
ment of NB include surgery, chemother-
apy, and radiotherapy. Focusing on the
molecular mechanism depicted in Figure
4, we will now discuss in particular the
possibility of targeting the p73 pathway in
therapy of NB. Assuming that upregula-
tion of TAp73 could be of therapeutic ben-
efit, several direct or indirect mechanisms
for increasing its expression are possible.
Like p53, TAp73 is upregulated by che-
motherapeutic agents such as cisplatin,
doxorubicin, and etoposide or by
y-irradiation.*®*° This occurs at both tran-
scriptional and posttranscriptional levels,
and there is evidence that drugs and irra-
diation increase p73 expression also in NB
cell lines.”!

p73 may also be a therapeutic target
in chemoresistant tumors with inactive
p53.” Thus, in a p53 null and doxorubi-
cin-resistant NB cell line, nutlin-3 treat-
ment increased TAp73 expression in a
E2F-dependent manner, resulting in an
increase in the ability of doxorubicin to
block cell proliferation and induce apop-
tosis. Knockdown of TAp73 largely
abrogated this sensitization, suggesting
that apoptosis induced by nutlin-3/doxo-
rubicin is TAp73 dependent.

A number of experimental and clini-
cal studies show that retinoids inhibit or
reverse the carcinogenic process of
some tissues, including hematological
malignancies as well as premalignant
and malignant lesions of the oral cavity,
head and neck, breast, skin, and liver.
Retinoic acid (RA) is used as standard
therapy of NB.” RA acts as a cell growth
inhibitor and induces cell differentiation
through the regulation of the expression
of several target genes, including p73.%
Indeed, treatment of NB cell lines with
RA increases endogenous levels of
TAp73, and ectopic expression of TAp73
induces neuronal terminal differentia-
tion. Moreover, TAp73 regulates the
N-CAM promoter, and TAp73 overex-
pression has been reported to reduce
N-MYC and increase expression of
pRB, mimicking the RA effect on these

2 genes.”*”® These findings suggest that
the therapeutic effects of RA are at least
in part mediated by p73.

p73 and Rhabdomyosarcoma:
The mTOR Connection

Rhabdomyosarcoma (RMS) is the most
common childhood malignancy, and p73
has been implicated in the cell cycle
withdrawal triggered by myogenic dif-
ferentiation.”® Induction of differentia-
tion induces the expression of TAp73f
in myogenic cells, which in turn triggers
the expression of the cell cycle inhibitor
p57"™ which acts by inhibiting the
cyclin/CDK complexes and promoting
hypophosphorylation of retinoblastoma
(RB) protein. p57 is already known to be
ap73 target gene.”” As may be expected,
ANp73-overexpressing myoblasts show
no upregulation of p57 and do not accu-
mulate hypophosphorylated active RB.
A potential oncogenic role for ANp73 in
RMS is suggested by the observation
that ANp73 cooperates with typical
RMS oncogenes (such as Pax3) in elicit-
ing myoblast malignant transformation
in vivo. Indeed, injection into nude mice
of myoblasts transduced with Pax3 does
not result in tumor formation, due to
induction of muscle differentiation and
cell cycle arrest; but co-expression of
ANp73 results in the formation of undif-
ferentiated, highly proliferative tumors.
In addition, p73 depletion in the human
RMS cell line Rh30 impairs xenograft
tumor growth and triggers expression of
p57. p73 is undetectable in normal mus-
cle but is abundant in RMS tumor sam-
ples, where both TAp73 and ANp73 are
present, suggesting that in RMS, as in
other tumors, the ratio between the
N-terminal isoforms determines the
phenotype.”®

Recent findings have added more
complexity to this picture by revealing a
role for the mTOR-p73 axis in the
genetic signature of RMS.”® mTOR is a
serine/threonine kinase that regulates
cell size and proliferation and negatively
affects p73. Indeed, treatment of cancer
cells with the widely used mTOR inhibi-
tor rapamycin increases p73 protein
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levels and triggers its activity, through a
yet unidentified mechanism.” Whole
genome ChIP and microarray analysis of
the Rh30 cell line showed that inhibition
of mTOR by rapamycin increased by
9% p73 occupancy of genomic sites
(corresponding to a 5% increase in regu-
lated genes). Cluster analysis of this data
creates a mTOR-p73 gene signature in
which expression of 154 genes is
increased and that of 156 genes
decreased by p73 in a mTOR-dependent
manner. Twenty-nine percent of these
genes are putatively direct p73 targets,
as deduced by ChIP-on ChIP data.

There 2 main types of RMS: alveolar
and embryonic. The former is more
severe and affects older children com-
pared with embryonic RMS. From the
array data above, the identified signature
segregates and exclusively defines the
alveolar subtype of RMS and is not rel-
evant to embryonic tumors. Indeed,
alveolar tumors express genes upregu-
lated by p73 and show reduced levels of
p73-repressed genes. More strikingly,
17 selected genes from the mTOR-p73
signature predict patients’ survival, as
tumors with the highest score for the
selected targets were associated with
reduced survival.”®

In summary, 2 main axes are acting in
RMS: a p73-p57'"* axis and a mTOR-
p73 axis. How, and indeed whether,
these 2 pathways are interrelated is yet
to be established. Indeed, the effect of
mTOR on p73 remains poorly defined
and the ANp73 status (i.e., the TA vs. AN
ratio) in the alveolar RMS Rh30 cells
used in the array study has not been
investigated. Nonetheless, the available
data arguably prove an involvement of
p73 in RMS and pose a challenge for its
further investigation and possible thera-
peutic exploitation.

p73 as a Target
for Cancer Therapy

Apart from the specific cancers, such as
NB and RMS discussed in more detail
above, can p73 be exploited as a target
for cancer therapy in general? In theory,

chemotherapeutic compounds able to
trigger the activity of the proapototic
p73 isoforms could be potentially bene-
ficial and improve patients’ response to
chemotherapy and overall survival.

Already, there are several possibili-
ties here. Drugs developed to improve
the apoptotic activity of p53 are indeed
also able to act on p73. There are 3 major
candidate compounds: Nutlins, RETRA,
and PRIMA.'”

Nutlins are small molecules able to dis-
rupt the interaction between p53 and
MDM2, thus stabilizing the former and
promoting cell cycle arrest and apopto-
sis.'”! MDM2, and its human counterpart
HDM2, bind to TAp73 and inhibit its tran-
scriptional activity (although this is some-
what controversial), without promoting its
degradation. Two pioneering studies’'"*
showed that Nutlins disrupt the HDM2/
p73 interaction in cancer cell lines, poten-
tiating TAp73 transcriptional activity, and
Nutlin-3a treatment increases doxorubi-
cin-mediated cell death of the p53-null
neuroblastoma cell line LA155N, an effect
that is dependent on induction of TAp73
proapoptotic activity.

RETRA is a compound discovered in
high-throughput screening aimed at iden-
tifying small molecules capable of reacti-
vating the normal function of mutant p53
(mt-p53).'” Administration of RETRA to
cancer cells with mt-p53 triggers a strong
apoptotic response with accumulation of
p21 and PUMA. Importantly, further
studies suggest that RETRA, rather than
promoting p53 activity, releases mt-p53
inhibition of p73. Although more studies
are needed to confirm this, these early
data nonetheless strongly implicate p73
as a targetable tumor suppressor.

The quest for molecules able to reac-
tivate the transcriptional activity of
mt-p53 proteins also led to the isolation
of PRIMA."™% PRIMA binds the
mt-p53 core domain and promotes p53-
dependent apoptosis by rescuing the
transcriptional activity of mutant p53. A
recent study has extended these findings
to p73,'” showing that PRIMA can pro-
mote transcriptional and apoptotic activ-
ity by mutant p73. Thus, PRIMA could

also be useful for reactivation of p73 in
the small subset of human tumors that
harbor p73 mutations.

Alternative approaches for therapeutic
development could be focused on inhibit-
ing the ubiquitin E3 ligases involved in
the degradation of p73. One of these is
the HECT-containing ligase Itch.'"”” The
HECT family has intrinsic catalytic activ-
ity, so it is should be possible to design a
specific inhibitor directed at the Cys
active site or its catalytic pocket. Alterna-
tively, the hinge region of Itch, required
for catalysis, could be used to generate
allosteric  inhibitors.  Although this
approach seems promising, several issues
remain unresolved. First, Itch degrades
both TAp73 and ANp73, leaving the
question of the balance of the isoforms
unresolved. Second, alternative degrada-
tion pathways have been described
involving calpain,'® caspases,'” or
the cullin-dependent F-Box protein
FBX045."° However, the Itch pathway
seems to be the most relevant, being reg-
ulated by JNK,""" Wwox,"? Yes-associ-
ated protein (YAP),'" and hippo."'* More
recently, pathways specific for the ANp73
isoform have been identified, the anti-
zyme system'"” and the E3 ligase PIR2,"'®
although the development of their spe-
cific inhibitors is theoretically signifi-
cantly more complicated than that of Itch.
Thus, although highly promising, this
area is still preliminary.

Concluding Remarks

Although the phenotype of the total p73
knockout mouse is developmental with-
out evidence of enhanced tumor suscep-
tibility, TAp73 can clearly act as a tumor
suppressor. Thus, in the majority of can-
cers in which p53 is mutated or other-
wise inactive, exploiting TAp73 as a
proapoptotic p53 substitute is an attrac-
tive therapeutic option. However, any
such strategy must take into account the
inhibitory effects of both mt-p53 and
ANp73 on TAp73 activity, and a combi-
nation of approaches that activate TAp73
while removing or reducing these inhibi-
tory actions would seem the way forward
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for exploiting the apoptotic effects of
TAp73 in cancer.

Finally, it is important to remember that

the complexity of the p53-family also
determines its multiple mechanisms of
action, both transcriptional dependent and
independent. In this regard, we would like
to conclude this review with the recent
suggestion that p73 may act to control
micro-RNA biogenesis.' "' If true, this
opens up a whole new area of investiga-
tion in the role of p73 in cancer. Another
chapter to be written in the future?
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