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Abstract

The tumor suppressor p53 is a key player in the control of genomic integrity and homeostasis in connection with p63
and p73, the two other members of the p53 family. Loss of functional p53 leads to the proliferation and survival
of mature cells and progenitor or stem cells that accumulate genetic alterations, thus favoring tumorigenesis. p53
loss of function, observed in a wide variety of human tumor types, is frequently caused by missense mutations
more frequently found in the DNA binding domain, but can also be due to the expression of a plethora of viral and
cellular negative regulators. Human hepatocellular carcinoma (HCC) represents a specific situation, first because
the 7P53 gene mutations pattern exhibits a “hot spot” rarely found in other tumor types that is linked to Aflatoxin
B1 exposure and, second, because many HCCs do not exhibit any 7P53 mutation. Here, we provide an overview of
the current knowledge about the inhibition of p53 functions by the N-terminal (AN) truncated forms of the family,
and their role in the emergence and maintenance of pre-malignant cells with stem cell characteristics and in HCC
development. We focus in particular on the Nanog-IGF1R-ANp73 axis that is associated with stem-like features in
HCC cells and that may provide an attractive new therapeutic target and help to develop new biomarkers for HCC
risk stratification, as well as preventive strategies.

Keywords: p53 family, p53 functional inactivation, ANp73, hepatic progenitor cells, cancer stem cells, Nanog,
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INTRODUCTION

Hepatocellular carcinoma (HCC) is a major public health problem, being the fourth most lethal cancer
with an increasing incidence around the world™. About 90% of HCC cases can be associated with four
well-characterized underlying risk factors including chronic infection with hepatitis B and C viruses
(HBV, HCV), ethanol consumption, and non-alcoholic fatty liver disease (NAFLD)[Z]. Although the risk of
developing HCC can be reduced in patients by treatment of the underlying cause - e.g., HCV eradication
by direct-acting antivirals (DAAs) and HBV suppression by nucleos(t)ide analogs (NUCs) - strategies to
prevent cancer development in patients with advanced fibrosis and established cirrhosis are still lacking[3’4].
Despite the recent improvements, treatment options for HCC remain largely unsatisfactory. Currently,
curative treatment options for patients with HCC include surgical resection and loco-regional ablation,
frequently associated with tumor recurrence, and orthotopic liver transplantation, a resource-intensive
solution™". However, due to its silent clinical character and the low sensitivity and specificity of currently
available diagnostic biomarkers, HCC is commonly diagnosed at an advanced stage, when curative
treatments are not feasible, leaving systemic drugs as the only option™". Patients with untreated advanced
HCC carry a very poor prognosis with an expected survival of 4-6 months. Treatment modalities available
for patients with advanced HCC not eligible for curative treatment include the multikinase inhibitors
(MTKi) sorafenib and lenvatinib as first line treatment, with an increase in survival of approximately
3 months, and MTKi regorafenib or cabozantinib as second or third line treatment that enables extension
of survival by an additional 3 months™. Immune checkpoint inhibitors (ICIs) in monotherapy achieve
4 but the low rate of
responding patients does not allow significant improvements in the median overall survival. More recently,
the combination of drugs targeting the liver microenvironment with PD1/PD-L1 inhibitors, such as the
association of bevacizumab and atezolizumab, or the combination of ICIs have shown promising results”.

striking tumor responses in a few patients who have hugely improved outcomes

In HCC, as in numerous other tumor types, the chemoresistance is thought to be due to the existence
of a sub-population of poorly differentiated cancer cells, widely known as liver cancer stem cells (CSCs)
or tumor initiating cells (TICs)"”. The escape mechanisms are diverse, like enzymatic inactivation
or increased drug efflux®”. The microenvironment also plays an important role. By secreting growth
factors and cytokines, it favors the emergence, maintenance and survival of CSCs and their resistance
to chemotherapeutic drugs, resulting in the recurrence of more aggressive tumors'®. Chronic HBV and
HCV infections and alcohol abuse induce liver inflammation, fibrosis, and cirrhosis. This pathological
microenvironment exhibits alterations in cytokine secretion, extra-cellular matrix components and
stiffness, angiogenesis, and liver resident immune cells. Moreover, the abnormal activation of signaling
pathways, several of them strongly involved in stemness, are observed in liver fibrosis and cirrhosis™'". All
these alterations could contribute to the emergence of cellular clones with characteristics of liver CSCs, as
shown in other tumor types[s] and subsequently to HCC initiation and development.

Understanding the mechanisms responsible for liver CSC maintenance and survival is therefore an
important step in the search of efficient therapies for HCC. CSCs exploit signaling pathways essential for
self-renewal, proliferation and differentiation that are usually used by stem cells in physiological situations.
Wnt/B-catenin, Hedgehog, Notch, and TGFp are the main pathways found activated in hepatic CSCs""*".
For some of them, this activation has been associated with the expression of cell surface markers, such as
EpCAM for the Wnt/B-catenin pathway or CK19 for the TGFp pathway, and with poorly differentiated
tumors, drug resistance and worse prognosis "

In addition to these pathways, another key player of CSCs is the p53 family. In this review, we summarize
the main functions of p53 and the p53 family, as well as the mechanisms that lead to their functional
inactivation in tumors. We describe the alterations of p53 functions that favor the emergence of CSCs
with a particular focus on liver CSCs. Finally, we highlight the close connection between the p53 family
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Figure 1. The p53 family - a complex expression strategy. A: schematic representation of the exon structure of 7P53, 7P63 and 7TP/3
genes. The position of the P1 promoter and the internal P2 promoter relative to the exons in the 3 genes are indicated. p53 gene
transcription is initiated from two distinct sites (P1 and P1"); B: p53, p63 and p73 protein domains. TAD: N-terminal transactivation
domains (yellow); PR: proline-rich sequence (grey); DBD: DNA-binding domain (purple); OD: C-terminal oligomerization domain
(green); SAM: sterile alpha motif (dark blue); post-SAM: post-sterile alpha motif (burgundy). The principal N-terminal truncated
isoforms (ATA or AN), generated by the use of internal promoters (P2), alternative splicing of the first exons or the use of alternative
translation start sites, and the COOH-terminal variants a, B, v, 8, & , generated by alternative splicing of p53, p63 and p73 are also
indicated

members and key players of stemness, which could help developing new approaches to prevent the
appearance of liver CSCs in the context of chronic liver diseases, inflammation in the liver, and HCC
development.

THE P53 FAMILY

The p53 family encompasses three members, namely TP53, TP63 and TP73"*"". All three genes encode for
multiple isoforms generated by both internal promoter usage and alternative splicing [Figure 1]. The full-
length isoforms (p53, TApe3 and TAp73) share a N-terminal transactivation domain, followed by a proline-
rich sequence, a central DNA-binding domain (DBD) and the C-terminal oligomerization domain involved
in the formation of transcriptionally active homo-tetramers [Figure 1]. All three possess the ability to
bind sequence specific cognate DNA motifs (p53RE, p53 responsive elements) and thus to transactivate a
large number of direct target genes collectively referred to as p53-target genes. Due to the high sequence
homology (> 70% sequence identity) in their DBDs"*", p73 and pe3 regulate many p53-target genes
(e.g., WAF1, PUMA, NOXA, BAX and MDMZ)[ZO]. The complete repertoire of common and private target
genes regulated by the p53 family members in different physiological and pathological contexts is still
unknown®™
a terminal transcription inhibitory domain, not conserved in p53[18’19’21’22]. Additional shorter isoforms (3,
v, 8, and less investigated ¢, ¢ and 1) isoforms, whose specific functions are still poorly characterized, are

4]

generated by C-terminus alternative splicing™** [Figure 1]. The N-terminal truncated isoforms (ATA or

[18,25,26]

. The C-terminus of TApe63 and TAp73 alpha isoforms also contains a sterile alpha motif and
AN) act as oncogenes, in part through their dominant negative effect (DNE) on TA isoforms [Figure 1].

p53 has held its position of master protein in the cancer field for 40 years. A true hub in the cell stress
response, p53 is ubiquitously expressed at low levels and in a latent form in physiological conditions.
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In response to a wide variety of intrinsic and extrinsic stress signals, such as DNA damage, oncogenic
activation or hypoxia, p53 is subjected to a number of post-translational modifications, including
phosphorylation at multiple N- and C-terminal sites by Chk1/2, CK1/2, DNA-PK and other kinases.
Phosphorylation usually blocks the binding of E3-Ubiquitin ligases, resulting in both stabilization and
conformational shift of p53 from a latent to an activated state””. Stabilization and activation are remarkably
fine-tuned processes that depend not only on the type and intensity of the signal, but also on the cell
type and its differentiation state”™ leading to the transactivation of canonical p53-target genes. p53
activation translates into various cellular processes, such as cell cycle arrest[”], DNA repair[w], allowing cell
survival, or apoptosis”", autophagy™ and ferroptosis'*”, causing the death of damaged cells. Thereby, p53
response enables the maintenance of genomic stability and prevents the emergence of pre-malignant cells.
Accordingly, tp53 knock-out mice or tp53 knock-in mice expressing an inactivated form of ps3, are prone
to developing spontaneous tumors”®. Importantly, p53 activities do not depend on transactivation only and
the interaction between p53 and other cellular proteins has also been implicated in its tumor suppression
function™. In addition, besides cell-cycle arrest and cell death the regulation of other cellular processes,
including metabolism, cell migration (by blocking epithelia-mesenchymal transition) or induction of
differentiation, contributes to the tumor suppressor function of p53°***. The repertoire of functions,
pathways and genes regulated by p53, p63 and p73 has progressively widened well beyond cell fate, tumor
suppression and development. p53 family members have been so far involved in reproduction, genomic
repair, fidelity and recombination, metabolic processes, longevity, stem cell biology, adaptive immunity and
T cell functions and changes in epigenetic marks"”**”.

7P53 MUTATIONS AND THEIR CONSEQUENCES ON LIVER TUMORIGENESIS

Unlike TP63 and TP73 genes, which are rarely lost or mutated in tumors, genetic alterations of the TP53
gene are frequently observed, but in contrast to other tumor suppressor genes, the deletion of the two
alleles is a rare event™”, Strikingly, more than 50% of human tumors present a missense (or less frequently a
nonsense or frame shift) mutation in one TP53 allele, frequently accompanied by the deletion of the other
one (loss of heterozygosity, LOH)"™". The location of the mutation depends on numerous parameters, such
as cell type and the tumor-inducing agent. Nevertheless, some codons (175, 245, 248, 249, 273 and 282)
have been found to be preferentially mutated and defined as “hot spot” codons. Mutations of these hot
spots can be classified in two categories, those affecting p53 conformation (175, 245, 249, 282) and those
that lie in the DNA contact domain (248, 273)"". All block p53 binding to the cognate p53REs. Altogether,
these six mutations account for more than 25% of the missense and nonsense mutations listed in the IJARC
TPs3 database R20, (https://p53.iarc.fr/)*". Figure 2A illustrates the distribution of the resulting substituted
amino acids along the p53 protein (only those for which more than 100 mutations have been reported in
the database are shown). Most of the mutations are located in the DBD, mostly resulting in the inability of
mutant p53 (mutp53) to bind p53RE and thus to transactivate p53-target genes (Figure 3, left upper panel).
The mutation at codon 249 represents a particular case among the hot spots, because it is overrepresented
in HCC. Figure 2B clearly shows the high prevalence of this mutation in HCC (around 30%), whereas
the five other hot spots account for only 9%. Interestingly, the arginine residue at codon 249 is almost
exclusively changed to a serine residue (96%) in HCC, due to a G/C to T/A transversion. Transversions
in the TP53 gene are also found in several other types of cancer, such as those affecting the respiratory
and urinary tracts, whereas G/C to A/T transitions are mainly present in colorectal carcinomas or brain
tumors. Whereas transitions are expected to be due to intrinsic factors, transversions are correlated with
exposure to environmental mutagens that form DNA adducts and often affect particular codons, as in the
TP53 gene'™. For example, TP53 codons 157 and 158 are targets of tobacco smoke compounds in lung
adenocarcinoma. Similarly, in HCC the G/C to T/A transversion at codon 249 is caused by consumption of
AFB1-contamined food . AFB1 exposure is mainly observed in sub-Saharan Africa and Southeast Asia,
two regions in which HBV chronic infection is frequent. The combination of these two extrinsic factors
has been shown to be responsible for the high incidence of HCC in these regions and to be associated
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Figure 2. 7P53 missense mutations found in human cancers and liver cancer. The main mutated codons were placed on the p53 protein.
A: main somatic mutations found in all cancer types (more than 100 mutations listed); B: main mutations found in HCC (more than
4 mutations listed). Source, IARC 7P53 database R20. TA: transactivation domain; DBD: DNA binding domain; OD: oligomerization
domain. The position of the first and the last p53 aminoacids are noted in red. Deletions, insertions and mutations in introns have not
been included in the cartoon

with the presence of the p53R249S mutant. More than 50% of HCC from these regions express a p53R249S
mutant”*), Tt is important to underline that TP53 is the most frequently mutated gene and is associated
with a shorter survival in HBV-related HCC also independently from AFB1 exposure’™"

Most p53 mutants have lost wild-type p53 (wtp53) functions (loss of function, LOF). Moreover, when
expressed with wtps3 encoded from the non-mutated remaining allele, they form heterotetramers, or
aggregates, and thus reduce or eliminate the ability of wtp53 to maintain genomic integrity by a dominant
negative effect””. In the context of response to stress of premalignant cells (e.g., hepatocytes with
p53R249S), the expression of mutant p53 may allow cells to survive despite the accumulation of genetic
alterations, thus favoring the emergence of potential tumor cells. Many tumors harboring a missense
mutation in one TP53 allele have lost the wild-type one, suggesting that LOH provides a selective advantage
in the transformation process for cells expressing at least some of the p53 mutants.

In an attempt to better understand the properties of the different p53 mutants, many functional
experiments both in cells, yeast and mouse models have led to the classification of these mutants in
two main categories. The first one includes LOF mutants whose expression has biological consequences
similar to the homozygous deletion of the TP53 gene. The second one includes mutants that enhance cell
transformation, tumor growth and aggressiveness compared to their p53-null counterparts. This last class is
expected to acquire new functions (gain of function, GOF). Numerous studies since the 1990s have shown
that GOF mutp5s3 are involved in transcriptional activation or repression, independently of their binding
to p53RE, but mediated by cooperation with other transcription factors, such as NE-Y, ETS2 or NF-xB"**".,
Among the hot spot mutants, p53R175H, p53R248Q and p53R273H have been shown to be GOF mutants,
whereas p53G245S is part of the LOF category with a DNE on wtp53"***”. p53R249S has been considered
a LOF mutation, mainly according to the results of in vitro and in vivo experiments performed in non-
hepatic cells or tissues other than the liver ™, whereas a GOF phenotype was observed in the liver and in
the context of HCC™*".
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Figure 3. Wtp53 inactivation by genetic mutations and dominant negative p53 family proteins. The wtp53, once activated, works as a
tetramer to bind the p53-regulatory elements (p53RE) of its direct target genes and induce transcription. At a late stage of tumor cells
evolution mutant p53 forms tetramers and/or aggregates that are unable to bind to canonical target sequences to turn on its targets
(LOF) (upper left panel). Some mutant p53 (p53R175H, p53R248Q, p53R273H) acquire novel gain of functions (GOFs) to activate (or
repress) transcription independently of their binding to p53RE by cooperating with other transcription factors, such as NF-Y, ETS2 or
NFkB, and drive the growth, survival and invasion of tumor cells. At earlier stages, when one allele is mutated there is reduced overall
function resulting in haploinsufficieny and also the DNE of the mutant p53 on the wtp53 due to the formation of transcriptionally
inactive heterotetramers (upper right panel). The N-terminal truncated isoforms (ATA or AN) of p53, p63 and p73 also exert a
DNE on the wtp53. AN-tetramers compete with p53, TAp63 and TAp73 on the same p53RE leading to the abrogation of the wtp53
transcriptional program (middle and lower right panels)

Why p53R249S is selected in HCC compared to other AFB1-induced TP53 mutations remains an open
question. In vitro mutagenesis with AFB1 generates a transversion at codon 249, but also at hot spot
codons 245 and 248" and the preferential formation of AFB1 adducts alone cannot explain the high
frequency of p53R249S in HCC'®". The other extrinsic factor that could participate in the strong selection
of this mutation is HBV. Indeed, we showed that p53R249S interacts with the viral HBx protein and may
contribute to cell proliferation and survival”™. Together with its DNE on wtp53, one can hypothesize
that this mutant could provide a selective advantage to human hepatocytes chronically exposed to AFB1
and HBV infection. Results from knock-in mice have shown that the expression of the mouse equivalent
of the human p53R249S mutant (p53R246S) under the control of the albumin promoter enhances the
carcinogenic effect of AFB1 exposure alone and the cooperative carcinogenic effect together with HBsAg
expression™”'. Altogether, p53R249S represents a very peculiar p53 mutant with a cell- and genotoxic-
specific GOE.

Recently, Liao and colleagues reported new insights in the preferential selection of p53R2498“". They
found that CDK4 is able to phosphorylate p53R249S. Phosphorylated p53R249S interacts with Pin1 and
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then the complex is targeted to the nucleus, where it interacts with c-Myc. This interaction stabilizes c-Myc
and enhances c-Myc-driven ribosomal biogenesis and HCC cell growth. Interestingly, HBx viral protein
has been shown to interplay with several of these p53R249S partners. HBx is able to increase CDK4 activity
and also to interact with Pin1 and thus enhances HBV-related hepatocarcinogenesis***". The identification
of this CDK4-p53R249S-PIN1-c-Myc pathway could explain the high frequency of p53R249S mutant in
HCC associated with HBV chronic infection and its low frequency in other tumor types. Moreover, the
ability of p53R249S to increase c-Myc activity allows its classification among the GOF mutants, at least in
the particular context of HCC.

ADDITIONAL MECHANISMS RESPONSIBLE FOR P53 FUNCTIONAL LOSS IN HEPATOCELLULAR
CARCINOMA

In North America and Europe, the TP53 mutation rate in HCC is around 25%, meaning that the majority
of HCC cells express the wild-type form. This indicates that mechanisms other than genetic inactivation
must ensure the abrogation of wtps3 tumor suppressor functions. Several viral (SV40 LargeT Ag, Ad12
E1B, HPV16-18 E6, HBx) and cellular proteins have been reported to be able to inactivate wtp53 by
direct interaction, possibly followed by degradation'®*", the prototype being MDM2, a direct p53-target
gene. MDM2 protein is an E3 ubiquitin ligase able to bind p53 and to drive the complex to proteasomal
degradation®. In physiological conditions, MDM2 is the main regulator of p53 intracellular levels, but it
has been found to be overexpressed, mainly in sarcomas, but also in HCC (around 25% positivity), leading

to wtps3 loss in the tumor cells”"".

In addition to MDM2, 18 other E3 ubiquitin ligases leading to p53 proteasome-dependent degradation
have been reported””. Some of them are of particular interest, since their expression has been found to

731 while

be altered in HCCs. PIRH2 overexpression in human HCCs is associated with a worse prognosis
COP1 silencing results in the inhibition of proliferation and the induction of apoptosis in human HCC
cells, as well as in the suppression of tumor growth in mouse liver”. Notably, PIRH2 and COP1, like
MDM2, are encoded by genes inducible by p53 and, although they act independently, all participate in the
autoregulatory feedback loop that controls p53 function”’. RING1 and CUL4A E3 ubiquitin ligases are
also overexpressed in HCCs”"” and play a role in stem cell maintenance. RING1, by activating the Wnt/
B-catenin pathway, promotes the transformation of hepatic progenitor cells into CSCs™. The CUL4A/
DDB1 complex that plays a key role in HBV replication controls embryonic and hematopoietic stem
cell differentiation and homeostasis"®. Although each of these ubiquitin ligases can, in principle, favor
hepatocarcinogenesis by inducing wtps3 degradation, their contribution to HCC development is not
known and the prevalent mechanism of hepatocarcinogenesis in the absence of TP53 mutations in human
HCCs may be, according to the data available so far, the overexpression of ANp73 (see below).

TRUNCATED MEMBERS OF THE P53 FAMILY ACT AS FUNCTIONAL INHIBITORS OF WTP53

The N-terminal truncated isoforms (ATA or AN) of p53, p63 and p73, generated by the use of internal
promoters (P2), alternative splicing of the first exons or the use of alternative translation start sites, exert a
DNE on TA isoforms"*'”*", Two major mechanisms underlie the DNE of ATA/AN p53, p63 and p73 [Figure 3].
The first is a direct competition of AN-tetramers with p53, TAp63 and TAp73 on the same p53REs and the
consequent inhibition of p53/TAp73-mediated activation (right middle and lower panels). The second is
the oligomerization with TA proteins to form transcriptionally ineffective heterocomplexes (right upper
panel). Notably, since the oligomerization domains are only partially conserved, p73 and p63 form hetero-

oligomers with each other but not, or to a very limited extent, with p53"*.

The mechanisms responsible for the differential expression of TA and AN isoforms in the different tissues
and pathophysiological conditions are far from being fully elucidated. Several signaling and/or oncogenic
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pathways affect TA- and/or AN-p73 levels by affecting transcription or protein stability. TAp73 isoform
transcription from the P1 promoter is primarily driven by E2F1"**, but its activity can be also modulated
by other factors such as C-EBPo*”, ZEB™ and Ying Yang 1 (YY1)"". The regulation of the P2 promoter
is much less clear. Notably, both p53 and TAp73 bind the internal P2 promoter of TP73, activate the
transcription of P2 ANp73 isoforms to create a negative feedback loop between ANp73 and p53/TAp73 that
may self-restrict their transcriptional activities”™ ",

The ratio between AN- and TA isoforms has been shown to determine the net effect and, in the case of p73,
to predict the effectiveness of chemotherapy””. The TA pro-oncogenic role of dominant negative ATA/
AN p53, p63 and p73 is supported by several observations. ANp73 overexpression in fibroblasts increases
their colony formation capacity[”] and cooperates with RAS, c-Myc and E1A in promoting transformation
and tumorigenicity™"*”. In melanoma xenografts ANp73 expression is associated with upregulation of
Slug, downregulation of the actin binding protein EPLIN, activation of the IGF1R-AKT/STAT3 pathway,
loss of E-cadherin and a higher ability to invade and metastasize "’ Notably, 83% of 12-20 month-old
transgenic mice expressing ANp73 under the control of the albumin promoter develop HCC, confirming
the oncogenic potential of ANp73 and its capability to drive hepatocarcinogenesis in vivo"”. In the case
of ANpe63, in addition to the mechanisms already described, its oncogenic potential in squamous cell
carcinomas is related to its ability to control transcription of genes involved in skin developmental and
tumorigenic pathways, such as IRFs, IKKa, and FGFR2"”"*), and to act as a regulator of p53 tumor
suppressive functions both in a cell-autonomous way and as a mediator of activation of FGF signaling
pathway in a paracrine way**.

THE ROLE OF P53 FAMILY IN THE EMERGENCE, MAINTENANCE AND IMMATURE
PHENOTYPE OF CSCS

Since their discovery, p63 and p73 have been associated with tissue development, because of the multiple
developmental abnormalities observed in tp63 and tp73 knock-out mice™. tp63 knock-out mice are
devoid of stratified and glandular epithelia and die few hours after birth, whereas tp73 knock-out mice
exhibit defects in central nervous system neurogenesis and fertility, but do not develop tumors™*'***".
On the other hand, tp53 knock-out mice exhibit only few developmental abnormalities, but are prone to
the spontaneous development of a variety of neoplasms, mainly lymphomas and sarcomas by 6 months of
age'""*"" Therefore, due to this prevailing tumor suppressor function, p53 has been extensively studied
in the context of cancer. The role of TAp73 and TApe63 in DNA damage response (DDR) and cancer cell
chemosensitivity[“’%]

only later through the analysis of p73 and p63 heterozygous mutation in mice

was also described, whereas their contribution to tumor suppression was established
" and the generation of
mice selectively lacking TAp73 or TA63 isoforms"**"*!. Fifteen years ago, several groups reported p53 ability
to induce the differentiation of embryonic stem (ES) cells and to negatively regulate the proliferation and
survival of adult neural stem cells"**"'*. Consequently, adult bone marrow of #p53 knock-out mice harbors
less quiescent- and more proliferative- hematopoietic stem cells'"”. More recently, p53 has been shown to
control genomic integrity during reprogramming and to dramatically reduce reprogramming efficiency
in several cell types'*""”. p53 is also essential for the maintenance of DNA methylation homeostasis in
ES cells"*”. Based on these properties, p53 - known as the “guardian of the genome” since 1992 - has
also been named “guardian of reprogramming”**. Notably, some p53 mutants, such as p53R175H and
p53R273H, enhance reprogramming to a level that is higher than that observed in the case of p53 loss, thus
supporting an additional GOF for these mutants™”"*,

The association of TP53 mutations with poorly differentiated human tumors has been widely reported.
In breast and lung cancers, the presence of p53 mutants has been linked to stem cells and iPSCs (induced
pluripotent stem cells) transcriptional signatures and downregulation of differentiation genes regulated
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by the polycomb repressor complex 2"**), a complex required for maintaining ES cell pluripotency

and plasticity during embryonic development ">, A direct link between some p53 mutants, like
p53R248W in osteosarcoma cells, and the acquisition of CSCs features (high proliferation rate, sphere
formation, clonogenic growth, high migration and invasive ability) and increased aggressiveness has been
established"””. Truncated forms of p53 have also been shown to favor cancer stemness. For example,
the A133p53p isoform enhances the expression of the pluripotency factors SOX2, OCT3/4 and NANOG,
promotes mammosphere formation and is associated with metastatic potential and chemoresistance in
breast cancer cell lines"*”. The N-terminal truncated isoforms of ps3 and p73 are also involved in the
emergence and maintenance of CSCs. ANp63, which has been described as master regulator of normal

epithelial stem cell maintenance in stratified and glandular epithelia"*”"*", promotes stem cell properties

by activating signaling pathways, like the Wnt/FZD7 pathway in basal-like mammary cell lines™*", or
components of the Hedgehog (Hh) pathway (SHH, PTCH1, and GLI2) and the Hh-target gene BMII in
mammary cell lines with a luminal-like phenotype'". Notably, BMI1 plays important roles in the self-
renewal of normal and CSCs*”, as well as in the chemoresistance and survival of CSCs from several tumor
types[m]. ANp73 also favors CSCs properties. Its overexpression in a non-tumorigenic melanoma cell
line exerts a DNE on TAp73-mediated miR-885-5p expression, a negative regulator of the IGF1 receptor
(IGF1R)"™*, leading to an increased expression of IGF1R and, consequently, of CD133, NANOG and OCT4
and an enhanced ability to form tumors in xenografts"*". ANp73 also forms complexes with Smad3/4 on
Smad binding elements, leading to the enhanced transactivation of stemness-related TGFp-target genes[135]
Finally, both ANpé63 and ANp73 are able to enhance reprogramming by favoring the mesenchymal-
epithelial transition (MET) required during iPSCs generation**"*” and in the case of ANp73, by inhibiting

wips3,

Altogether, there is enough evidence to affirm that the truncated forms of the p53 family members and
some p53 mutants not only act as functional inhibitors of wtps3 but also exhibit new additional functions,
some of them contributing to stemness. It is more difficult, however, to define the relative contribution of
the different isoforms to the stem-related phenotype, due to their variable expression (not having discussed
the C-terminal variants), the complexity of their crosstalk and their largely redundant functions.

P53 FAMILY MEMBERS IN HCC

The expression and activities of p53 family members have been studied in normal hepatocytes and HCC
cells. In a small series of 16 cholangiocarcinomas (CCAs), p63 overexpression correlated with CK19
positivity and low tumor differentiation, whereas no expression was found in 37 HCCs"*”. Similarly, in
hepatocytes and HCC cell lines, TAp63 is barely expressed and the detection of ANp63, generated from
the P2 promoter, is restricted to p53-null cells"*”, because its expression is repressed by p53, as previously
reported in other cell types[m’m]. Conversely, ANp73 expression is activated by p53 and to a lesser extent
by TAp63 and TAp73"*"**!. TAp73 and several p73 N-terminal truncated isoforms are highly expressed
in HCC samples, independently of the presence of wild type or mutant p53"*'*”’. The overexpression of
ANp73 and/or a high ANp73/TAp73 ratio are associated with a reduced survival in patients with HCC! ™,
Moreover, in patients with HCC undergoing OLT, recurrence and reduced survival were correlated with an
increased expression of ANp63 and ANp73, and a reduction of TApe3 and TAp73 expression'™. All these
observations indicate that ANp73/TAp73 ratio could be a potentially relevant prognostic factor in HCC.

As already mentioned, the expression of p53 family members is highly dependent on the differentiation
state of cells. Thus, ANp73 is detected in proliferative immature HepaRG non-transformed bi-potent liver
cells, but not in the differentiated state™™", whereas p53 and TAp73 are expressed in mature hepatocytes.
The presence of p53 in mature hepatocytes has been shown to play an important role in the maintenance
of their cell identity when exposed to an oncogenic stress. The expression of c-MYC at low levels is able
to induce the expression of NANOG, OCT4 and EpCAM and to increase both sphere formation and
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[152]

tumorigenicity of HCC cell lines” . c-Myc-induced reprogramming and the acquisition of CSCs features
are readily observed in p53-null cells but the functional inactivation of p53 is needed in cells with wtps3
alleles"*”. HCC cells in which p53 functional inactivation is achieved by genetic alteration or expression
of proteins that exert a DNE are prone to dedifferentiation if exposed to oncogenic stimuli. Similar results
have been obtained in mouse models. Tschaharganeh and colleagues have shown that in the presence
of high levels of YAP, an oncogene overexpressed in human HCC and CCA"*, tp53 deletion in mature
hepatocytes facilitates their dedifferentiation in vivo, the emergence of progenitor tumor cells with high
NESTIN expression and the development of tumors sharing HCC and CCA characteristics**. NESTIN
was required for the dedifferentiation and malignant expansion of p53-deficient cells and the activation
of Wnt or Notch pathways in the p53-null progenitor tumors drive the development of HCC and CCA,
respectively. NESTIN was also overexpressed in 17% of human HCCs and 40% of CCAs, associated
with a reduced survival and the presence of mutations or LOH in the TP53 gene'*". Altogether, these
results suggest that in mature liver cells the p53-mediated inhibition of NESTIN restricts plasticity and
tumorigenesis in response to oncogene activation.

LIVER CSCS AND THE CROSSTALK BETWEEN NANOG, IGF1R AND THE P53 FAMILY

Cancer tissues contain subpopulations of cells known as stem-like TICs (sl-TICs or CSCs) that have been
identified as key drivers of tumor growth and malignant progression with drug resistance. Liver CSCs are
bi-potent and give rise to two different lineage types, HCC and CCA. Indeed, combined hepatocellular-
cholangiocarcinomas (cHCC-CCAs) with both hepatocytic and cholangiocytic phenotypes account for 1%
to 5% of all primary liver cancers"**, and about one third of HCCs express progenitor cell markers such as
CK7 and CK19"*", suggesting that at least a portion of HCC cells have intermediate characteristics between
the bi-potent hepatic progenitor cells (HPCs) and differentiated mature hepatocytes[157’158]. The origin of
liver CSCs and liver cancer cells is still controversial"* and there is evidence for both their derivation from
HPCs chronically activated by the persistent intrahepatic inflammation sustained by chronic HBV, HDV
and HCV infections, alcohol consumption and metabolic disorders"™ and the dedifferentiation of mature
hepatocytes that acquire the expression of stem-related genes when exposed to inflammatory cytokines,
lipid overload or epigenetic reprogramming[mm] [Figure 4A].

p53 has been shown to repress many key transcription regulators, such as Oct4, Nanog, Sox2, Zic3,
Jmjdic, Esrrb, Tefepzli, Utf1, n-Myc, c-Myc, and Prdm14 in mouse ES cells"****”. Among them, Nanog
is of particular interest with respect to the p53 family in the context of HCC development. Nanog is
overexpressed in about 30% of HCCs as shown by immunohistochemistry"*"*", regulates the expression
of genes involved in mitochondrial metabolic pathways*’, promotes CSC properties*” and enhances

. . . . . . . [169,170]
resistance to drugs, such as sorafenib or cisplatin, as well as tumor invasion and metastasis

The wtps3 represses NANOG expression either by direct binding to the Nanog promoter in mouse
cells""*"* or by transactivating miR34a-c, a direct p53-target gene that in turn represses NANOG'"™" in
human cells"”. In a recent study, Liu and colleagues have shown that the enhanced mitophagy observed
in HCCs increases p53 localization at the mitochondrial membrane"”""* and leads to its subsequent
degradation. In contrast, when mitophagy is impaired, mitochondrial p53 is phosphorylated by Pink1
and t{ransl}ocated into the nucleus, where it represses NANOG expression resulting in a decrease of liver
CSCs "7,

Two p53 family isoforms are able to exert a DNE on p53 and TAp73 regulation of NANOG. A40p53,
by titrating full-length p53, regulates the switch from pluripotency to differentiation by increasing
7l and ANp73, as already mentioned, interferes
with TAp73 in the regulation of IGFIR expression in human melanoma cells™". Furthermore, we and
others demonstrated that ANp73 transactivates NANOG expression independently of p53"**"”". The

the expression of Nanog and Igf1R in mouse ES cells'
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Figure 4. p53 family proteins and liver progenitor/stem cell transformation. A: the origin of cancer stem cells (CSCs) in HCC. CSCs
and liver cancer cells can originate from: (1) hepatic progenitor cells (HPCs) chronically activated by the persistent intrahepatic
inflammation sustained by viral infections (HBV, HDV, HCV), alcohol consumption and metabolic disorders; (2) hepatocytes
undergoing dedifferentiation and expressing stem-related genes (such as Nanog). According to the currently available knowledge,
ANp73 expression levels and its role in the different steps are highlighted; B: crosstalk between IGFIR, Nanog and p53 family in liver
cancer cells. /GFIR repression by wtp53 and TAp73 and NANOG repression by wtp53 inhibit the dedifferentiation of liver cancer cells.
In presence of the N-terminal truncated isoforms A40p53 or ANp73, wtp53 activity is inhibited, /GFIR and NANOG are expressed and
activate a positive feedback loop. By activating AURKA-aPKC( kinase cascade Nanog induces NumB phosphorylation and disrupts the
p53-NumB interaction thus allowing Mdm2-mediated polyubiquinilation and proteasome degradation of p53. The loss of p53 function,
achieved either by expression of AN isoforms or p53 degradation, favors stemness features, increased proliferation, dissemination and
chemoresistance of liver cancer cells

overexpression/accumulation of NANOG leads to p53 proteolysis. By activating the Aurora A kinase and
aPKC(, Nanog allows the phosphorylation of NumB and the dissociation of the p53-NumB complex,
thus relieving Numb inhibition and freeing Mdm2 to degrade p53 and to potentiate the proliferation of
CSCs"™”. Based on all these results, the fine-tuned crosstalk between p53 and Nanog plays a key role in the
emergence, maintenance and chemoresistance of CSCs [Figure 4B].

CONCLUSION

In HCGC, in contrast to other tumor types, the loss of functional p53 seems to be achieved by several other
mechanisms in addition to genetic mutation. p53 degradation mediated by MDM2 or other E3 ubiquitin
ligases and the overexpression of N-terminal truncated isoforms of the family have a prominent place
due to their important role in the emergence and regulation of liver CSCs. ANp73 is of particular interest
because, by inhibiting p53 and TAp73 activities, it activates the expression of NANOG both in a p53-
dependent and -independent manner and enhances IGFIR expression. The ANp73-IGF1R-NANOG axis

may prove to be an attractive therapeutic target for HCC patients, as already proposed in melanoma™*,
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The characterization of how this axis is regulated in the viral and metabolic inflammatory chronic liver
diseases that precede HCC development might also help to develop new biomarkers for risk-stratification
and new preventive strategies.

The identification of at least three main mechanisms of wtp53 inactivation in HCCs may have therapeutic
implications and lead to new strategies for treatment personalization. Besides p53-based gene therapy
approaches, there are very few reports of drugs targeting the ps3 family in HCC, either in preclinical
or clinical settings. PRIMA-1 (p53 Reactivation and Induction of Massive Apoptosis), a small molecule
capable of restoring a wild-type activity in some p53 mutants, has been shown to slow down tumor growth
in immunocompromised mice xenografted with p53R249S-expressing human cells"*". Therefore, it might
be valuable to test the potential of PRIMA-Met (an improved version of PRIMA-1) and MIRA-1 (mutant
p53-dependent induction of rapid apoptosis), a small molecule targeting p53 structurally distinct from
PRIMA-1"""), to reactivate wtp53 functions in HCCs with p53 mutants, or of Nutlins to counteract MDM2-
mediated degradation of wtps3"*. IFNo, has been shown to inhibit the expression of ANp73 by inducing
chromatin remodeling at the P2p73 promoter and increasing apoptosis of human HCC cells™. These
results provide a proof of concept of the possibility to target the third mechanism of wtp53 inactivation
frequently engaged in HCCs, i.e., the DNE of N-terminal truncated members of the p53 family. However,
IFNa has no indication in current HCC treatment algorithms and the identification of potent and selective
drugs capable to target ANp73 expression might prove of value to increase HCC chemosensitivity and to
enhance tumor and cancer stem cells apoptosis, either alone or in combination with TKIs.
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