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ABSTRACT

Evidences from basic and clinical studies clearly established that mutations of the tumour
suppressor TP53 contribute to carcinogenesis. Unlike the majority of tumour suppressors, the
TP53 gene is often found to undergo missense mutations, with a strong dominance in the
DNA-binding domain. Mutant p53 proteins contribute to carcinogenesis by losing tumour
suppressor activities, by exerting dominant negative effects over the wild-type allele and by
acquiring gain-of-function properties. These oncogenic activities enforce tumour growth,
EMT, metastasis and chemoresistance. It has been clearly demonstrated that mutations on p53
are not sufficient to drive tumorigenesis per se but mutant p53 needs to be activated by
specific oncogenic signalling produced by a pro-tumorigenic cellular background to be active
as an oncogene. Moreover, understanding what are the environmental factors that account for
the selection of specific p53 mutant forms in different tumours is critical to identify novel

determinants of carcinogenesis and to find new putative targets for cancer therapy.

Among the frequently mutated residues in p53, Arginine 249 is replaced in about 65% of
cases with a Serine (mutp53 R249S). Since Arginine 249 regulates the secondary structure of
p53 loops 2 and 3, its substitution is responsible for a local distortion of the molecule, which
reaches a dynamic equilibrium between a native and a native-like conformation. Although
mutp53 R249S displays an overall low frequency in tumours bearing missense mutations in
p53, it is detected in up to 90% of hepatocellular carcinomas (HCC) occurring in populations
exposed to HBV infections and aflatoxin B; food-contamination, which represent two major
risk factors for the HCC in the east of Asia and sub-Saharan Africa. In these areas, since
R249S mutation occurs early in the pathway leading to HCC, it is considered an early
biomarker of hepatocarcinogenesis. Interestingly, R249S mutation is associated to a bad
prognosis and to the expression of a stem cell-associated gene signature. Although in vitro
studies show that mutant p53 R249S is able to promote the proliferation of HCC cell lines and
that the co-expression with the HBV-oncogene HBx provides further oncogenic properties, a

specific mechanism of gain of function is still missing.

In this thesis, it is shown that mutation of the Arginine 249 introduces a residue
phosphorylated in liver and breast cancer cells, and that the Dual-specificity Tyrosine
regulated kinase 2, DYRK?2, is the main kinase for Serine 249 phosphorylation. Moreover, it

is provided evidence that Serine 249 phosphorylation creates a new binding site for Pinl,
6



which is responsible for the distorted conformation of mutant p53 R249S. Cancer cells
depleted of mutp53 R249S show an impairment in their proliferation, which is unleashed by
Pinl activity over mutant p5S3. By analyzing the transcription profile of Mahlavu cells upon
knocking down of mutp53 R249S, it has been identified the JAK/STAT pathway as molecular
axis which sustains the mutant p53 R249S activity.

This study unveils a novel post-translational modification signalling converging in mutant
pS3 R249S required for the gain-of-function of the protein and suggests a possible

opportunity for therapeutic intervention.



INTRODUCTION

The first cause of death worldwide is cancer, with 14,1 million new cancer cases and 8,2
million cancer deaths in 2012 (IARC p53 Database, http://p53.iarc.fr/). Cancer develops
through a multistep mutagenic process that allows normal cells to progressively evolve
towards a neoplastic state. Along this process cancer cells acquire common features, known as
the “Hallmarks of Cancer” including: sustained proliferative signalling, evasion of growth
suppressive checkpoints, resistance to cell death, replicative immortality, induction of
angiogenesis, activation of invasion and metastasis, deregulation of cellular metabolism and
evasion of the immune system (Hanahan and Weinberg, 2011). Accumulation of mutations in
cancer genomes mainly occur in proto-oncogenes and tumour suppressor genes. The first
group features well-known drivers of tumorigenesis like Ras, Myc or PI3K, in the second
class we can find gatekeeper genes like Rb or PTEN, as well as checkpoint genes, crucial to
preserve genomic stability and coordinate tumour suppressive responses to oncogenic stress
conditions. A prototypical tumour suppressor belonging to this last group is p53, widely
known as the guardian of the genome. The 7P53 gene is the most commonly mutated gene in
human cancers, and its pathway results inactivated in most human tumors (Murray-Zmijewski

et al., 2008).



The tumour suppressor pS3

The p53 protein, encoded by the TP53 gene, is able to integrate different physiologic and
pathologic stimuli and to orchestrate adequate cellular responses in order to maintain genomic
stability and restrain oncogenic transformation and cancer outgrowth. In response to a variety
of stimuli that a cell might encounter during malignant progression such as genotoxic stress,
oncogene activation, loss of normal cell contacts and hypoxia, p53 is able to elicit
antiproliferative cellular responses (Mantovani et al., 2015). These include, either transient or
permanent cell cycle arrest and cell death. The importance of these p53-induced responses for
tumour suppression has been demonstrated in different mouse models (Martins, Brown-
Swigart, & Evan, 2006). Restoration of p53 expression in p53 KO lymphomas led to their
widespread apoptosis, whereas restoration of p53 in sarcomas and hepatocarcinomas led to a
senescence-type response. p5S3 growth inhibitory functions are normally held dormant, and the
p53 protein, present at low levels in the cells, gets stabilized and activated in response to a
variety of tumour-related stress conditions (Mantovani et al., 2015). In unstressed cells, p53 is
maintained at low levels through degradation, mainly mediated by the MDM?2 E3-ubiquitin
ligase in complex with the related protein MDM4 (known as MDMX in humans) (Finch et al.,
2002; Wadgaonkar & Collins, 1999). Stress-induced post-translational modifications of both
p53 and MDM2/MDM4 abolish their interaction leading to p53 accumulation and induction
of its transcriptional activity (Toledo and Wahl, 2006); once active, p5S3 can mediate different
biological processes depending on the entity and type of damage. The best characterized p53
responses are temporary cell cycle arrest to favour DNA repair, programmed cell death
(apoptosis) and permanent cell cycle arrest (senescence). In addition to these classical
responses, p53 can regulate several cellular processes such as metabolic reprogramming,
accumulation of reactive oxygen species (ROS), autophagy, stem cell self-renewal, invasion
and metastasis (Figure 1). Regulation of these processes by p53 may directly promote tumour
suppression or may impinge on the canonical functions, such as apoptosis or senescence

(Bieging et al., 2014).
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g(l)gll‘ltl)‘e 1. p53-activating signals and responses that are important for tumour suppression (Bieging et al.,
Independently of the specific function, p53 mainly acts as a transcription factor regulating
both positively and negatively the expression of an elevated number of genes, through its
ability to direct bind as a tetramer to specific DNA target sequences (p53-responsive
elements, p5S3RE) (el-Deiry, Kern, Pietenpol, Kinzler, & Vogelstein, 1992; Laptenko &
Prives, 2006) (Millau et al., 2009). However, several transcription-independent activities of
p53 have been described, mainly involved in potentiating the pro-apoptotic response acting in

the cytoplasm and at mitochondria (Yee & Vousden, 2005).

pS3 functional domains

The human TP53 gene, localized on the short arm of chromosome 17 (17p13.1), encodes
twelve different p53 isoforms. p5S3 mRNA variants are expressed in a tissue-dependent
manner, indicating that the internal promoter and the alternative splicing forms of p53 can be
regulated (Jean-Christophe Bourdon et al., 2005). In addition, p53 belongs to a family of
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related proteins, which includes p63 and p73; these proteins exert important roles in organism
development and both possess tumour suppressive activities (Murray-Zmijewski et al. 2008).
The p53 protein is characterized by five functional domains (Figure 2): the trans-activation
domain (TAD), the proline-rich domain (PRD), the DNA-binding domain (DBD), the

oligomerization domain (OD) and the C-terminal domain (CTD).

N-terminus Central core C-terminus
(142 [ 16194 | 102-292 | [324-355 ] [ 363-393
NLS NES
transactivation ~ proline-rich tetramerization ~ regulatory

DNA-binding domain

domain region domain domain

Figure 2. Schematic representation of p53 domains. p53 contains 393 amino acids, consisting of three main
functional domains: N-terminal activation domain, DNA binding domain and C-terminal tetramerization domain.
The N-terminal domain includes trans-activation sub-domain and a PXXP region that is a proline-rich fragment.
The central DNA binding domain is required for sequence-specific DNA binding and amino acid residues within
this domain are frequently mutated in human cancer cells and tumour tissues. The C-terminal region is
considered to perform a regulatory function. Residues on this basic C-terminal domain undergo post-
translational modifications including phosphorylation and acetylation. Numbers indicate residue number. NLS,
nuclear localization signal sequence; NES, nuclear export signal sequence. (Bai et al., 2006)

e The TAD is in the N-terminal region of the protein and it contains two different acidic
domains (TADI1 and TAD?2), both required for induction of transcription. This domain
also contains the binding site for the major negative regulator of p53, the ubiquitin ligase
Mdm?2 (Toledo & Wahl, 2006).

e The PRD contains five repeats of the amino acid motif PXXP (where P is proline and X
any amino acid) (Walker & Levine, 1996). This domain is involved in the stabilization of
the protein, through the activity of the prolyl isomerase Pinl, that binds to Thr81-Pro82
site upon phosphorylation, and induces a conformational change, thus reducing the
Mdm?2 binding, increasing p53 stability (Zacchi et al., 2002).

e The DBD is required for p5S3 function as a transcriptional activator (el-Deiry et al., 1992).
The importance of sequence specific DNA binding for p53 to function as a tumour
suppressor is highlighted by the fact that 97% of tumour-associated mutations are
clustered in this domain (Sigal & Rotter, 2000).

e The OD is necessary for tetramerization that is required for high-affinity DNA binding
and transcriptional activation.

e The CTD is a regulatory domain, due to the great number of post-translational

modifications it undergoes upon stress signalling, able to finely modulate p53 activity.
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Moreover the CTD contains a cluster of three nuclear localization signals (NLS) that

mediate the migration of the protein into the cell nucleus.

Regulation of p53 through post-translational modifications

Post-translational modifications (PTMs) can have strong effects on the proteins functions,
through the conformational changes. p53 undergoes a great variety of PTMs that influence
its stability and its transcriptional activity. These include phosphorylation of Serines and
Threonines, acetylation, mono- and poly-ubiquitination, sumoylation, neddylation and
methylation of Lysines. The pattern of phosphorylation in the N-terminal domain shows
significant redundancy: a single site can be phosphorylated by multiple kinases and a single
kinase can phosphorylate multiple sites (Dai & Gu, 2010). In general many kinases that
phosphorylate p53 after DNA damage have been found, such as ATM, ATR, JNK, HIPK2
and DYRK2. The majority of the phosphorylation sites detected are phosphorylated following
cellular stress, although a few are constitutively phosphorylated in unstressed cells and de-
phosphorylated following stress, as Thr55 and Ser376 (Bode & Dong, 2004). The most
extensively studied pattern of PTMs is the N-terminal domain one. Among the phoshorylable
sites there is Serl5, phosphorylated by ATM, that is important for the modulation of the
interaction between p53 and Mdm2 (Gu & Zhu, 2012), so for the p53 stability. Another site is
Ser46, whose phosphorylation is involved in the transcription of pro-apoptotic genes. It is
phosphorylated mainly by HIPK2 and DYRK?2, but also by ATM, p38 MAPK and others,
upon stress conditions. The redundancy indicates that this phosphorylation site is really
important for the regulation and the functions of p53 (Smeenk et al., 2011). Another kind of
PTMs is the acetylation on the lysine residues. This PTM occurs in response to DNA damage
agents, and it is exerted by different HAT (Histone Acetyl Transferase). The role of
acetylations is to facilitate the recruitment of co-factors for p53 transcriptional activation,
indeed this modification is involved in the choice of the targets gene activated by p53 (Dai &
Gu, 2010). The complicated pattern of PTMs occurring on p53 protein is difficult to analyse
and study because its redundancy and its variability, indeed it is still an open and interesting

field of research.
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Mutant pS3 proteins

TP53 mutations are widespread in cancer, with frequencies that vary between 10% to nearly
96% (Rivlin, Brosh, Oren, & Rotter, 2011) in different human tumours. Alterations have been
found in every region of the protein, but only a handful of the most frequently occurring
mutations have been studied in depth for their contribution to cancer progression (Leroy et al.,
2013). The point mutations are the most frequently found, and are divided in transitions and
transversions. In some cases, frameshift or nonsense mutations result in the loss of p53
protein expression, as seen with other tumour suppressors. More frequently, the alterations
associated with tumours are missense mutations, leading to the substitution of a single amino
acid in the p53 protein, that can be stably expressed in the tumour cells (P. a J. Muller &
Vousden, 2014). The spectrum of 7P53 missense mutations is extremely broad with more
than 1800 different amino-acid changes reported, despite most of them are very rare in
tumours (Soussi, 2011). Among the over 25,000 7P53 mutations currently reported, almost a
third arises in six “hot-spot” residues. These include “DNA contact” mutations in residues
directly involved in DNA binding, such as R248Q and R273H, and “conformational”
mutations, which cause local or global conformational distortions (R175H, R282W, R249S
and G245S) (Figure 3).
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Figure 3. Distribution of 7P53 somatic mutations according to the IARC TP53 Mutation Database. A) Pie
chart representing the different tumour-derived mutation types reported in the TARC TP53 Mutation
Database. B) The distribution of reported missense mutations along the 393 amino-acid sequence of p53. The six
most common hotspot mutations are highlighted in yellow for DNA-contact mutations, green for locally
distorted mutants and blue for globally denatured mutants. The domain architecture of p53 is aligned below. PR,
proline-rich domain; Reg, carboxy-terminal regulatory domain; TA, transactivation domain; Tet, tetramerization
domain. (Brosh and Rotter, 2009).
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Whereas somatic p53 mutations are associated with sporadic cancer, germline mutations
cause a rare type of cancer predisposition known as Li-Fraumeni Syndrome (LFS), which is
not associated with site-specific tumours, but rather with a variety of tumour types occurring
at a relatively early age (Li & Fraumeni, 1969).

In contrast to wild-type p53, that is maintained at very low levels and is a short-lived protein,
mutant p53 shows a prolonged half-life and often accumulates in tumour cells (Strano et al.,
2007). The overlapping ways in which mutant p53 (mutp53) can contribute to cancer
development are: loss of the wild-type functions, dominant negative effects over the

remaining wild-type p53 and gain-of-function (Figure 4).
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Figure 4. Functional impact of 7P53 mutations. First, most mutations observed in human tumours abrogate or
attenuate the binding of p53 to its consensus DNA sequence and, consequently, impede the transcriptional
activation of p53 target genes. Second, most missense mutations, but usually not the other types of mutations,
also produce a full-length mutant pS3 capable of inhibiting, to varying degrees, the function of the wild-type
protein encoded by the second allele. Moreover, several mutations were shown to confer mutant p53 with new
functions that are independent of wild-type p53 (Brosh and Rotter, 2009).

Mutp53 is unable to bind p53-consensus sites in target gene promoters, so the wild-type p53
trans-activation functions are lost (P. a J. Muller & Vousden, 2014). Coherenlty p53-null mice
are extremely tumour-prone, indicating that loss of wild-type p53 activity is a significant
component of tumour predisposition (Freed-pastor & Prives, 2012). Mutant p53 can further
exert a dominant negative effect on the protein produced by the remaining wild-type allele,
abrogating the ability of wild-type p53 to inhibit cellular transformation, particularly when the
mutant protein is expressed in stoichiometric excess of its wild-type counterpart (Oren &
Rotter, 2010). This effect on wild-type p53 can be caused by the formation of mutant/wild-
type p53 co-tetramers or by the incorporation of wild-type p53 into mutant p53 supra-

tetrameric aggregates (Xu et al., 2011). Loss of wild-type p53 functions is clearly
14



tumorigenic. Beyond this, however, tumor cells acquire a selective advantage by retaining
only the mutant form of the protein, since this is able to actively promote transformation by
virtue of neomorphic features known as Gain of Function (GOF). The existence of GOF
activities is supported by in vivo evidence showing that mice expressing mutant p53 display a
tumour profile that is more aggressive and metastatic than p53-null or wild-type p53 mice
(Olive et al., 2004). Numerous cell-based assays also demonstrate implication of mutant p53
in actively supporting different aspects of tumorigenesis, including proliferation, invasion,
migration, metastasis formation, chemo-resistance, somatic cell reprogramming, disruption of

tissue architecture, angiogenesis and others (Freed-Pastor & Prives, 2012).

Mutant p53 gain-of-function

Mutant p53 drives the acquisition of many cancer hallmarks both through transcriptional and
non-transcriptional processes (Brosh & Rotter, 2009) (Girardini et al., 2013), mainly by

forming protein complexes with several interacting partners (Figure 5).
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damage and oxidative stress), glucose availability, and chemotherapy-related stress. Signal transduction cascades
lead to post-translational modifications (PTM) of mutant p53 and enable its gain-of-function activities (GOF).
Oncogenic functions of p53 missense mutants are highly pleiotropic (square boxes) and rely on partnerships with
multiple cellular factors (pink circles indicate active partners of mutant p5S3, while green circles indicate proteins
inhibited by mutant p53). Regulation of cellular processes by p53 missense mutants may directly promote
tumorigenesis (e.g., transcription-mediated increase of proliferation, metastatic spread, and chemoresistance) or
may indirectly impinge on oncogenic pathways through rewiring energy metabolism, mevalonate pathway,
affecting proteasome activity and miRNA biogenesis, and impacting the tumor stroma. Integration of multiple
GOF activities determines mutant p53-dependent tumorigenicity in a given tumor context. Importantly, mutant
p53 GOF mechanisms disclose actionable targets and molecules for precision therapies (examples are indicated
in red) (Mantovani et al., 2016).

The available mutant p53 ChIP-sequencing data and other DN A-interaction informations have
failed to define a mutant p53 target site analogous to that of wild-type p53, and currently the
main hypothesis is that mutant p53 dependent trans-activation takes place through interaction
with several partner transcription factors and cofactors (Walerych et al., 2015). One of these is
NF-Y. The interaction between mutant p53 and NF-Y results in up-regulation of NF-Y target
genes, driving deregulation of cell cycle check-points following induction of DNA damage
(Di Agostino et al., 2006). Moreover, mutant p53 has been identified as a tumour specific,
Y AP-transcriptional partner. Associated to YAP, mutant p53 forms a complex with NF-Y,
and aberrantly promotes the expression of cell cycle-related genes (Di Agostino et al., 2015).
Another transcription cofactor is Spl; the interaction of mutant p53 with Spl was shown to
elicit cooperative effects and amplify the activating effects of Sp1 on transcription (Strano et
al., 2007). In normal conditions both NF-Y and Sp1 interact with wild-type p53. Interestingly,
the interactions of these proteins with wild-type p53 often result in opposite transcriptional
outcomes than those observed with mutant p53. Recently, a combination of "omics" methods
allowed to identify mutant p53 as partner of the transcription factor NRF2 in the induction of
proteasome genes thus increasing proteasome activity in several cancer models and in triple
negative breast cancer (TNBC) patients (Walerych et al., 2016). p53 mutants can also
establish neomorphic interactions with transcriptional regulators that are not bound by wild-
type p53. For instance, the altered DNA-binding domain of mutant p53 mediates interaction
with the p53 homologs p63 and p73 (Strano et al., 2000 and 2002), resulting in inhibition of
p73-dependent apoptosis and chemosensitivity (Bergamaschi et al., 2003), as well as
suppression of TA-p63 anti-metastatic target genes (Adorno et al., 2009; Girardini et al.,
2011).

Interestingly, it has been reported that mutant p53 leads to high expression of sterol
biosynthesis genes in human breast tumours. Indeed, mutant p53 associates with sterol
responsive elements (SRE) within promoters of sterol-regulated genes, acting as

transcriptional co-activator for the sterol regulatory element-binding protein transcription
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factors, SREBP (Freed-Pastor et al., 2012) to enhance the expression of genes involved in the
mevalonate pathway and in protein prenylation. Downstream of the mevalonate pathway act
the pro-oncogenic transcription co-activators YAP/TAZ, effectors of the Hippo pathway. In
this context, mutant p53 and SREBP, sustaining the mevalonate pathway, trigger unscheduled
activation of YAP/TAZ in both cancer cells and human primary tumours. For this reason,
YAP/TAZ have been suggested as critical effector of the pro-oncogenic function of mutant
p53 (Sorrentino et al. 2014).

Recently it has been discovered that mutant p53 exerts its gain-of-function also through the
direct interaction with ETS2 allowing the up-regulation of some epigenetic regulators, as
MLLI, MLL2 and MOZ. The effect is a genome-wide increase of histone methylation and
acetylation, that promotes cancer cell proliferation (Zhu et al., 2015).

In addition to the effects on the transcriptional machinery, mutant p53 can interact with other
proteins to change their function directly. For example, interacting with MRE11, mutant p53
prevents the MRE11-RADS50-NSB1 complex from activating ATM, leading to impaired
homologous recombination (Song et al., 2007).

Although less investigated, cytoplasmic activities of mutant p53 are relevant for its oncogenic
potential. Alteration of cancer cell metabolism by mutant p53 entails direct inhibition of
AMPK in the cytoplasm (Zhou et al., 2014). Cytoplasmic localization of mutant p53 was
identified as an important feature for its ability to suppress autophagy (Morselli et al., 2008),
thus supporting tumor cell survival. In addition, mutant p53 has also been reported to inhibit
apoptosis through cytoplasmic activities (Frank et al., 2011; Chee et al., 2013). Moreover, the
extranuclear functions of mutant p53 include regulation of the DAB2IP protein, which affects

TNFa-dependent signalling (D1 Minin et al. 2014).

Regulation of mutant p53 by the tumour context

Clearly established through the study of mutant p53 knock-in mouse models (Olive et al.
2004; Lang et al. 2004), a remarkable property of p53 mutants is the dependency on a
transformed cell context for full activation of their malignant potential. A paradigmatic aspect
is the selective accumulation of p53 mutant proteins in tumors, as opposed to their inherent
instability in normal tissues (Terzian et al., 2008). Constitutive inhibition of mutant p53
degradation occurs exclusively in transformed cells, and is critical for reaching the high
protein amounts required for GOF manifestation. The molecular mechanisms acting in tumor

cells to shelter mutant p5S3 from ubiquitin-mediated degradation are only partially understood.
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Different groups have indicated the Hsp90 chaperone machinery as a major player
(Blagosklonny et al., 1996). This system includes Hsp90, Hsp70 and other co-chaperones, and
is aberrantly activated with high frequency during oncogenic transformation. Hsp90 causes
the functional inactivation of the ubiquitin ligases MDM?2 and CHIP bound to mutant p53,
thus sustaining its stability (Li et al., 2011).

A field of intense research concerns the pathways that transduce the signaling milieu
generated within the tumor context into cues that unleash mutant p53 oncogenic potential.
Notably, many of the signal transduction pathways that induce post-translational
modifications (PTMs) on wild-type p53 are altered in cancers. Importantly, analysis of the
TP53 tumour mutation databases reveals that the vast majority of residues subjected to post-
translational modification within wild-type p53 are infrequently mutated in human tumours,
suggesting that modification of the same residues that are required for wild-type p53 tumour
suppressor activities may be exploited to foster mutant p53 gain-of-function. There is indeed
evidence that in tumour cells mutant p53 proteins receive PTMs on the same residues as in the
wild-type counterpart, and that some of these events contribute to fine-tune the functions of
mutant p53 by modifying its stability, cellular localization, target gene selection and protein
interactome, contributing to oncogenic GOF properties (Girardini et al., 2014).
Phosphorylation on Serl5, which has a major role in the control of DNA damage-induced
wild-type p53 stabilization, is also induced on mutant p53 by ERK1/2 MAP kinase (mitogen-
activated protein kinase) (Melnikova et al. 2003) in response to genotoxic stress (Dun Li et al.
2011; Alsheich-Bartok et al. 2008). In conditions of chemotherapy-related stress, mutant p53
was shown to induce Polo-like kinase-2 (PLK2) gene expression. In turn, PLK2-dependent
phosphorylation promotes mutant p53 acetylation and stimulates its interaction with p300 and
NFY, thereby enhancing transactivation of a gene set that sustains cell proliferation and
chemoresistance. Adorno et al. (2009) showed that activated RAS signalling promotes the
phosphorylation of mutant p53 R280K at Ser6 and Ser9 and results in the formation of a
mutant p5S3/SMAD complex, which in turn inhibits p63 antimetastatic activities.

Our research group demonstrated that oncogenic RAS signalling drives phosphorylation of
Ser/Thr-Pro sites within mutant p53, thus promoting its interaction with the prolyl-isomerase
Pinl. In triple negative breast cancer cells PIN1 enhanced mutant p53 GOF activities, in
particular cooperating towards activation of a mutp53-dependent transcriptional program that

increases cell migration and invasiveness (Girardini et al., 2011).
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The prolyl isomerase Pinl

Phosphorylation-dependent isomerization of cellular proteins at Ser/Thr-Pro (S/T-P) motifs is
a crucial event in many signal transduction pathways, particularly those regulating cell cycle,
proliferation and cellular responses to cytotoxic and genotoxic stress conditions. The
structural changes resulting from proline isomerization affect protein stability, PTMs,
interaction profile, subcellular localization, thus finely modulating the biological functions of
key cellular proteins. Ser or Thr residues that precede Pro (Ser/Thr-Pro) are a major
regulatory phosphorylation motif in cells. Enzymes that are responsible for their
phosphorylation belong to a large superfamily of Pro-directed protein kinases, which include
cyclin-dependent protein kinases (CDKSs), extracellular signal-regulated kinases (ERKSs),

stress-activated protein kinases/c-Jun-N-terminal kinases (SAPKs/ JNKs), p38 kinases,

glycogen synthase kinase-3 (GSK3) and Polo-like kinases (PLKs). These kinases have a
crucial role in diverse cellular processes such as cell growth regulation, stress responses and
neuronal survival, as well as in human diseases such as cancer and Alzheimer’s disease (Lu et
Zhou, 2007). Phosphorylated Ser/Thr-Pro motifs are recognized and isomerized by a unique
member of the parvulin family of prolyl-isomerases, the conserved Pinl enzyme. Pinl is a
protein of 163 amino acids with a mass of 18kDa that is composed of two domains: an amino
terminal WW domain (amino acids 1-39) and a carboxy-terminal PPlase domain (amino acids
45-163), which are separated by a short flexible linker region. The N-terminal WW region is
characterized by two conserved tryptophan residues and mediates the interaction with the
substrates on pSer/Thr-Pro sites, which cannot be bound by any other isomerase
(Ranganathan, Lu, Hunter, & Noel, 1997). As a consequence of the interaction, the PPlase
domain can isomerize specific pSer/Thr-Pro motifs and induce conformational changes of its
target proteins, resulting in alteration of their enzymatic activities, phosphorylation status,
protein-protein interaction pattern, sub-cellular localization and protein stability (Cheng,
Leong, & Tse, 2016). By modification of a plethora of cellular substrates Pinl governs a
variety of cellular processes including cell cycle, transcription and splicing, RNA editing,
DNA damage and oxidative stress responses, germ cell development, stem cells self
renewal/expansion and neuronal survival (Rustighi et al., 2014; Yeh and Means, 2007)

(Figure 6).
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Figure 6. PIN1-catalysed prolyl isomerization regulates a spectrum of target activities. Phosphorylation
dramatically reduces cis/trans isomerization of certain regulatory Ser/Thr-Pro motifs between the two
completely distinct cis and trans conformations, but converts the peptide bonds as substrates specifically for
Pinl. Pinl greatly accelerates cis to trans or trans to cis isomerization depending on specific target sites and
local structural constraints, thereby regulating protein conformation after phosphorylation between two distinct
structures. Such conformational changes have profound effects on phosphorylation signalling by regulating a
spectrum of target activities (Lu and Zhou, 2007).

In contrast to other PPIases, Pinl is tightly regulated at multiple levels. With a few exceptions
such as neurons, in normal human tissues PIN1 expression correlates with the cell
proliferative potential and indeed the protein levels decrease with ageing. Conversely, the
analysis of 60 different human tumours showed that PIN1 is aberrantly up-regulated or over-
activated in cancer (Bao et al., 2004).

The transcription factor E2F, enhanced by oncogenic Neu or Ras, is a critical regulator of
PIN1 expression (Ryo et al., 2002). Interestingly, Pinl has also been found to interact with Rb
and promote its hyper-phosphorylation, therefore inducing E2F activation (Tong et al., 2015).
Moreover, Pinl interacts with phosphorylated NOTCH1 enhancing its transcriptional activity;
since in turn NOTCHI increases PIN1 transcription, the two proteins create a positive
feedback promoting tumorigenesis. In addition, PIN1 is regulated post-transcriptionally
through the activity of miRNA 200b/c and miRNA-296-5P, which suppress its expression in

breast and prostate cancer, respectively. Finally, PIN1 protein levels and activity are regulated
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by post-translational modifications such as phosphorylation and sumoylation (Cheng et al.,

2016).

Pinl in cancer

Pinl has been found overexpressed in breast, prostate, lung, colon, oesophageal, ovarian and
cervical cancers, human oral squamous cell cancer, glioblastoma and melanoma (Atkinson et
al., 2009). Conversely, PIN1 single nucleotide polymorphisms (SNPs) decrease PINI1
expression and are associated to a reduced cancer risk (Li et al., 2013). Moreover, Pinl-null
mice are resistant to tumorigenesis even upon oncogenes over-expression (HER2 or HRAS)
or after mutation of tumour suppressors such as TP53 (Zhou & Lu, 2016). All these evidences
underscore a prominent role of Pinl in up-regulating key cellular pathways that are central
during oncogenesis (Lu & Zhou, 2007): indeed, Pinl has been reported to activate more than
40 oncogenes and and inactivate 20 tumour suppressors.

Pinl is able to raise cyclin D1 levels by fostering its transcription; moreover up-regulation of
cyclin D1 expression induced by oncogenic stimuli such as Ras, Her2/Neu and Wnt signalling
pathways and by NF-kB requires the presence of Pinl which in turn is indispensable for full
activity of these pathways (Lu & Zhou, 2007; Ryo, Liou, Lu, & Wulf, 2003). Pinl can bind to
phosphorylated c-Jun, B-catenin and NF-kB boosting their protein levels and transcriptional
activity, with the consequence of increasing cyclin D1 gene expression. Moreover, Pinl is
able to shield B-catenin and NF-kB from their negative regulators, APC (adenomatous
polyposis coli gene product) and IkB, respectively.

One of the key signalling pathways induced upon activation of growth factor receptors is the
MAPKSs cascade. In response to growth stimuli Ras activates the Raf kinase, which in turn
controls the MAPKSs. As for other signalling pathways, this kinases cascade must be turned
off by a negative feedback mechanism in which MAPKSs phosphorylate and inactivate Raf.
Notably, Pinl prevents this negative feedback, by promoting Raf dephosphorylation and
consequently maintaining the MAPKs cascade activated (Dougherty et al., 2005).

In the context of triple negative breast cancer Pinl has been demonstrated to cooperate with
Notchl (Rustighi et al., 2009). Pinl interacts with the Notchl receptor and increases its
stimulus-induced cleavage mediated by y-secretase, allowing full activation of the pathway
and boosting its activity both in vitro and in vivo. Also in this case a positive loop is generated
since activated Notch is directly recruited on the Pinl gene promoter thus inducing Pinl

expression. As a consequence, in human breast cancer samples there is a strong correlation
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between high levels of activated Notch and Pinl overexpression (Rustighi et al., 2009).
Moreover it was recently demonstrated that Pinl can modulate Notch levels also post-
transcriptionally by regulating the detachment from its negative regulator Fbxw?7 (Rustighi et
al., 2014).

Cooperation of Pinl with mutant p53

As abovementioned in vivo studies underscored the requirement of an oncogenic context to
activate mutant p53 function (Lang et al., 2004; Olive et al., 2004). Notably, the association
between mutant pS3 GOF and the oncogenic phosphorylation signaling converging on it is
provided by Pinl-dependent prolyl-isomerization. Work by our group established that in the
mono-allelic R172H p53 mouse model of LFS, Pinl expression is required for tumor
formation (Girardini et al., 2011) In particular markedly reduced tumor frequency, complete
absence of carcinomas and a reduced number of lymphomas have been observed in the
absence of Pinl. Prolyl isomerization of mutant p53 increases the ability of the protein to
engage in complexes and inhibit the metastasis suppressor p63. In addition, a new mutant
p53-dependent transcriptional program promotes metastatic progression and predicts poor
prognosis of breast cancer patients. Given that the prognostic value provided by the presence
of mutations in TP53 is strongly improved when combined with Pinl levels, the components
of the Pinl/mutant p53 axis might be exploited as diagnostic and therapeutic tools. These data
indicate that Pinl acts as an essential co-factor of mutant p53. It is worth noting that,
depending on the TP53 status, Pinl activity leads to opposite outcomes. This is due to the
enzymatic nature of Pinl that recognizes and modifies S/T-P sites in p53, irrespective of the
presence of mutations at other sites. Thus, Pinl provides the necessary framework for both
wild-type p53 pro-apoptotic activities and mutant p53 aberrant functions (Mantovani et al.,

2015).
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Targeting mutant p53 for cancer therapy

TP53 is one of the most frequently mutated genes in cancer: targeting mutant p53, which
specifically accumulates in tumour cells, represents an attractive strategy for cancer therapy.
This notion is supported by the evidence that knocking-down mutant p53 from cancer cells
that are addicted to its expression either by small molecules or by RNA interference is able to
reduce their malignant progression (Parrales 2015; Alexandrova 2015). Among the first drugs
developed to target mutp53 proteins were the inhibitors of Hsp90, a molecular chaperone that
stabilizes mutant p53 variants. Another possible approach is to act towards upstream
activators of mutp53 oncogenic functions such as the Pinl enzyme (Girardini et al. 2011).
Pinl appears particularly attractive for design of inhibitors: it is highly specific, over-
expressed in cancers, and essential for tumor growth and progression, while being largely
dispensable for normal tissue homeostasis. Unfortunately, none of the available Pinl
inhibitors has reached clinical trials so far. An exception is the discovery that All-trans
Retinoic Acid (ATRA), used for treatment of acute promyelocytic leukemia (APL), directly
interacts with the substrate-binding pockets in the Pinl active site. It has been shown that
ATRA exerts inhibition and degradation of Pinl in tumor cells, blunting Pinl-dependent
oncogenic mechanisms and breast cancer growth in vivo. However, possibly due to its low
potency as Pinl inhibitor, ATRA showed moderate efficacy against advanced breast cancer in
clinical trials, leaving open the search for more effective molecules (Mantovani et al., 2016).
Another strategy is the use of molecules that restore a wild-type conformation in mutp53, thus
reactivating its oncosuppressive potential. Among compounds restoring the wild type p53
activities the best described and studied drug is PRIMA-1 (Bykov et al. 2002) and its more
potent and less toxic derivative PRIMA-1IMET/APR-246 (Bykov & Wiman 2014). This
molecule is able to bind directly and modify mutant p53, transforming it into a wild-type-like
protein conformation (Lambert et al. 2009), thus allowing it to activate wild-type p53
transcriptional targets, inducing in vitro and in vivo cell cycle arrest or apoptosis in human
cancer cells (Zache et al. 2008; Lambert et al. 2010). The problem with application of the
therapies based on mentioned drugs is that despite the results of their work are promising, the
limited knowledge of their performance in various mutant p53 context as well as different
genetic backgrounds is making them difficult to apply. To date the only drug that reached the
clinical stage is PRIMA-1MET/APR-246.
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Mutant pS3 R249

Different tumour types show peculiar spectra of TP53 mutations, reflecting the mutagenic
events that can contribute to that type of cancer. The most striking example of this association
is the mutation of p53 on residue 249 within hepatocellular carcinoma (HCC). Specifically,
R249S substitution is detected in up to 90% of hepatocellular carcinomas (HCC) occurring in
populations exposed to Aflatoxin B1 (AFB;), a mycotoxin growing on improperly stored
grains that is metabolized by the liver to create intermediates forming promutagenic DNA
adducts (Xia et al., 2013). Importantly, HCCs with this aetiology account for approximately a
half of the annual deaths caused by HCC worldwide. Even if site-specific mutagenesis by
Aflatoxin B1 on codon 249 represents a unique association between a mutagen and a specific
TP53 mutation, mutant p53 R249S (mutp53 R249S) is also found at relatively high frequency
in other cancer types, including lung cancer caused by cigarette smoke (figure 7). In particular
Aflatoxin Bl and benzo-a-pyrene induce a G->T transversion, that changes the codon
encoding for Arginine 249 (AGG) into a codon encoding for Serine (AGT) in more than 60%
of the cases (Hainaut, 2002) (Figure 7B).

mAT=C:G(0,28%)

B4 T=G:C(737%) Glycine

B AT=T:A(695%) Tryptophan

BGC>AT(5,15%) Lysine

mGC=C:G(10,15%) Threonine

mGC>T:A(64,81%) Serine
Other(5,29%)

Figure 7. Mutational profile of Arginine 249 in cancer. Different mutation types found at residue 249 within
p53 (IARC p53 Database, http://p53.iarc.fr/).

Arginine 249 is located in Loop 3 of the p53 DNA binding domain, which is folded in a
common immunoglobulin motif with a DNA-binding surface formed by two B-turn loops, L2
and L3, and a loop-sheet-helix motif (Cho et al., 1994). Loops 2 and 3 lack regular secondary
structure and are stabilized by a zinc coordination and side-chain interactions. The
guanidinium group of Arg-249 is salt-bridged to the carboxylate group of Glu-171 in L2 and
backbone oxygens of Gly-245 and Met-246. Replacement of Arginine with Serine at 249
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position removes these interactions which are important in stabilizing the conformation of

both loops (Wong et al., 1999).

Epidemiology and aetiology of mutant pS3 R249S

As said, Arginine 249 substitution in Serine is very frequent in hepatocellular carcinoma from
eastern Asia and sub-Saharan Africa, where it associates with Aflatoxin Bl exposure and

HBYV infection (Figure 8).

irtidznes of promary bepateralllar carsinamas HCC Workd aflasaxim expesure

@

-~
1

&Y

!

M<cse Ml<1as [0cas Ml<an <34 U opapen . [t metites cxpmmnne
Low exporaare Piperhy degyrmgried
‘Wiorr Id prevalence of hepatis B carviers Warld prevalonce af B3

3

3¢

W Hign sxposure  IInGTediats axpoieg | Low seposure M sigh prevalence Inteimediaie prevelence
Low presalenon Pooty docsrreseed

Figure 8. Geographical distribution of incidence of HCC, exposure to aflatoxin, Hepatitis B Virus chronic
carriage and prevalence of R249S mutation. HCC incidence data are from GLOBOCAN 2002, TARC
(http://www-dep.iarc.fr) and R249S prevalence data are from IARC TP53 Mutation Database, R12 [10]
(http://www-p53.iarc.fr). Data on chronic HBV carriage are from World Health Organization and data on
aflatoxin exposure are referenced in the text. Maps drawn thanks to Servier Medical Art
(http://www.servier.fr/smart/homesmart.asp).

Aflatoxins are compounds produced by the fungi Aspergillus flavus and Aspergillus
parasiticus, and the human exposition happens mainly through the consumption of

contaminated foods, consequence of an inappropriate storage of the aliments. Aflatoxin Bl
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(AFB1) is one of the most potent hepatocarcinogens known and it can cause DNA damage
that can result in mutations (Gouas, Shi, & Hainaut, 2009). AFBI, in human bodies, is
oxidized by CYP450 (principally CYP450 1A2 and CYP450 3A4), and this event generates
four different metabolites, among which AFB1-ex0-8,9-epoxide, that can easily interact with
DNA and forms unstable adducts, leading to DNA damage (Gouas et al., 2009; Wong et al.,
1999). Although the abovementioned mechanism was demonstrated in HepG2 cells (Aguilar
et a., 1993), in vivo studies showed that AFB1 does not induce mutation in codon 249 of
Hupki mice (Human p53 knock-in), suggesting that other factors may be involved (Tong, Lee,
Galendo, Wang, & Sabapathy, 2006). There are several evidences that mutant p53 R249S
somatic change is a primary genetic event in hepatocarcinogenesis occurring in the contest of
high Aflatoxin Bl exposure (Kirk et al., 2005). Indeed it was demonstrated that p53 R249S
mutation is detectable in the plasma of HCC patients 1 to 5 years prior to HCC diagnosis
(Jakson et al. 2003). This opens the intriguing possibility that circulating free DNA containing
mutant p5S3 R249S may serve as a biomarker of exposure to AFB1 or a predictor of liver
cancer, depending upon levels and temporal variation, such that low and transient plasma
concentrations may reflect seasonal exposure to AFBi, whereas high and sustained plasma
concentrations may indicate the presence of a developing cancer lesion. Interestingly, it was
observed that R249S mutation can occur in patient who develop HCC without clinical
evidences of pre-existing or simultaneous liver cirrhosis (Villar et al., 2011).

Importantly Aflatoxin B1 was shown to induce mutation also in other hot-spot residues within
p53, but the only alteration found in Aflatoxin Bl-induced tumours is the one at residue 249.
The reason of this may be linked to the functional properties of mutant p53 R249S,
hypothesizing that it could provide special advantages to liver cancer cells (Hussain et al.,

2007).

Functional properties of mutant pS3 R249S

Due to the fact that mutant p53 R249S is the predominant form of mutant p53 in liver cancer,
several studies have tried to assess whether it has a specific and context dependent gain-of-
function. It is known that mutant p53 R249S has lost DNA-binding and trans-activation
capacities towards most, if not all, promoters that contain p53 consensus binding sequence
(Forrester et al., 1995). In yeast assays, its residual activity on p53-dependent promoters is of
less than 20% of that of wild-type p53, similar to most other hot-spot p53 mutants. When

transfected in p53-null cancer cell lines, mutant p53 R249S shows a wide range of loss-of-
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function, including loss of cell-cycle arrest and loss of pro-apoptotic capacity.
Dominant-negative effects over wild-type p53 have been observed in several studies, but they
seem to be highly dependent upon the particular cellular context. For example, mutant p53
R249S has been reported to block wild-type p53 activity in Saos2 osteosarcoma cells but not
in 21PT breast cancer cells. Conversely, it was shown that p53 R246S, the mouse equivalent
of human p53 R249S mutant, is capable of dominant negative effects over wild-type p53
proteins both in undifferentiated and differentiated embryonic stem cells in vitro and in vivo
(M. K. Lee & Sabapathy, 2008).

There is limited evidence for a gain-of-function activity in the absence of wild-type p53.
Mutant p53 R249S appears to be capable of modest interactions with p73 in Saos2 and H1299
lung cancer cells, and of binding with low affinity to p63 in H1299. None of these properties
have been demonstrated so far in the context of normal or transformed hepatocytes. There are
also controversial results about the new capabilities acquired by the mutant p53 R249S.
Transfection of p53-null hepatoma cells (Hep3B) with mutant p53 R249S led to the
acquisition of a new phenotype with an increased in vitro survival and mitotic activity, but not
of tumorigenicity in nude mice (Ponchel et al., 1994). Another study demonstrated that
mutant p53 can bind directly the P4 promoter of the insulin-like growth factor II (IGF-II),
despite the lack of p53 consensus binding site, increasing its transcription. In this context
mutant p53 R249S stimulates phosphorylation of Sp1 and enhances the formation of Sp1/TBP
complex, that causes an increase transcription of the IGF-II gene, through the binding on the
P4 promoter (Y. I. Lee et al., 2000). The increased expression of this protein is linked with
tumour progression in several tumours, such as in the liver cancer, where IGF-II is involved
in mechanisms of growth control during malignant transformation (Daughaday & Rotwein,
1989). Recently, it has been demonstrated that mutp53 R249S shares with other missense
mutations a common GOF program based on the promotion of proteasome activity and
consequent degradation of tumour suppressors (Walerych et al., 2016).

As mutant p53 R249S has been demonstrated to be associated mainly to HBV-driven HCC, it
should be considered that there could be an interplay between the viral infection and mutant
p53. Some studies have demonstrated that silencing of mutant p53 R249S leads to a down-
regulation of the proliferation and survival only in cells lines with the HBV genome
integrated. Moreover, it was shown that mutant p53 R249S and HBx proteins form a
detectable complex. All these findings taken together suggest that mutant p53 R249S may
exerts its gain-of-function through the interaction with HBV (Gouas et al., 2010). Studies
performed using knock-in mice strains showed that mutant p53 R249S, unlike the others “hot-
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spot” mutations, is not able to induce an increase of the tumour formation through the typical
mechanisms of GOF, such as the inhibition of p73 activity (M. K. Lee et al., 2012).

Despite all this experimental controversial evidence, however, data from cohorts of liver
cancer cases clearly demonstrate that patients with mutant p53 have a shorter overall survival
than patients with the wild-type p53 protein (Woo et al., 2011) (Figure 9). In mutant p53
R249S-bearing tumours was observed an increase of the expression of the proliferation

related genes and stem cell genes.
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Figure 9. Prognostic values of 7P53 mutation sites. Kaplan-Meir plot for survival between the tumors with
R249S and V157F mutations versus WT p53 in a Chinese cohort of HCC patients (n=334) (Woo et al., 2011).
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Role of mutant pS3 R249S in Hepatocellular carcinoma

Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) constitutes 85-90% of all the primary liver tumours and
represents, with 500.000-600.000 deaths per year, the second cause of cancer related death
worldwide (Levrero & Zucman-rossi, 2016). Its development is due to the interaction between
genetic predisposition and environmental factors. Risk factors for HCC are well defined:
cirrhosis, alcohol abuse, metabolic syndrome, intake of Aflotoxin B1 and hepatitis B/C
infection. Notably, the combined exposure to Aflotoxin B1 and HBV leads to the high
frequency of hepatocellular carcinoma in Asia and in the sub-Saharan Africa.

Other causes of HCC are amenable to metabolic syndrome due to diabetes and obesity, the
non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH). These
latter together with HBV infection represent the exception to the rule that HCC is always
associated to fibrosis or cirrhosis (Levrero & Zucman-rossi, 2016; Llovet et al., 2016).

The neoplastic evolution of HCC proceeds through a multi-step histological process that is
less defined than other cancer types. HCC-inducing aetiologies provoke continuous rounds of
hepatocyte damage and regeneration, culminating in chronic liver disease. These lesions can
progress to pre-malignant dysplastic nodules, which have abnormal cytological features
including clear cell changes and nuclear crowding. These lesions are associated with the
increased thickening of the trabeculae, which indicates abnormal liver architecture. These
dysplastic nodules can evolve to frank HCC which is endowed with the capacity to invade the
surrounding fibrous stroma and vessels, and occasionally have metastatic potential (Farazi &

Depinho, 2006) (Figure 10).
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Figure 10. Histopathological progression and molecular features of HCC. Hepatic injury, due to any one of
several factors is followed by a state of chronic liver disease in which continuous cycles of necrosis and
proliferation occur. This destructive—regenerative process culminates in liver cirrhosis. Cirrhosis is characterized
by abnormal liver nodule formation surrounded by collagen deposition and scarring of the liver. Subsequently,
hyperplastic nodules are observed, followed by dysplastic nodules and ultimately hepatocellular carcinoma
(HCC), which can be further classified into well differentiated, moderately differentiated and poorly
differentiated tumours; the last of which represents the most malignant form of primary HCC. Telomere
shortening is a feature of chronic liver disease and cirrhosis. Telomerase reactivation has been associated with
hepatocarcinogenesis. Loss and/or mutation of p53 and genomic instability also characterize
hepatocarcinogenesis. p53 loss and/or mutation is shown to occur during progression to HCC, however, there is
some evidence that loss and mutation of p53 might also occur in the initial stages of hepatocarcinogenesis.
(Faranzi et al., 2006)

Over the past decade genome wide technologies and next generation sequencing allowed the
identification of molecular signatures to classify HCC subgroups, stratify patients according
to prognosis and discover the role of pathways previously under-explored. This genomic
approach revealed the main drivers responsible for tumour initiation and progression. All
etiological factors seem to act through similar mechanisms, such as point mutations,
chromosomal aberrations and epigenetic changes that converge to common pathways. The
integrative transcriptomic analysis performed by Hoshida et al., revealed that hepatocellular
carcinoma can be divided in 2 major molecular subclasses. One, defined "Proliferation class",
is characterized by an enrichment of signals related to cell proliferation and progression in the
cell cycle; the second one, "non-proliferation class", shows molecular properties which

resemble normal hepatic physiology.
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The first is genomically and phenotypically heterogeneous with high rates of chromosomal
instability, aberrant epigenetic changes and activations of multiple pathways such as
AKT/mTOR, IGF, TGF-B, NOTCH. Proliferation class tumours are aggressive,
moderately/poor differentiated, and show high alpha fetoprotein (AFP) expression, frequent
vascular invasion, higher risk of recurrence after resection and lower survival rates. Non-
proliferation class tumours are less aggressive, better histologically differentiated, with low
AFP levels and activation of WNT-f catenin signalling in up to 25% of cases (Hoshida et al.,
2009). Interestingly, HCV and alcohol-related HCC are prevalent in the non-proliferation
class, whereas HBV-related HCCs predominantly belong to the proliferation subclass

(Zucman-rossi, Villanueva, Nault, & Llovet, 2015).

Role of wild-type and mutant pS3 in hepatocellular carcinoma

The most frequent mutations found in HCC affect: telomere maintenance, WNT pathway

activation, chromatin remodelling, RAS, mTOR and oxidative stress signalling (Figure 11).
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Figure 11. Core oncogenic pathways in hepatocellular carcinoma. Representative genes involved in each
pathway are indicated. (Shibata and Aburatani, 2014)

Among the recurrent mutated genes, 7P53 represents the first one (Amaddeo et al., 2014;
Llovet et al., 2016), indeed TP53 mutations have been found in 12-48% of HCC cases.
Alterations of other genes upstream or downstream in the p53 pathway, such as recurrent

mutations of ATM and CDKNI1A have also been reported. Notably, mutations of IRF2 gene,
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which is a positive regulator of p53 expression, are mutually exclusive to the TP53 mutations
in HCC patients (Shibata and Aburatani 2014). Importantly, 7P53 mutation and cell cycle
activating mutations are associated with aggressiveness and poor prognosis (Levrero &
Zucman-rossi, 2016). In humans, analyses of HBV- and HCV-related HCCs have shown a
greater frequency of p53 mutations in advanced malignancies (43%) than in regenerative
nodules (~7%) (Minouchi et al., 2002). Regions of high Aflatoxin B1 exposure show frequent
p53 R249S mutations in early-stage HCC lesions (Aguillar et al., 1994), whereas regions of
low Aflatoxin B1 exposure show p53 mutations in much later stages. It seems plausible that
p53 mutation might operate in either HCC initiation or progression, depending on the context.
In the setting of Aflatoxin B1, this mutation might serve to drive "initiation" with other
cooperating events. In the context of other aetiologies (such as those that provoke
regeneration, oxidative stress and telomere erosion) the loss of p53 might have a more
prominent role in HCC progression by facilitating continued proliferative potential. Unlike
HCV- and alcohol-induced hepatocarcinogenesis, there is no clear connection between
Aflatoxin Bl exposure and the development of cirrhosis, indicating that the mutational
actions of this toxin might be a primary driver of HCC development. It is worth noting that
Aflatoxin B1 exposure often coexists with HBV infection, and such individuals possess a 5—
10-fold increased risk of developing HCC compared with exposure to only one of these
factors. The mechanistic basis for this synergy is not known, although it seems plausible that
cooperation would derive from continuous hepatocyte turnover during chronic HBV infection
and Aflatoxin-Bl-induced mutagenesis (Faranzi 2006). Study of the role of p53 in
hepatocarcinogenesis showed that HBV large envelope protein (HBsAg) transgenic mice have
an HCC-prone condition that is accelerated when combined with Aflatoxin Bl exposure and
the p53 Ser246 allele. Similarly, increased progression to high grade HCC is observed in
Aflatoxin-B1-treated HBsAg mice heterozygous for a p53 null allele (Ghebranious and Sell,
1998). These data support the idea that mutant p53 R249S contributes to the Aflotoxin B1-

induced hepatocarcinogenesis in a yet unknown manner.
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Interferon and JAK-STATS signalling

Interferons (IFNs) are a group of cytokines exerting antiviral and growth-inhibitory effects;
they represent the first line of defence against viral infections and have an important role in
immuno-surveillance against malignant cells. IFNs are classified in type I (IFN al-12, B, €,
and o), type II (IFNy), and type III (IFNAI-4); they act through differentiated receptor
complexes and give rise to important and distinct outcomes which vary for Interferon
Stimulated Genes (ISGs) profiles, kinetics of induction, antiviral and anti-proliferative
activity, immuno-modulatory potential (Schneider, Chevillotte, & Rice, n.d.).

A common property of IFNs is the activation of the Janus activated kinase - Signal
Transducer and Activator of Transcription (JAK-STAT) pathway, that in mammals is central
for the transmission of signals from cytokines and growth factor receptors to the cell nucleus,
affecting cell proliferation, differentiation, migration and apoptosis.

Both type I and II IFN receptors have multi-chain structures; they are composed of at least
two subunits which interact with a member of the Janus activated Kinase family. In type I
IFN pathway, IFNARI and IFNAR2 receptors associate respectively with Tyk2 and Jakl,
whereas in type II IFN receptor, the IFNGR1 associates with JAK1 and IFNGR2 binds JAK?2.
Upon IFN binding, receptors are brought into close proximity; the two kinases juxtapose and
undergo trans-phosphorylation and activation. Once activated, JAKs phosphorylate IFN
receptor chains on highly conserved tyrosine residues, creating phosphoTyrosine-based
docking sites for the Src-homology 2 (SH2) domain of STAT proteins. After the recruitment
to the IFN receptors, STATs are phosphorylated by JAKs on conserved Tyrosine and
consequently engaged in omo- or heterodimers through SH2 domain interactions. As result,
STATs release the receptors and move to the nucleus (Schneider et al., n.d.)(Bohmer &
Friedrich, 2014) (fig.12). The STAT family comprises seven members, STATI1, STAT2,
STAT3, STAT4, STATS5a, STATSb, and STAT6, each sharing the same five-domain
structure: an N-terminal, a coil-coiled, a DNA-binding, an SH2, and a C-terminal domain.
The STATS activated by type I IFNs are STAT1, STAT2, STAT3 and STATS. The Interferon
Stimulated Gene Factor 3 (ISGF3) is a complex that represents the canonical transcription
factor activated by type I IFNs; it is composed of phosphorylated STAT1 and STAT2, and
Interferon regulated factor 9 (IRF9). ISGF3 binds palindromic cognate sequence known as

Interferon-Stimulated Response Elements (ISRE) in the gene promoters.
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Figure 12. Signal transduction by the interferon (IFN) receptors. Binding of type I and type II IFNs to their
respective receptors (IFNAR and IFNGR) activates the Janus kinases (JAKs) that are permanently bound to
these receptors (JAK1 and tyrosine kinase 2 (TYK2) for IFNAR, and JAKI and JAK2 for IFNGR). The
activated JAKs phosphorylate tyrosine residues in the receptor. Receptor phosphorylation creates docking sites
for signal transducer and activator of transcription 1 (STAT1) (for IFNGR) or a STAT1-STAT2 complex (for
IFNAR). Receptor-associated STATs are phosphorylated on tyrosine residues by the receptor-associated JAKSs.
Tyrosine phosphorylated STATs form STAT1 homodimers downstream of both IFNAR and IFNGR stimulation
and STAT1-STAT?2 heterodimers downstream of IFNAR stimulation. These STAT dimers move to the nucleus.
STATI1 homodimers bind to IFN--activated-site (GAS) promoter sequences and STATI-STAT2 heterodimers
associate with a third protein, IFN regulatory factor 9 (IRF9), to form IFN-stimulated gene factor 3 (ISGF3) and
to bind to the IFN-stimulated response element (ISRE) promoter sequence to stimulate IFN-stimulated gene
transcription (Decker et al., 2005).

JAK-STAT signalling is attenuated at different stages. Key regulators are SOCS (suppressors
of cytokine signalling), which counteract JAKs phosphorylation, PTP (protein tyrosine
phosphatases), acting on JAKs and STATs, and PIASs (protein inhibitor of activated STAT),
that specifically bind STATSs and halt their activity. Interestingly, different conditions regulate
the expression of the negative regulators; for instance SOCS1 can be repressed epigenetically
through promoter hypermethylation (Calvisi et al., 2006), as well as transcriptionally up-
regulated in a mutant p53-dependent manner. Notably, the latter mechanism is part of a

regulatory loop between mutant pS3 and IFN B: when present in cancer cells, mutant p53
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promotes inhibition of STAT1 phosphorylation, but in turn IFN B reduces mutant p53 RNA
levels by attenuating the expression of its RNA stabilizer WIG1 (Madar et al., 2013).

JAK-STATSs pathway in cancer

In cancers where JAK/STAT signalling is abnormally induced, the mechanism underlying
inappropriate activation of the pathway is not well defined. Analysing the instances in which a
mechanism has been identified, it was observed that cancer cells employ diverse strategies to
activate the JAK-STAT pathway. Gain-of-function mutations in JAKs have been observed to
cause signalling activation in haematological malignancies. More recently, large-scale
sequencing efforts identified genetic changes affecting JAKs in certain solid tumours.
Missense mutations in JAK1 have been detected in 9% of patients with Hepatitis B-associated
hepatocellular carcinoma, and validation in cell culture showed that these mutations increase
phosphorylation of JAK1 and STAT3 (Kan et al, 2013). Moreover, JAK-STAT activation
represents the principal feature of IHCAs (inflammatory hepatocellular adenomas) where
mutations in IL6ST/gp130 and STAT3 act by a similar mechanism called “oncogene-induced
inflammation” that leads to constitutive STAT3 activation (Nault et al., 2013). In addition to
STAT3 and STATS, well-known pro-tumour proteins, increasing evidences show that
STATI1, STAT2 and IRF9, together in ISGF3 complex or not, can exert oncogenic roles.

STATI1 modulates different cellular processes: proliferation, differentiation, cell death and
immune response driven by viral infection. Although STAT1 was extensively studied for its
antiviral and tumour suppressive actions, several studies pointed out STATI1 cancer
promoting properties, principally exerted through evasion and suppression of tumour immune
surveillance, increase in invasiveness and metastasis, resistance against irradiation and
chemotherapy (Meissl, Macho-maschler, Miiller, & Strobl, 2015). In squamous cell
carcinoma, serial transplantation of cancer cells in combination with irradiation led to
activation of STATI1 signalling and acquisition of radio-resistance. Gene profiling showed
that these cells express high levels of a specific subset of ISGs, defined as IFN-related DNA
damage resistance signature (IRDS). IRDS induction after irradiation was also observed in
xenografts from different tumour types, including breast, head and neck, and colon cancer
(Kodarev et al., 2007). Coherently, IRDS correlates with poor prognosis in glioblastomas,
breast and lung cancer, head and neck tumours (Weichselbaum et al., 2008). Interestingly,
Stark and colleagues found that un-phosphorylated STAT1 can activate the transcription of a
group of genes which overlaps with IRDS (Cheon and Stark, 2009). Based on this
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observation, it could be possible that pro-survival ISGs are preferentially transcribed by un-
phosphorylated protein, and in this case the equilibrium between phospho- and un-
phosphorylated STAT1 might be critical for its oncogenic roles.

Additional mechanisms may promote STAT1 expression and activity in cancer cells. Up-
regulation of STATI1 and ISGs can occur via concomitant loss of p53 and pl4 in breast
cancer, as demonstrated by studies performed in triple negative breast cancer patients (Forys
et al., 2014). Interestingly, down-regulation of JAK-STAT inhibitors, resulting in persistent
pathway activation, has been found to support tumorigenesis in hepatocellular carcinoma.
Phosphorylation of Janus kinases was not detected in normal livers, but it increased from
surrounding non neoplastic livers to HCC, as well as the expression levels of JAK/STAT
target genes such as Bcl-x1 and Mcl-1. (Calvisi et al., 2006).

STAT?2 is the most structurally and functionally divergent member of the STAT family. Type
I IFNs activate STAT2 through phosphorylation on the Tyrosine 690, promoting the creation
of ISGF3 complex, in which STAT1 and IRF9 provide DNA binding of the complex, whereas
STAT2 contains a trans-activation domain (TAD) essential for its transcriptional activity.
STAT2-TAD has been shown to bind and recruit transcriptional co-activators such as
p300/CBP, GCNS5, DRIP150 and pp32 (Qureshi et a., 1996). The direct role of STAT2 in
tumour development and progression is not clear. Some evidences suggest that STAT2 might
be involved in the malignant transformation by regulating the production of IL-6, which in
turn activates STAT3 oncogenic pathway (Gamero et al., 2010). Moreover, increased STAT2
staining was more frequently detected in cervical cancer specimens than in the non-cancerous
and pre-cancerous lesions (Zeng et al., 2012). Recent studies also point out at the involvement
of STAT?2 in drug resistance through the regulation of specific ISGs (Cheon et al., 2013).
IRF9 is well known for its integral role in type I IFN-mediated cellular responses, to which it
contributes by recognizing ISRE sequences and forming the docking site for the ISGF3
complex. Interestingly, it has been reported that IRF9 is directly activated by c-Myc, and cells
lacking IRF9 expression are more susceptible to cytotoxic chemotherapeutic drugs. Recently,
Kolosenko showed that IRF9 is up-regulated in Multicellular spheroids (MCS) as well as in
confluent 2D cultures of cancer cells. Although the mechanism of IRF9 induction by cell
crowding remains to be investigated, its over-expression in HCT116 cells was sufficient to
up-regulate genes belonging to the IRDS and induce resistance to cisplatin, docetaxel,

oxaliplatin, SFU and etoposide (Kolosenko et a., 2014).
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AIM OF THE THESIS

Mutations in the 7P53 tumour suppressor gene represent the most common genetic alterations
found in human malignancies. In most cases 7P53 undergoes missense mutations causing
aminoacid substitutions that prevalently fall in the DNA-binding domain, thus impairing
transcriptional activity. In addition to loss of tumour suppressor functions, mutant p53
proteins contribute to carcinogenesis by exerting dominant negative effects over wild-type
p53, where present, and by neomorphic oncogenic properties (gain-of-function). Importantly,
mutant pS3 oncoproteins become activated specifically in a tumour cell context. In line with
this evidence, understanding the environmental factors that account for the selection and
activation of specific p53 mutants in different tumours is critical to identify determinants of
carcinogenesis and to find new putative targets for cancer therapy.

Among the frequently mutated residues in p53, in human tumours Arginine 249 is replaced in
about 65% of cases with a Serine. Although this event occurs with an overall low frequency,
mutant p53 R249S is detected in up to 90% of hepatocellular carcinomas (HCC) occurring in
populations exposed to HBV infections and aflatoxin B, two major risk factors for the HCC
in the east of Asia and sub-Saharan Africa. From a molecular point of view, Aflatoxin Bl
causes the specific mutation R249S, whose presence associates with stem cell traits and poor
prognosis in cohorts of HCC patients. However, these epidemiologic data are not supported
by clear indications of gain-of-function activities of mutant p53 R249S from in vitro and in
vivo studies. On a critical reflection, this apparent discrepancy could rely to a poor
understanding of the particular interaction of mutant p53 R249S with the specific tumour
context where it is selected, its biochemical regulation and the biological interactions in which
the mutant protein is involved in HCC.

Starting from the consideration that in HCC associated to Aflatoxin B1 and HBV exposure
Arginine 249 is most frequently mutated to a phosphorylable amino acid (either Serine or
Threonine), and that its selection in tumours may be due to a specific oncogenic signalling
involving this residue, this thesis aims at: 1) identifying the possible post-translational
modification network affecting mutant p53 R249S and impacting its oncogenic activities; 2)
understanding the molecular events driving mutant p53 R249S oncogenic functions in HCC;
3) verifying whether targeting mutant p53 R249S modification could block its gain-of-

function activities.
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RESULTS

p53 R249S mutation generates a novel phosphorylation
site that mediates a Pinl-dependent conformational switch

In human cancers, the p53 residue Arginine 249 is mutated to a phosphorylable amino acid
(either Serine or Threonine) in more than 70% of the cases (IARC,

http://gco.iarc.fr/today/home). This is of particular interest given that several reports have

stated that mutant p53 activation entails post-translational modifications, particularly
phosphorylation (Muller et al., 2009 (Girardini et al., 2011) (Walerych, Napoli, Collavin, &
Del Sal, 2012). However, whether substitution of Arg249 with Ser or Thr may be indeed
associated with phosphorylation of the mutated residue in cancer cells, has not been
investigated yet. In order to address this issue we performed a mass spectrometry analysis of
mutant p53 from Mahlavu liver cancer cells and BT 549 breast cancer cells, both bearing
endogenous mutant p53 R249S (Figure 13A). We observed phosphorylation of Serine 249 in
both cell lines, demonstrating for the first time that a mutation in p53 can introduce a new

functional post-translational modification (Figure 13B).
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Figure 13. Mass spectrometry analysis of mutant p53 R249S. A) Scheme of the mass spectrometry
experiment. Endogenous p53 was immunoprecipitated from 2mg of total cell lysate and subjected to trypsin
digestion followed by mass spectrometry. B) Annotated spectra for p53 phospho-Serine 249. Scaffold was used
to annotate the spectra matching to p53 phospho-Ser249 (C-M-G-G-M-N-R-S-P-I-I-L-T-I-I-I-T-I-E-D-S-S-G-N-
L-L-G-R). The b- and y- ion series are indicated at the top and the matching peaks from the y-ion series are
shown in blue. Neutral loss of water in the b-ion series is shown in green and neutral loss of methane sulphenate
is shown in red.
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To validate this result, we performed western blot analysis of Mahlavu cells protein lysates
employing a specific anti-phospho Serine 249 antibody. In line with the previous
observations, we detected phosphorylation on Serine 249 of mutant p53 isolated from

Mahlavu cells (Figure 14).
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Figure 14. Serine 249 phosphorylation in Mahlavu cells. Total p53 was immunoprecipitated from equal

amounts of Mahlavu cell lysates treated (+) or not (-) with lambda phosphatase (APP) and analyzed by Western
Blot with anti-phospho Ser249 antibody.

Serine 249 is followed by a Proline (Figure 15A). Thus, Ser 249 phosphorylation generates a
canonical consensus binding site for the prolyl-isomerase Pinl (Zhou and Lu, 2016).
Importantly, our research group demonstrated that Pinl is required to foster the oncogenic
activities of other mutant p53 forms commonly found in tumors (Girardini et al., 2011). Based
on these data, we reasoned that Pinl might regulate mutant p53 R249S by specifically binding
and modifying the new target site Serine 249-Proline 250 that is introduced upon mutation.
This event may be particularly relevant for hepatocellular carcinoma (HCC), since Pinl is
overexpressed in more than 50% of cases in this tumour type (Pang et al 2007).

We first assessed that mutant p53 R249S and Pinl were indeed able to interact in our cellular
models, as proved by co-immunoprecipitation experiments in both Mahlavu (Figure 15B) and

BT 549 (Figure SI 1) cells.
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Figure 15. p53 R249S mutation creates a new binding site for the prolyl-isomerase Pinl. A) Hypothetical
model in which Serine 249 phosphorylation by Proline-directed kinases generates a novel binding site for Pinl
(Adapted from Polonio-Vallon et al., 2014); in the amino acid sequence of the peptide containing R249S
mutation Ser249 and Pro250 are depicted in red and blue, respectively B) Co-immunoprecipitation between
mutant p53 R249S and Pinl. Total lysate from Mahlavu cells was subjected to immunoprecipitation with anti-
p53 and anti-Pinl antibodies.

39



To assess whether Serine 249 phosphorylation creates a novel Pinl binding site we took
advantage of an available p53 expression construct with point mutations at all six Pinl
consensus sites (Ser/Thr to Ala point mutant, p53 6M) (Mantovani et al., 2007), where we
introduced the mutation R249S, generating a p53 6M R249S expression construct (Figure
16A). In this mutant protein, the only Pinl consensus site is Ser249-Pro250. Importantly,
when expressed in p53-null H1299 cells p53 6M R249S was phosphorylated on Serine 249,
as demonstrated by Western Blot with anti-phospho Serine 249 antibody (Figure 16B). We
then tested the ability of Pinl WW domain to associate with p53 6M R249S. We performed a
GST-pull-down assay upon overexpression of p53 6M or pS3 6M R249S in H1299 cells. The
Pinl WW domain bound p53 6M R249S with high affinity compared to the 6M protein. This
interaction relied entirely on Serine 249 phosphorylation, as demonstrated by the fact that
p53 de-phosphorylation by phosphatase treatment abolished the binding (Figure 16C).
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Figure 16. Mutant p53 R249S interacts with Pinl in a phosphorylation-dependent manner. A) The
mutagenized residues within pS3 6M and p53 6M R249S are indicated in red. B) p53-null H1299 cells were
transfected with p53 6M (all six canonical S/T-P sites within pS3 were mutated to Alanine) or p53 6M R249S
constructs. Immunoprecipitated p53 was analysed by Western Blot with anti-phospho Ser249 antibody. Signal
intensity was quantified by ImagelJ. C) H1299 were transfected with p53 WT, p53 6M and p53 6M R249S; half
of the lysate from p53 6M R249S was treated with lambda phosphatase (APP) for 90' at 30°C and the binding
with Pinl was assessed by incubation with GST-WW or GST as a control.

Pinl-mediated isomerization of Serine/Threonine-Proline sites is often reported to regulate
the overall conformation of its client proteins. This is of particular interest for mutant p53

R249S, which displays a mildly destabilized conformation as compared to other mutant forms
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of p53, and is in a dynamic equilibrium between native and native-like status (Friedler et al.,
2004). Based on this, we reasoned that phosphorylation and Pinl-dependent isomerization
could contribute in shifting the balance towards a more distorted form, similar to
conformational p53 mutants (Joerger and Fersht, 2007). To test this hypothesis, we treated
Mahlavu cells with the Pinl inhibitor ATRA (All trans Retinoic Acid [Wei et al., 2015]) and
immunoprecipitated p53 with the conformation-specific anti-p53 antibody Pab240, which
specifically recognizes highly distorted mutant p53 structure in native conditions (Gannon et
al., 1990). Interestingly, inhibition of Pinl catalytic activity caused a reduction of Pab240
binding, demonstrating that Pinl is required to maintain mutant p53 R249S in a highly
distorted conformation (Figure 17).
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Figure 17. Pinl catalytic activity is required to stabilize mutant p5S3 R249S in a highly distorted
conformation. Immunoprecipitation (IP) for the misfolded form of mutant p53 R249S (PAb240) in Mahlavu
cells. Following 24h of 25 uM ATRA treatment, p53 was immunoprecipitated and the amount of misfolded p53
was evaluated by Western blot analysis with anti-p53 total antibody DO-1.

We then sought to understand whether Pinl-dependent isomerization of pSer249-Pro250
simply assists folding of mutant p53 R249 in a highly destabilized conformation, or it also
required to stabilize this structure. To this aim we performed molecular simulations of the
thermodynamic stability of the various modified forms of mutant p53 R249S. To represent all
the possible states of the Ser249-Pro250 bond, we modelled the mutated R249S in its native
trans conformation (Bullock et al., 2000; Joerger et al., 2005), the mutated and
phosphorylated form (R249pS), the mutated, phosphorylated and isomerised mutant
(cisR249pS), and, as Pinl substrates frequently undergo de-phosphorylation by cellular
phosphatases, the isomerised and de-phosphorylated form (cisR249S). Notably, the
isomerised, de-phosphorylated cisR249S shows the highest stability among all the forms, as
demonstrated by the average number of hydrogen bonds within the protein (Figure 18). Taken
together, these data show that Serine 249 mutation creates a new binding site for Pinl on the
p53 protein, and suggest that Pinl activity may be crucial to stabilize a highly unfolded
structure of mutant p53 R249S.
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Figure 18. Molecular simulations of mutant p53 R249S stability upon #rans to cis isomerisation of the
pSer249-Pro50 peptide bond. Top: the p53 DNA binding domain adopts the fold of a beta sandwich, formed
by two antiparallel beta-sheets that pack against each other. Its DNA binding interface features a Zn>* ion. The
latter is coordinated by C176, H179, C238 and C242 (represented in sticks). The residue mutated here into serine
(R249) is highlighted in a yellow box. A detail of the residues in position 249 and 250 (shown in sticks) is
offered. From top to bottom: wild type R249 (WT), the mutated S249 (R249S), the mutated and phosphorylated
pS249 (R249pS), the mutated and phosphorylated pS249 plus the following proline isomerized in cis
(cisR249pS), the mutated S249 and isomerized proline, cisR249S. Bottom: hydrogen bonds distributions for the
various forms of mutant p53 R249S, compared with wild-type p53.
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DYRK2 is the main Kinase responsible for
phosphorylating Serine 249 and modulates the interaction
of mutant p53 R249S with Pinl

In order to identify the kinase(s) responsible for Serine 249 phosphorylation, we employed a
two-step approach combining in silico prediction of kinases putatively targeting the residue
and a subsequent in vitro screening of a panel of predicted kinases on Ser249
phosphorylation. This procedure was performed by the Kinexus Bioinformatics Corporation
(www.kinexus.ca). The prediction was performed employing the company patented algorithm
(Safaei et al., 2011) obtaining a list of 80 kinases putatively targeting Ser249 (Figure SI 2). In
the second step, the activity of 46 kinases selected based on the in silico prediction step was
tested on two peptide substrates, one bearing wild-type p53 sequence and the other containing
mutated Ser249. 11 recombinant kinases, including members of DYRK, CDK, GSK3, CLK
and MAPK kinase families, displayed a significant activity on the mutant peptide (Figure 19).
The first hit was the kinase DYRK2.

A B

. # Kinase CPM1 CPM2 | Average | CPM1 | CPM2 | Average | Difference | Score Blank

492 Kinases 1 DYRK2 170470 | 169,674 | 170,072 | 22,229 | 19,138 | 20,684 | 149,389 | 1129 933
» | COKi/Cyclin A1 | 85547 | 89,521 | 87,534 | 7536 | 6871 | 7,204 | 80331 | 1599 926

3 CDK5/p25 74080 | 77,146 | 75613 | 6648 | 4740 | 5695 | 69919 | 1456 837

in silico predicted & GSK3b 60,834 | 73077 | 71906 | 4937 | 3823 | 4380 | 67526 | 1222 947

kinases 5 DYRK3 61,444 | 63,396 | 62420 | 6,085 | 3731 | 4908 | 57512 | 1193 1063

6 | COK2Cyclin A1 | 30323 | 43732 | 41,528 | 5033 | 4194 | 4814 | 36914 | 1464 1063

7 GSK3a 38,192 | 42876 | 40534 | 5979 | 5155 | 5567 | 34967 | 1223 1085

8 CLK2 30,867 | 32,620 | 31,744 | 8142 | 7635 | 7,889 | 23855 | 881 938

- 9 DYRK1a 26372 | 28,366 | 27,969 | 4404 | 4025 | 4215 | 23455 | 1202 a02

in vitro tested

i 10 CLK1 28304 | 27,046 | 27,675 | 6779 | 5766 | 6273 | 21403 | 963 839

kinases 11 pasd 18,143 | 19,138 | 18,641 | 3,121 | 2810 | 296 | 15675 | 1395 926

12 p3gg 10841 | 10277 | 10559 | 1897 | 1,625 | 1,761 | 8798 1544 1004

in vitro active 13 | CDK3/CyclinE1 | 10530 | 11,448 | 10989 | 2377 | 2,623 | 2500 | 8489 158.1 944

kinases 14 ERK2 9339 | 9716 | 9528 | 2012 | 2326 | 2169 | 7,35 160.8 905

15 HIPK1 10,703 | 11,597 | 11,150 | 4,880 | 4924 | 4902 | 6,248 1323 831

16 HIPK2 8150 | 8,146 | 8,148 | 4324 | 4254 | 4289 | 3859 1329 899

Figure 19. Screening for kinases responsible for the phosphorylation of Serine 249 identifies DYRK2 as
the main Serine 249 kinase. A) Scheme of the performed screenings. B) Result of the in vitro screening
performed with the recombinant kinases incubated with WT and mutant peptides as indicated. The kinases are
listed from highest to lowest score, based on the difference (in cpm) from the average counts of the p53 R249S
mutant peptide minus the counts of the p53 wild-type peptide. Counts that have differences greater than 30,000
cpm are highlighted in red, and counts with differences greater than 15,000 and less than 30,000 cpm are
highlighted in blue.

The dual-specificity tyrosine phosphorylation-regulated kinases (DYRKSs) are evolutionary
conserved enzymes weakly related to mitogen-activated protein kinases and cyclin-dependent
protein kinases (Becker and Joost, 1999; Himpel et al., 2001). DYRKSs consist of a conserved
kinase domain and adjacent DYRK homology box with variable N- and C-terminal regions.
All DYRKSs auto-phosphorylate a critical Tyrosine residue in the activation loop in order to
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attain the full catalytic activity, but mature and active kinases only phosphorylate substrates
on Serine or Threonine residues followed by Proline. DYRK family members regulate key
developmental and cellular processes such as neurogenesis, cell proliferation, cytokinesis and
cellular differentiation (Soppa & Becker, 2015). The best hit obtained by the screening,
DYRK2, was reported to act as an oncosuppressive kinase (Becker, 2012); it can induce
degradation of GLI2, the main transcription factor of the Hedgehog pathway, and prime c-Jun
and c-Myc for ubiquitin-dependent degradation (Taira et al., 2012). Importantly, it has been
demonstrated that, in cells exposed to genotoxic stress, DYRK2 phosphorylates wild-type p53
at Serine 46, promoting apoptosis (Taira et al., 2007). Despite these reports, the DYRK?2 locus
has been found amplified in esophageal and lung adenocarcinoma (Miller et al., 2003). In line
with this, recent data have highlighted that DYRK?2 exerts a pro-proliferative role in triple
negative breast cancer cells by fostering the 26S proteasome-dependent degradation of cell-
cycle inhibitors (Guo et al. 2015).
To test whether DYRK2 was able to directly phosphorylate Serine 249 residue within full-
length mutant p53 protein, we performed an in vitro phosphorylation assay on GST-p53
proteins. As DYRK2 is a Proline-directed kinase and has already been reported to
phosphorylate p53 on Serine 46, to assess if DYRK?2 was specifically acting on Serine 249 we
employed the 6M and 6M R249S p53 constructs (Figure 20).
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Figure 20. DYRK2 phosphorylates Serine 249 in in vitro phosphorylation experiments. A) Scheme of the
GST-p53 protein used as substrates for the in vitro phosphorylation experiment. B) H1299 p53-null cells were
transfected with either HA-tagged DYRK2 or empty vector as a control; the kinase was immunoprecipitated with
anti-HA antibody. C) GST-proteins were incubated with HA-DYRK2 or HA in presence of y-ATP** for 30" at
37°C. The reaction was run on SDS-PAGE and the presence of the phosphorylation was detected by
autoradiography.
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These experiments confirmed that DYRK2 acts as a direct kinase of Serine 249. Then we
tested whether DYRK2 was able to bind mutant p53 R249S by co-immunoprecipitation
experiments upon co-overexpressing the two proteins in p53-null H1299 cells. This analysis

confirmed the interaction between DYRK2 and mutant p53 R249S (Figure 21).
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Figure 21. DYRK2 interacts with mutant p53 R249S. Co-immunoprecipitation of overexpressed DYRK?2 and
mutant p53 R249S from p53-null H1299 cells. Lysates were immunoprecipitated with anti-p53 antibody and
proteins detected with the indicated antibodies.

Since Serine 249 phosphorylation creates a Pinl binding site, we postulated that modulation
of DYRK?2 levels or activity should have an impact on the binding between p53 6M R249S
and Pinl. To test this hypothesis we overexpressed pS3 6M R249S in H1299 cells and either
overexpressed or silenced DYRK2. As shown in Figure 22, DYRK2 overexpression was able
to stimulate the binding of p53 6M R249S to the WW domain of Pinl, while DYRK2
silencing strongly reduced the binding. DYRK2-dependent modulation of Serine 249
phosphorylation was verified employing a phospho-S/T-Pro antibody. Moreover, GST
pulldown between mutant p53 R249S and Pinl WW domain in presence of two inhibitors of
the DYRK family of kinases, INDY and Acridine, further demonstrated that DYRK2 catalytic
activity is required for the interaction between p53 6M R249S and the Pinl-WW domain
(Figure S14).
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Figure 22. Modulation of DYRK?2 perturbs the binding of p53 6M R249S to the WW domain of Pinl. A)
H1299 cells were transfected with p53 6M, p53 6M R249S and p53 5M Serine 46 wild-type (used as a control)
along with HA-DYRK2 or empty vector. The interaction of p53 with recombinant WW domain of Pinl was
analysed by GST pulldown of cell lysates normalized for p53 levels. The phosphorylated Serine 46 within p53
SM Serine 46 wild-type after DYRK2 overexpression is shown as a readout of DYRK2 activity. B) H1299 cells
were silenced for DYRK2 and then transfected with p5S3 6M R249S. The interaction of p53 with recombinant
Pin 1 WW domain was analysed by GST pulldown. The silencing of DYRK?2 was checked by qRT-PCR (Figure
SI 3). The effect of DYRK2 overexpression or depletion on the phosphorylation status of p53 6M R249S was
verified with a phospho-S/T-Pro antibody.

Taken together these data demonstrate that DYRK2 phosphorylation of Serine 249 is required

for the interaction of mutant Serine249-Pro250 and Pinl.

Mutant p53 R249S regulates the expression of a subset of
Interferon Stimulated Genes

Although epidemiologic data support a strong association between mutant p53 R249S and
hepatocellular carcinoma, the knowledge on the mechanisms of mutant p53 R249S gain-of-
function is very poor, thus leaving unanswered the question about the reason for selection of
this p53 mutant in HCC. To understand which molecular events mediate mutant p53 R249S
activity in hepatocellular carcinoma, we performed gene expression analysis by cDNA arrays
in Mahlavu cells upon depletion of mutant p53 R249S. Functional analysis was performed on

this data by Ingenuity Pathway Analysis, highlighting that among the genes downregulated
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upon depletion of mutant p5S3 R249S, the most represented category was the one comprising

interferon responsive genes (Figure 23).
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Figure 23. Major pathways altered by mutant pS3 R249S silencing in Mahlavu cells. RNA from Mahlavu
cells depleted of mutant p53 R249S expression was subjected to Illumina expression microarray in comparison
with control silenced cells. Analysis of perturbed cellular pathways was performed by Ingenuity Pathway
Analysis (iPA) and is shown as activation z-score (<2,5 downregulated pathways in green, >2,5 activated
pathways in red). Interferon signalling resulted as the most repressed pathway after mutant pS3 R249S silencing.

We built a signature of interferon stimulated genes affected by mutant p53 R249S expression,
which we validated in Mahlavu (Figure 24) but also partially in other cellular contexts such as

BT 549 cells (Figure SI 5).
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Figure 24. mRNA level of selected targets upon silencing of mutant p53 R249S.. Changes in gene expression
in Mahlavu cells are shown as fold change upon mutant p53 depletion comparing to cells transfected with
control siRNA. IRF1, an IFN/STATI1 regulated gene not affected by mutant p53 R249S, was amplified as
control. Error bars indicate s.d. (n=3). * P value <0,05.

Analysis of upstream activators of the interferon gene signature performed by Ingenuity

Pathway Analysis unveiled that all the genes selected are regulated by IFNa and STATI. To
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validate these results we analysed the expression of the IFN responsive gene set after I[FNa
stimulation in Mahlavu cells. We observed that, although with variable activation, the selected
interferon responsive genes were all upregulated by IFNa, representing the most important
type I interferon (Figure SI 6). IFNa exerts its function through the activation of JAK/STAT
signalling and specifically by the recruitment of the Interferon Stimulated Genes Factor 3
(ISGF3) at the Interferon-Stimulated Response Elements (ISRE) of the Interferon Stimulated
Genes (ISGs). The ISGF3 complex is composed by STATI1, STAT2 and IRF9. qRT-PCR
analysis of mRNA extracted from Mahlavu cells showed that the IFN signature modulated by
mutant p53 R249S is affected by STATI silencing (Figure 25), as well as STAT2 and IRF9
silencing (Figure SI 7).
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Figure 25. mRNA level of selected targets upon silencing of STAT1. Changes in gene expression are shown
as fold change upon STAT]1 silencing compared to control silencing. Error bars indicate s.d. (n=3). * P value
<0,05.

ISGs are commonly defined as mediators of immune responses against viruses (Schoggins
and Rice, 2011) and anti-tumour factors. However, increasing evidences show that interferon
stimulated genes can exert more functions, also opposite each other. Interestingly, high
expression levels of ISGs, including mutant p53 R249S modulated genes, have been reported
to be involved in tumour growth, promoting cell proliferation and therapy resistance
(Khodarev et al., 2004, 2007, 2012; Cheon et al., 2014, Li et al., 2014: Jin et al., 2017; Ogony
etal., 2016).
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Mutant p53 R249S binds the promoters of interferon
responsive genes mediating STAT1 recruitment to its
target sites in a Pinl-dependent manner

The above analysis raised the question whether the transcriptional effect of mutant p53 R249S
on interferon stimulated genes was mediated by interaction with STATI. Indeed, co-
immunoprecipitation experiments showed that mutant pS3 R249S was able to interact with
STATI in Mahlavu cells (Figure 26) and with STAT2 upon co-overexpression in H1299 cells
(Figure SI 8).
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Figure 26. Mutant p53 R249S interacts with STAT1. Co-immunoprecipitation assay between endogenous
STAT1 and mutant p53 from Mahlavu cells.

Prompted by these observations we tested whether the conformational switch mediated by
Pinl on mutant p53 R249S may affect its interaction with STATI. Inhibition of Pinl in
H1299 cells over-expressing mutant p53 R249S was able to reduce the binding between the
two proteins (Figure 27), suggesting that a highly destabilized conformation of p53 R249S,
supported by Pinl activity, is required for interaction with STAT]I.
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Figure 27. Pinl regulates the interaction between mutant p53 R249S and STAT1. Co-immunoprecipitation
assay between endogenous STAT1 and mutant pS3 overexpressed in H1299 cells. Pinl inhibitor ATRA was
used 25 uM for 24h.
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Having observed that mutant pS3 R249S was able to interact with STAT1 and regulate its
target genes, we sought to investigate if the activity of mutant p53 R249S on interferon gene
signature was dependent on direct transcriptional regulation. We therefore performed ChIP
experiments to determine whether mutp53 R249S was capable to bind STAT1 ISRE sites in
these promoters, taking the IRF9 promoter as a paradigm since its regulation could affect the
expression of all the other genes. These experiments indeed demonstrated that in Mahlavu
cells mutant p53 R249S binds the STAT1-target sequence within the IRF9 promoter (Figure
28A). To assess whether Pinl affected the binding, we performed the experiment also upon
Pinl inhibition. Treatment of the cells with ATRA was able to reduce the binding of mutant
pS3 R249S to IRF9 promoter, thus suggesting that the activation of interferon responsive
genes by mutant p53 R249S may require the phosphorylation and isomerisation of Serine
249-Proline 250 bond. Coherently, IRF9 mRNA levels were reduced by ATRA treatment
(Figure 28 B), as well as by DYRK2 depletion (Figure SI19) in Mahlavu cells.
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Figure 28. Mutant p53 R249S binds to IRF9 promoter in a Pinl-dependent manner. A) Following 48h of
treatment with ATRA 50 uM, Mahlavu cells were subjected to ChIP with either anti-p53 antibody or normal
Mouse IgG. Binding of p53 to the IRF9 promoter was quantified by calculating the fold increase of p53-
immunoprecipitated chromatin over the control IgG-immunoprecipitated chromatin after specific qRT-PCR
amplification of the ISRE-containing region. The amplification of a genomic region not bound by mutant p53
(control) was performed as control of the specificity of the binding. B) mRNA levels of IRF9 upon 48h of
ATRA treatment. Error bars indicate s.d. (n=3). *P value <0,05.

In agreement with the results of ChIP experiments, in p53-null H1299 cells the
overexpression of mutant p53 R249S was able to induce IRF9 (Figure 29).
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Figure 29. mRNA levels of IRF9 in H1299 expressing mutant p53 R249S. Error bars indicate s.d. (n=3). * P
value <0,05.

The Interferon Regulatory Factor 9 is well known for its integral role in the ISGF3, in which
it constitutes the molecular platform binding ISRE elements, therefore affecting the
transcriptional activity of the whole complex (Yanai et al., 2012). By increasing IRF9
expression levels, mutant pS3 R249S could foster association of IRF9 with STAT1 and
STAT2, thus promoting the assembly and recruitment of ISGF3 at the ISGs promoter. To
verify this hypothesis, we tested whether mutant p53 R249S was able to directly affect the
amount of STAT1 bound to IRF9 promoter. To this aim we performed ChIP experiments on
STATI1 in Mahlavu cells silenced for p53 expression. Importantly, STAT1 binding to its
target sites was diminished in cells in which mutant p53 expression was knocked down,
indicating that mutant p53 R249S was required for proper STAT1 recruitment at chromatin
target sites (Figure 30).
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Figure 30. STAT1 binding to its target sequences on chromatin is regulated by mutant p53 R249S. After
p53 silencing, Mahlavu cell lysates were subjected to ChIP with either anti-STAT1 antibody or normal Rabbit
IgG. Binding of STATI to IRF9 promoter was quantified by calculating the fold increase of chromatin
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immunoprecipitated by STAT1 over chromatin immunoprecipitated by control IgG after specific qRT-PCR
amplification of the ISRE-containing region. The amplification of a genomic region not bound by
STAT1(Control) was performed as a control of the specificity of the binding. Error bars indicate s.d. (n=3).* P
value <0,05.

Phosphorylation of Serine 249 and Pinl-mediated
isomerization are required for mutant p53 R249S gain-of-
function

Evidences of gain-of-function activities of mutant R249S include a reported pro-proliferative
role in lung cancer (Vaughan et al., 2012) as well as HCC (Gouas et al., 2010). Interestingly,
integrative transcriptomic analysis revealed that HBV-related hepatocellular carcinoma,
which is strongly associated to p53 R249S mutation, belongs to a "Proliferation class",
characterized by enrichment of pathways related to proliferation and cell cycle progression
(Hoshida et al., 2009). Given these premises, we investigated the ability of mutant p53 R249S
to stimulate proliferative activity in our cellular models. We observed that depletion of mutant
p53 from Mahlavu cells strongly reduced cell proliferation measured by BrdU incorporation
assay; in line with this effect, reconstitution of mutant p53 R249S expression with a siRNA

resistant construct was able to rescue cell proliferation (Figure 31).
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Figure 31. Mutant p53 R249S promotes proliferation of Mahlavu cells. BrdU cell proliferation assay in
Mahlavu cells was performed after transient depletion of mutant p53 R249S; concomitant transfection of a
siRNA-resistant p53 R249S overexpressing construct (SR-R249S) resulted in the rescue of the phenotype, thus
confirming the direct effect of mutant p53 in promoting cell proliferation. Error bars indicate s.d. (n=3). * P
value <0,05.

Having demonstrated that induction of cell proliferation is an aspect of mutant p53 R249S
gain-of-function, we asked whether this phenotype is affected by the phosphorylation status of
Serine 249. Therefore we compared the ability of mutant p53 R249S and mutant p5S3 R249A
(mimicking unphosphorylated Serine 249) to induce proliferation in p53-null H1299 cells.
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Interestingly, cells bearing the mutant p53 R249S displayed a gain in proliferation compared
to the corresponding control cells, whereas overexpression of mutant p53 R249A was

ineffective to induce the same phenotype (Figure 32).
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Figure 32. Phosphorylation of Serine 249 within mutant p53 R249S promotes cell proliferation. BrdU
proliferation assay in H1299 cells was performed after overexpression of p53 mutants with Serine or Alanine
residue in 249 position. The increase of cell proliferation caused by mutant p53 R249S overexpression is absent
in the case of unphosphorylable Serine 249 (R249A). Error bars indicate s.d. (n=3). * P value <0,05.

To further investigate the role of Serine 249 phosphorylation for mutant pS3 R249S gain-of-
function, we verified whether modulation of DYRK2 levels was able to regulate mutant p53-
dependent induction of proliferation. Consistent with DYRK?2 acting as an upstream regulator
of mutant p53 R249S pro-proliferative activity, both DYRK2 overexpression and silencing
impacted on the proliferation of cells expressing mutant p53 R249S, while not showing

significant effects in a p53-null background (Figure 33).
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Figure 33. Mutant p53 R249S requires DYRK?2 for its pro-proliferative activity. BrdU proliferation assay in
H1299 cells was performed after DYRK2 depletion or over-expression in a p53-null (-) or mutant p53 R249S
(p53 R249S) background. The effect of DYRK2 modulation on cell proliferation is effective only in a mutant
R249S context. DYRK2 depletion was checked by qRT-PCR and shown in figure SI 3. Error bars indicate s.d.
(n=3). * P value <0,05

In a similar manner, overexpression of catalytically active Pinl was able to foster the
proliferation induced by mutant p53 R249S, instead it had no effect on R249A mutant,
suggesting that Pinl-dependent isomerization is required to switch Serine 249
phosphorylation into a conformational change responsible for mutant p53 R249S gain-of-
function (Figure 34). Conversely, overexpression of catalytically inactive Pinl S67E mutant

was ineffective in this respect, independently of p53 status of H1299 cells.
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Figure 34. Pinl fosters mutant p53 R249S pro-proliferative capacity through its catalytic activity. BrdU
cell proliferation assay in H1299 expressing empty vector, mutant p53 R249S or mutant p53 R249A was
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performed after co-overexpression of empty vector, Pinl WT or Pinl catalytic inactive S67E. Pinl WT promotes
proliferation of p53 R249S expressing cells, without affecting the proliferation R249A expressing H1299. Pinl
S67E was ineffective in fostering the proliferation independently of p53 context. Error bars indicate s.d. (n=3).*
P value <0,05.

Since DYRK2, through Serine 249 phosphorylation, modulates the interaction of mutant p53
with Pinl, we reasoned that this kinase could be required for Pinl to promote mutant p53
R249S gain-of-function. Thus we investigated the functional interplay between DYRK2 and
Pinl. In the context of mutant pS3 R249S-overexpressing H1299 cells we overexpressed Pinl
and concomitantly silenced DYRK2; importantly, Pinl overexpression had no effect on the
pro-proliferative activity of mutant p53 R249S in the absence of DYRK?2, thus demonstrating
that DYRK2-Pinl coordinated activity is required for mutant p53 R249S gain-of-function
(Figure 35).
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Figure 35. Pinl requires DYRK2 to foster mutant p53 R249S pro-proliferative activity. H1299 cells co-
overexpressing p53 R249S and Pinl were transiently silenced for DYRK2 expression. The gain in cell
proliferation induced by overexpression of Pinl in p53 R249S background is abolished upon silencing of
DYRK2. DYRK2 depletion was checked by qRT-PCR shown in figure SI 3. Error bars indicate s.d. (n=3). * P
value <0,05.

We demonstrated that DYRK?2 and Pinl are required for mutant p53 R249S pro-proliferative
activity and for its ability to modulate an interferon gene signature associated with tumour
growth. To test whether mutant p53 R249S pro-proliferative activity relies on regulation of
STATI1-dependent transcription, we performed STATI silencing and monitored mutant p53
R249S-induced proliferation. This experiment highlighted that STATI1 depletion could
abolish the gain in proliferation induced by mutant p53 R249S overexpression in H1299 cells
(Figure 36). This result strongly suggests that mutant p53 R249S gain-of-function relies on
the regulation of the transcription of pro-proliferative STATI target genes.
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Figure 36. STAT1 is required for the pro-proliferative activity of mutant p53 R249S. H1299 cells
overexpressing mutant p53 R249S or empty vector were transiently silenced for STAT1. Depletion of STAT1
was effective in reducing the proliferation of mutant p53 expressing cell, but not of p53-null cells. Error bars

indicate s.d. (n=3). * P value <0,05
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DISCUSSION

In this Thesis we demonstrated for the first time that a mutation in p53, specifically the
replacement of Arginine 249 with a Serine, introduces a novel post-translational modification
of an oncoprotein. Moreover, p53 mutation and subsequent phosphorylation of the mutated
residue create a phosphoSer249-Pro250 motif that is recognized by the prolyl-isomerase Pinl,
an enzyme able to promote structural changes responsible for fine-tuning target proteins’
biochemical and biological properties such as localization, stability and activity. Indeed, our
results indicate that by isomerising the phosphoSer249-Pro250 bond, Pinl promotes the
stabilization of mutant p53 unfolded structure, and fosters its interaction with the transcription
factors STAT1 and STAT2. In turn, cooperation between mutant p53 R249S and the JAK-
STAT pathway results in the induction of Interferon-stimulated genes, that support the
proliferation of cancer cells bearing p53 R249S mutation (Figure 37).
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Figure 37. Working model describing the pro-proliferative activation of mutant pS3 R249S. Mutation of
p53 Arginine 249 to Serine induced by the food contaminant Aflatoxin B1 is targeted by the kinase DYRK2,
whose mechanisms of stabilization and activation are still under investigation but putatively promoted by various
stimuli such as HBV/HCV infection or DNA damage. Serine 249 phosphorylation generates a binding site for
the prolyl-isomerase Pinl. The conformational change fostered by this enzyme distorts pS3 in a way that it
becomes capable of binding STAT! and STAT2. This association potentiates the interferon-mediated
transcription of STAT1-target genes to unleash a transcriptional program that mediates proliferation of cancer
cells.
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The selection for p53 R249S mutation during hepatocarcinogenesis cannot be justified
exclusively by sequence-specific DNA damage induced by Aflatoxin B1. It is conceivable
that the specific context in which this mutation occurs could offer further explanation for its
strong recurrence in HCC. The R249S mutation has been detected in non-cancer liver tissues
of aflatoxin-exposed subjects (Aguilla et al., 1994) and in circulating DNA of individuals
without clinically detectable liver disease from Gambia (Kirk et al., 2005). Interestingly in the
Gambian study the prevalence of R249S mutation increased with the severity of liver disease,
supporting the hypothesis that after its induction by Aflatoxin, the R249S mutation is selected
during hepatocarcinogenesis to facilitate HCC progression. Interestingly, in HBsAg
transgenic mice treated with AFB, mutant p53 R249S appeared to cooperate with toxins in
inducing HCC (Ghebranious and Sell, 1998). This evidence supports the hypothesis that p53
R249S activity is also related to HBV infection. Coherently, the proportion of HCCs with
R249S that are HBV-negative is very small in high incidence areas (Gouas et al., 2012). In
vitro studies showed that the viral HBx protein is able to bind mutant p53 R249S; moreover,
cooperation between tumour-derived HBx mutant proteins and mutp53 R249S regulates cell
proliferation and anchorage-independent growth in human hepatocyte-derived cell line (Jiang
et al., Int J Cancer, 2010). All together these evidences support the possibility of a liason
between HBV and mutant p53, specifically mediated by HBx.

In this section we will analyze all the open aspects of the activation pathway that we

identified with particular attention on the interaction of molecular players with HBV.

By means of in silico and in vitro screenings we identified several putative kinases for Serine
249 phosphorylation, among which DYRK?2 showed the strongest effect. DYRK2 has been
long considered an oncosuppresive kinase, due to its ability to promote degradation of
oncogenes such as c-Myc and c-Jun and to positively regulate wild-type p53 functions (Taira
et al., 2012). In particular, DYRK2-dependent phosphorylation of wild-type p53 Serine 46
upon genotoxic stress 1s intriguing since it was demonstrated that Ser46-Pro47
phosphorylation and consequent isomerization by Pinl are crucial for gain-of-function of
several p53 mutants frequently found in tumours (Girardini et al., 2011). According to this
model and based on our findings, it is conceivable that the role of DYRK?2 in fostering mutant
p53 R249S gain-of-function is mediated by an interplay between modification of both Serine
46 and Serine 249 in concert with Pinl. We aim to address this issue by assessing if Serine 46

phosphorylation is required for mutant p53 R249S gain-of-function.
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Given the role of DYRK?2 in modulating both wild-type and mutant p53 functions it would be
extremely important to understand the mechanisms of DYRK2 activation in pre-cancerous
and tumor tissues. It has been demonstrated that genotoxic stress stabilizes DYRK?2 via ATM-
mediated phosphorylation in p53 wild-type cells (Taira et al., 2010). Further investigations
will be required to understand the signalling inducing DYRK?2 in mutant p53-bearing tumours
and in particular in the p53 R249S HCC context, where viral infection and persistence of
DNA damage signalling are expected.

It has been recently reported that DYRK?2 exerts a pro-proliferative role in triple negative
breast cancer cells by promoting the activity of the 26S proteasome through direct
phosphorylation of one of its subunits (Guo et al., 2015 and 2016). Interestingly, activation of
proteasome via transcriptional partnership with NRF2 has been recently recognized as a
common gain-of-function activity of mutant p53 proteins, including p53 R249S (Walerych et
al., 2016). These data support a model in which on one hand DYRK2 directly fosters
proteasome activity and on the other it may support mutant p53 ability to stimulate
proteasome gene transcription. We will verify this hypothesis by modeling the interaction of
modified mutant p53 R249S with NRF2 as well as testing the ability of DYRK2 to modulate
proteasome gene transcription. We may similarly investigate the contribution of mutant p53
Serine 249 modification to modulate the interactions with other transcription factors

important for mutant p53 gain-of-function (e.g. NF-Y).

In addition to DYRK2, other kinases were able to phosphorylate Serine 249, including CDK1
and CDK2 and mTOR. Interestingly, inhibition of several CDKs has been proven effective to
halt HCC progression (Bisteau, 2014), while PI3K/AKT/mTOR pathway has been found to be
activated in 5-10% of HCC, via activating mutations of PIK3CA or inactivating mutations of
TSC1 or TSC2 (Zucmann-Rossi et al., 2015). These evidences may suggest that different
signalling pathways, which in turn activate several kinases, might concomitantly operate to

unleash the gain-of-function of mutp53 R249S.

We demonstrated that Serine 249 phosphorylation within mutant p53 creates a new binding
site for Pinl, which fosters the stabilization of the distorted structure that characterizes the
mutant conformation of p53 R249S. This observation is particularly important given the
relatively mild structural distortion of this mutant compared to others, that could account for
the limited and conflicting evidence of its gain-of-function (Lee et al., 2011). Our results
suggest that Pinl-dependent isomerisation and subsequent de-phosphorylation by yet
unknown phosphatases stabilizes p53 R249S mutant conformation. We will perform a
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dedicated in vitro screening to identify the phosphatases that act on Serine 249 stabilizing its
mutant conformation and thus promoting its gain-of-function.

The finding that Pinl is fundamental in promoting mutant p53 R249S gain-of-function is of
particular importance given the link between Pinl and HBV. In particular Pinl has been
reported to increase HBx protein stability and to enhance HBx-dependent transcriptional
activity, synergyzing to induce HepG2 cell proliferation and growth of tumour xenografts in
mice (Pang et al., 2007). The relevance of the HBx-Pinl interplay is supported by the fact that
Pinl overexpression occurs in more than 50% of HBx positive HCC Chinese patients (Bao et
al., 2004). These evidences and our results support the idea that in HBV-related hepatocellular
carcinoma Pinl could promote tumorigenesis fostering the activity of HBx and mutant p53

R249S, which separately or synergistically can foster tumor growth.

We demonstrated that the structural distortion imposed by Pinl on mutant p53 R249S is
required for its binding to STAT1 and STAT2 to induce the expression of a subset of
interferon stimulated genes. While our results demonstrate direct binding of mutant p53
R249S to DNA ISRE sequences, it may also act at different levels on the JAK/STAT
pathway. It was shown that mutant forms of p53 were able to interact with STATI,
promoting its phosphorylation (Youlyouz-Marfak, I). Although from our transcriptomic data
and from preliminary results we can exclude a direct effect of mutant p53 R249S on the
expression of the Janus kinases, it could be possible that mutant pS3 R249S impacts on the
phosphorylation status of STAT proteins acting in a subsequent step, and in particular
regulating the phosphorylation of the fraction of the protein bound to DNA; this could be
particularly important to explain the selectivity of mutant p53 R249S in inducing a particular
subset of ISGs, as unphosphorylated STAT1 was observed to regulate the expression of genes
involved in tumour growth and to be associated to poor survival (Cheon et al., 2011).

It is important to underline that all our data, that we demonstrated significant in a mutant p53
R249S context, could be relevant also in tumours bearing other mutant forms of p53. Indeed,
it was observed that induction of STAT]1 signaling in esophageal tumor microenvironment is
related to the cooperation between mutant p53 R175H and Periostin (POSTN). Invasive
esophageal cells expressing POSTN and p53 R175H mutation display activation of STATI
target genes, that in turn foster a permissive microenvironment that facilitates invasion of
esophageal epithelial cells into the extracellular matrix (Wong et al., 2013). Interestingly, our
preliminary data demonstrate that in MDA-MB 231 cells the depletion of mutant p53

(R280K) affects the expression of some of the genes validated in Mahlavu cells.

60



All the abovementioned steps of mutant p53 R249S activation towards its pro-proliferative
gain-of-function could provide possible targets for therapeutic intervention for HCC that can
poorly benefit from chemotherapy.

Drugs commonly employed to target altered conformation of mutant p53 in tumours have
been proven to be only slightly effective in mutant p5S3 R249S-bearing cells. In particular, out
of the several synthetic polypeptides and small molecules that have been identified as having
the capacity to restore wild-type functions to mutant p53, only two of them, PRIMA-1 and
CDB3, have been specifically tested for their capacity to restore the activity of mutant p53
R249S. A study on HCC cells overexpressing mutant p5S3 R249S showed that PRIMA-1 had
a cytotoxic effect in liver cancer cells, enhanced by mutant p53; however, inhibition of p53 by
RNA interference in PLC/PRF/5 did not prevent the activity of PRIMA-1, indicating that the
effect is p53 R249S independent. The evidence that the presence of mutant p53 R249S
appears to protect cells against PRIMA-1 toxicity suggests that mutant p53 possesses a GOF
that promotes cell survival, and that PRIMA-1 may act blocking this function (Shi et al.,
2008). CDB3 is a synthetic peptide that binds in vitro to native or partially denatured forms of
p53 core domain and promotes its folding into a native wild-type form. Studies with mutant
p53 R249S have shown that CDB3 could bind to mutant p53 and decrease the local distortion
in the DNA binding region. However, the proof of restoration of wild-type p53 biological
effects is still lacking (Friedler et al., 2002). Given these premises and based on our results, it
could be suggested a strategy to target mutant p5S3 R249S structure by acting on DYRK2 and
Pinl.

Unluckily, no specific DYRK2 inhibitor is available to date; however, as we identified several
other kinases putatively acting on Serine 249, inhibitors of those enzymes could be tested for
their efficacy in inhibiting Serine 249 phosphorylation.

Several Pinl inhibitors have been patented in the recent years, but only few of them have
undergone clinical trials (Zhou and Lu, 2016). Recently it has been reported that Pinl can be
effectively inhibited by a drug already employed in clinic for the treatment of acute
promyelocytic leukemia, All Trans Retinoic Acid (ATRA). ATRA exerts inhibition and
degradation of Pinl in tumour cells, blunting Pinl-dependent oncogenic mechanisms and
breast cancer growth in vivo (Wei et al., 2015). However ATRA showed only moderate
efficacy against advanced breast cancer in clinical trials (Mantovani et al., 2016), suggesting
that combinatorial therapy with kinase inhibitors could represent a better option to efficiently

counteract mutant p53 R249S activity.
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Apart from the possible inhibition of mutant p53 R249S gain-of-function via interference with
its upstream regulatory pathways, our data also raise important observations about the clinical
use of interferons in the treatment of mutant p53-bearing tumours. The ability of type I IFNs
to induce pro-apoptotic and anti-proliferative responses in a variety of cell types has led to
exploration of their potential as antitumor therapeutic agents. IFNa is approved for the
treatment of haematological malignancies, solid tumours and viral infections (Platanias et al.,
2005). However, recent studies showed that constitutive exposure of cells to a low level of
type I IFN leads to steady-state expression of interferon responsive genes linked to
chemoresistance (the so-called IRDS signature) that, via still unknown mechanisms, favour
EMT and metastasis, suppression of T cell toxicity and resistance to chemotherapies
(Wallance et al., 2011). Coherently, increased expression of interferon stimulated genes has
been identified in cancer cells compared to corresponding normal primary cells or normal
tissues, and associated with tumour invasion (Andersen et al., 2006; Hatano et al., 2008;
Suomela et al., 2004), and metastatic properties (Khodarev et al., 2009). These observations
are in line with our data which demonstrate that the mutant p5S3 R249S oncogene can intercept
JAK/STATI pathway to promote pro-proliferative interferon gene expression in cancer cells.
Based on our data, it is also conceivable that mutant p53 R249S (but also other forms of
mutant p53) might potentiate the effect of exogenous IFNa administration in promoting pro-
proliferative gene expression, thereby converting anti-proliferative IFNa activities into
dangerous tumour promoting actions. In this respect, understanding how mutant p53 R249S
contributes to selectively induce a specific subset of interferon responsive genes might be of
fundamental importance to redirect the response to exogenous interferon administration

towards the expression of ISGs encoding pro-apoptotic and anti-proliferative proteins.
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MATERIALS AND METHODS

Reagents and plasmids

The following compounds were purchased from Sigma Aldrich: DYRKSs inhibitors Indy
(SML1011) and Acridine (A23609), Pinl inhibitor ATRA (R2625). Interferon a 2A was
purchased from Abcam (ab187225).

pcDNAj; p53 wild-type, pcDNAj; p53 6M, pcDNA;, pGEX 4T1 plasmid containing Pinl WW
domain (GST-Pinl WW) have been previously described (Zacchi et al., 2002). pcDNAj p53
R249S siRNA resistant was obtained by site-directed mutagenesis (Agilent technologies,
quick change lightning site-directed mutagenesis kit #210518-5) on pcDNA; p53 wild-type
siRNA resistant plasmid (Walerych et al 2016). pcDNA; p53 6M R249S was generated by
site-directed mutagenesis of pcDNA; p53 6M plasmid. pGEX 4T1 p53 WT, p53 6M and p53
6M R249S were constructed by subcloning the corresponding cDNAs from pcDNAj3;. cDNA
encoding for DYRK?2 variant 2 was purchased from Addgene in the form of pRV DYRK2
vector and subcloned into pPCDNA3; HA. pCDNA3;HA Pinl and pCDNAsHA Pinl S67E have
been previously described (Rustighi et al., 2009).

Cell Lines

Mahlavu liver cancer cells were obtained from IARC and cultured in Eagle's minimal
essential medium (EMEM) supplemented with 10% FBS, 1% Glutamax, 1% non essential
aminoacids, 1% antibiotics. BT549 cells were cultured in Dulbecco's Modified Eagle Medium
supplemented with 10% FBS, 1% antibiotics. H1299 were cultured in Roswell Park Memorial
Institute medium supplemented with 10% FBS, 1% antibiotics.

Transfections and Infection

Transfection of DNA was performed with Lipofectamine 2000 (Invitrogen) for H1299 and
Lipofectamine LTX (Invitrogen) for Mahlavu. For siRNA transfection, double-stranded RNA
oligos (40 nM) were transfected using Lipofectamine RNAiMax (Invitrogen). siRNA

oligonuceotides are listed below.

siRNA Sequence
DYRK2 GAACAAGCAATGAAGCAAT
IRF9 GCAGAGACUUGGUCAGGUA
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p33 GACUCCAGUGGUAAUCUAC

Pinl CGGGAGAGGAGGACUUUGA
STATI1 GCGUAAUCUUCAGGAUAAU
STAT2 GGACUGAGUUGCCUGGUUA

Liquid chromatography tandem mass spectrometry (LC_MS/MS)

The frozen beads were thawed on ice and then 20 pl of trypsin (Promega), diluted to 50 pg/ml
with 20 mM triethylammonium bicarbonate, was added to the beads and then incubated for
12h at room temperature. The supernatant was removed and the beads washed with an
additional 50 pl trypsin. The supernatant and wash were pooled and incubated at 56°C for 1h.
The digest was reduced, alkylated and purified using standard procedures. The purified
peptides were subjected to LC-MS/MS using an Easy Nano LC II (Bruker Daltonics) and an
Amazon ETD ion trap mass spectrometer (Bruker Daltonics). The acquisition cycle of the
mass spectrometer was set to perform ETD and pseudo-MS® when triggered by the neutral
loss of phosphate. The resulting data was searched using the MASCOT (Matrix Science,
version 2.4) and the GPM (version 2.2.1) search engines. Scaffold (Proteome Software,
version 3 00 08) was used to filter the results at a false discovery rate of <5% for both

peptides and proteins.

In Vitro Binding

GST pull-down assays were performed using recombinant GST-Pinl WW domain or GST
purified from bacteria. H1299 cells were transfected with different p53 expression constructs
and after 24 h cells were lysed in 150 mM NaCl, 50 mM Tris/HCI pH7.5, 10% glycerol, 0.1%
NP-40, supplemented with protease inhibitor cocktail (Sigma), 1 mM PMSF, 5 mM NaF, 1
mM Na3zVO,. Protein extracts were incubated with 2 pg of GST proteins to detect p53
binding. For mutant p53 6M R249S binding to GST-WW domain upon DYRK2 silencing,
cells were transfected with p53 construct after 24 h from the silencing. For mutant p53 6M
R249S binding to GST-WW domain upon DYRK2 overexpression, cells were transfected
with p53 expression construct along with pcDNA3; HA-DYRK2 or empty vector. For mutant
p53 6M R249S binding to GST-WW domain upon DYRK2 inhibition, cells were transfected
with p53 expression construct, serum starved for 24 h and treated with Acridine or INDY 10

puM for 16 h. For lambda phosphatase (APP) treatment, cell lysates were incubated with 1000
U of APP (NEB P0753S) at 30°C for 1 h and 30 minutes.
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For co-IP of ectopically expressed mutant p53 R249S and ectopically expressed Dyrk2,
mSTAT2 and endogenous STATI1, H1299 cells were transfected with the appropriate
constructs and after 36 h harvested and lysed in 50 mM Tris-HCI pH8, 150 mM NaCl, 1%
NP-40, ImM EDTA with protease inhibitor cocktail [Sigma], 1 mM PMSF, 5 mM NaF, 1
mM Na3;VO,. Monoclonal anti-pS3 DO-1 (Santa Cruz, sc-126) was used for
immunoprecipitation.

For co-IP of endogenous mutant p53 and Pinl in Mahlavu and BT 549, cells were harvested
and lysed in 20 mM Tris-HCI pH8, 120 mM NaCl, ImM EDTA, 0,5% NP-40 with protease
inhibitor cocktail [Sigma], 1 mM PMSF, 5 mM NaF, 1 mM Na3;VO4. Monoclonal anti-p53
DO-1 and monoclonal anti-Pin antibodies were used for immunoprecipitation, normal Mouse
IgG (Santa Cruz, sc-2025) and normal Rabbit IgG (Santa Cruz, sc-2027) were used as
negative controls.

For co-IP of endogenous mutant p53 and STAT1, Mahlavu cells were harvested and lysed in
50 mM Tris-HCI pH7.5, 150 mM NacCl, 0,5% NP-40, ImM EDTA, 10% glycerol with
protease inhibitor cocktail [Sigma], 1 mM PMSF, 5 mM NaF, 1 mM Na3;VO,4. Monoclonal
anti-p53 DO-1, was used for immunoprecipitation and normal Mouse IgG as negative control.
For conformational immunoprecipitation, Mahlavu cells were lysed in 50 mM Tris-HCI pHS,
150 mM NaCl, 1% NP-40, ImM EDTA with protease inhibitor cocktail [Sigma], 1 mM
PMSF, 5 mM NaF, 1 mM Na3;VOs. 2 ug of anti-p53 Pab240 (Santa Cruz, sc-99) were used for
imunoprecipitation.

For detection of phospho-Serine 249, cells were lysed in 50 mM Tris-HCl pH8, 150 mM
NaCl, 1% NP-40, ImM EDTA with protease inhibitor cocktail [Sigma], 1 mM PMSF, 5 mM
NaF, 1 mM NazVOs4. 1 ug of anti-p53 DO-1 was used for immunoprecipitation. After
incubation with the primary antibody, the non-phosphorylated peptide GMNRSPILTI-cys
was employed for 2 h at the final concentration of 10 pg/ml to block non specific signals
before secondary antibody was used.

All the antibodies used for co-ip experiments were covalently bound to protein G—Sepharose

(Amersham) using 5 mg/ml dimethylpimelimidate (Pierce).

Antibodies

Antibodies used for Western Blot: monoclonal anti-HA (Roche, 11867423001), polyclonal
anti-p53 (raised against human p53 wild-type expressed in bacteria as MBP fusion protein
and affinity-purified by standard procedures), polyclonal anti-Pinl (Zacchi et al., 2002),
monoclonal anti-Flag (Sigma F3165), polyclonal anti-STAT1 (Santa Cruz, E23, sc-346), anti-
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p53pS15 (Cell Signaling, 9284S), anti-p53pS46 (BD, 558545), polyclonal anti-pS-P/pT-P
(Abcam, 9344). Anti-phospho p53 Serine 249 was kindly provided by Hua Lu.

BrdU Proliferation assay

Cells, transfected with the indicated plasmids or RNAi dsRNA, were pulsed for 3 h with 30
uM bromodeoxyuridine (BrdU; Sigma). Cells were then fixed, permeabilized and treated with
NaOH to denature DNA. BrdU incorporation was measured by immunofluorescence with an
anti-BrdU antibody (GE Healthcare), and the nuclei were stained with Hoechst. At least 300

cells were scored for BrdU incorporation.

Quantitative Real-Time PCR

Cells were harvested in Qiazol lysis reagent (Qiagen) for total RNA extraction. cDNA was
obtained using iScript Advanced cDNA Kit (BIOARD) in accordance with the manifacturer's
protocol. qRT-PCR was performed using iTaq Universal SYBR Green Supermix (BIORAD).

Actin and H3 mRNA were used as internal controls. Primer sequences are listed below.

GENE Sequence FORWARD Sequence REVERSE

B-Actin | CGCCGCCAGCTCACCATG CACGATGGAGGGGAAGACGG

DYRK2 | CCTACCCGACCGATTGGC TTGGTTGTGTCGTGAGCACT

FGF2 GCTGTACTGCAAAAACGGGG TAGCTTGATGTGAGGGTCGC

H3 GTGAAGAAACCTCATCGTTAC | CTGCAAAGCACCAATAGCTGCAC
AGGCCTGGT TCTGGAA

IF16 CTTGTGCTACCTGCTGCTCT TTTCTTACCTGCCTCCACCC

IF144 CCACCGAGATGTCAGAAAGAG | TGGTACATGTGGCTTTGCTC

IFIT1 CCTCAGTCTTGCAGCCTCTC TCACCATTTGTACACATCTCCACT

IFIT3 GAACATGCTGACCAAGCAGA CAGTTGTGTCCACCCTTCCT

IFITM1 | CCGTGAAGTCTAGGGACAGG GGTAGACTGTCACAGAGCCG

IRF1 CAAATCCCGGGGCTCATCTGG | CTGGCTCCTTTTCCCCTGCTTTGT

IRF9 TTCTGTCCCTGGTGTAGAGCCT | TTTCAGGACACGATTATCACGG

ISG15 GGTGGACAAATGCGACGAAC TCGAAGGTCAGCCAGAACAG

MX1 ACCATTCCAAGGAGGTGCAG TGCGATGTCCACTTCGGAAA

OASI1 GATTCTGCTGGCTGAAAGCAA | CTGGGATCGTCGGTCTCATC

OAS2 AGCCAGCTGAGAGCAATGG GAGCCACCTATGGCCACTCC

p53 CTCCTCTCCCCAGCCAAAGA GGAACATCTCGAAGCGCTCA
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PIN1 CTGGAGCTGATCAACGGCTAC | GCAGCGCAAACGAGGCGTCT
ATCC
STATI1 CTTTGGTTGAATCCCCAGGC GTGCTCCCAGTCTTGCTTTTC

STAT2 | CCGGGACATTCAGCCCTTTT CTCATGTTGCTGGCTCTCCA

In vitro phosphorylation assay

GST-p53 WT, GST-p53 6M and GST-p53 6M R249S were incubated with HA DYRK2 or
HA overexpressed and immunoprecipitated from H1299 cells for 30 min at 37°C. The
reaction buffer was composed as follows: 20mM Hepes pH7, 10mM MgCl,, 2mM DTT, 1
mM Na;VO,, 5mM B-glycerophosphate and 200uM ATP. To each reaction **P-y-ATP (5 pCi
per sample) was added. The reaction was stopped by addition of 6x SDS sample buffer and
SDS-PAGE was performed, followed by fixation of the gel, drying and autoradiography.

Microarray hybridization and IPA anlysis

For gene expression profiling in Mahlavu cell lines, we used the Illumina HumanHT-12-v4-
BeadChip (Illumina). Total RNA isolated from the cell lines transfected with control or p53
siRNA was reverse transcribed and amplified according to standard protocols and in vitro
transcription was then carried out to generate cRNA. cRNA was hybridized onto each array
and then labeled with Cy3-streptavidin (Amersham Biosciences). The array was then scanned
using a BeadStation 500 system (Illumina). The probe intensities were calculated and
normalized using GenomeStudio Data Analysis Software’s Gene Expression Module (GSGX)
Version 1.9 (Illumina). Further data processing was performed in the R computing
environment version 3.2 (http:/www.r-project.org/), with BioConductor packages
(http://www .bioconductor.org/). Full transcriptomic expression datasets have been imported
to Ingenuity Pathway Analysis (IPA) software (Qiagen, www.ingenuity.com) and Pathway
analysis module of IPA was further used to associate analyzed gene list with molecular

pathways.

Chromatin Immunoprecipitation assay

After specific treatments, Mahlavu cells were cross-linked for 15 min with 1% formaldehyde,
neutralized with 125 mM glycine pH2.5 and washed in PBS. Cells were scraped and
centrifuged at 4000 rpm for 10 min at 4°C.

For STAT1 chromatin immunoprecipitation, cellular pellets were resuspended in hypotonic

lysis buffer (20 mM Hepes, pH7.9, 10 mM KCI, 1 mM EDTA pHS8, 10% glycerol, 1 mM
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DTT, protease inhibitor cocktail [Sigma], ] mM PMSF, 5 mM NaF 0.5 mM) and incubated
for 10 min at 4°C. Cell lysates were homogenized with 30 strokes in Dounce homogenizer.
Nuclear pellets were collected by centrifugation (3000 rpm for 5 min at 4°C) and resuspended
in lysis buffer (10 mM Tris-Cl pHS, 140 mM NaCl, 1% Triton X-100, 0.1% SDS, 1%
deoxycholic acid, 1 mM DTT, protease inhibitor cocktail [Sigma], 1 mM PMSF, 5 mM NaF
0.5 mM).

For mutant p53 chromatin immunoprecipitation, cellular pellets were resuspended in lysis
buffer (50 mM Hepes pH7.9, 140 mM NaCl, 1 mM EDTA, 10% Glycerol, 0.5% NP-40,
0.25% Triton X-100, protease inhibitor cocktail [Sigma], 1 mM PMSF, 5 mM NaF) and
incubated for 10 min at 4°C. The crude nuclei were collected by centrifugation (3000 rpm for
10 min at 4°C) and washed (10 mM Tris-HCl at pH8, 1 mM EDTA, 0.5 mM EGTA, 200 mM
NaCl, protease inhibitor cocktail [Sigma], 1 mM PMSF, 5 mM NaF) for 5 min at 4°C.
Washed nuclei were centrifuged as described earlier and resuspended in RIPA 100 mM buffer
(20 mM Tris-HCI1 pH7.5, 100 mM NaCl, 1 mM EDTA, 0.5% NP-40, 0.5% Na-Deoxycholate,
0.1% SDS, protease inhibitor cocktail [Sigma], | mM PMSF, 5 mM NaF).

Chromatin was sonicated (power setting 5) with a Misonix Microson in 10" bursts followed
by 50" of cooling on ice for a total sonication time of 2 min per sample. Chromatin was pre-
cleared for 1 h at 4°C with protein A/G PLUS-Agarose (Santa Cruz Biotechnologies). After
overnight immunoprecipitation at 4°C, DNA protein complexes were recovered with protein
A/G PLUS-Agarose and washed sequentially with RIPA 100 mM buffer, RIPA 250 mM
buffer (20 mM Tris-HCl pH7.5, 250 mM NaCl, 1 mM EDTA, 0.5% NP-40, 0.5%
NaDeoxycholate and 0.1% SDS), LiCl solution (10 mM Tris-HCI pHS, 1 mM EDTA, 250
mM LiCl, 0.5% NP-40 and 0.5% Na-Deoxycholate) and TE. RNase treatment was performed
in TE for 30 min at 37°C and to reverse cross-linking samples were treated overnight at 68°C
adding an equal volume of proteinase K solution (200 mM NacCl, 1% SDS and 0.3 mg/ml
proteinase K [Invitrogen]). In parallel, inputs were treated in the same way. After
phenol/chloroform extraction and ethanol precipitation samples were resuspended in H,O.
Immunoprecipitations were performed using 2 pug of anti-STAT1 (Santa Crutz E23, sc-346),
anti-p53 DO-1 (Santa Cruz, sc-126), normal Rabbit IgG (Santa Cruz, sc-2027) or normal
Mouse IgG (sc-2027 Santa Cruz). Real-time PCR was performed by using iTaq Universal
SYBR Green Supermix (BIORAD). Promoter occupancy was calculated as the fold increase

—AACt

of normalized immunoprecipitated chromatin over the control IgG with the 2 method.

Primer sequences are listed below.
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GENE Sequence FORWARD Sequence REVERSE
Ctrl region CAAAGGCAGTCTGGGAGAGG | CTGTTCTTTGGCCTTTGGGC
IRF9 CCTCCCTGGAGGAGAACTGA | TCTCTCCGCCCCTTTCTACA

Molecular dynamics simulations in aqueous solution

The models were built based on the NMR structure 2FEJ. The DeepView/Swiss-Pdb program
was used to replace R249 with S and to introduce the phosphate group. The proline 250 was
isomerized from trans to cis by Adiabatic Bias MD simulations (ABMD) implemented in
PLUMED. ABMD provides a simple and reasonably inexpensive route to generate MD
trajectories joining points in conformational space separated by activation barriers. The two
points are here represented by the P torsional angles in cis and trans respectively. It evolves
the system towards the target point (P in cis conformation) using a harmonic potential moving
with the thermal fluctuations of the main degrees of freedom.

The models were inserted in an octahedral box of ~7.6 x ~7.2 x ~6.2 nm edges containing
~10,000 water molecules. Na+ ClI- ions were added so as to insure the electroneutrality in the
systems as well as a ionic strength of 1.5 mM. The GROMACS 4.5.5 MD algorithm were
used for the MD simulations. The all-atom AMBER ff99SB-ILDN force field was used for
the protein, phosphorylated serine residues (249S), CI, Na" and NAD". The bonded plus
electrostatics model and corresponding zinc AMBER force field (ZAFF) parameters in Ref
was used for the zinc and the four coordinated residues (C176, C238, C242, H179). The van
der Waals parameters for zinc ion were taken from AMBER ff99SB-ILDN force field. The
TIP3P force field was used for the water molecules. Periodic boundary conditions were
applied. Electrostatic interactions were calculated using Particle Mesh-Ewald (PME) method,
and van der Waals and Coulomb interactions were truncated at 1.2 nm. Chemical bonds
involving hydrogen atoms were constrained by LINCS algorithm. The systems underwent
1000 steps of steepest-descent energy minimization with 1000 kJ-mol™'-A™> harmonic
position restraints on the protein, followed by 2500 steps of steepest-descent and 2500 steps
of conjugate-gradient minimization without restraints. The systems were then gradually
heated from 0 K up to 298 K in 20 steps of 2 ns. After that, 50 ns long equilibration was
performed in the NPT ensemble (298 K, 1 bar and 2 fs time-step) by coupling the systems
with a Nose-Hoover thermostat and an Andersen-Parrinello-Rahman barostat. Finally, 400 ns-
long MD simulations were carried out for each system in the same NPT ensemble.

Analyses were performed by considering the last 130 ns of the simulation. The following
properties were calculated: (i) PAD (Protein Angular Dispersion), (i1) The root mean square
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deviation (RMSD), (iii) Secondary structure content according to the DSSP algorithm. For (1),
an in house program was used. For (ii)-(iv) we used the GROMACS 4.6.5 package.
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SUPPLEMENTARY INFORMATION
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Figure S1. Mutant p53 R249S associates with Pinl in BT549 cells. Co-immunoprecipitation between mutant
p53 R249S and Pinl. Total lysate from BT549 cells was subjected to immunoprecipitation with anti-pS3 and
anti-Pin] antibodies.
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Figure S2 Results from the prediction of protein kinases phosphorylating residue 249. The 15 amino acid
sequence CMGGMNRSPILTIIT corresponding to mutant p53 R249S was analyzed by the Kinexus Kinase
Substrate Predictor Version 1.0 algorithm. The Table shows the ranking of the top protein kinases predicted to
phosphorylate Serine 249. The evidenced kinases were chosen for the validation according to their availability.
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Figure S3. Evaluation of DYRK2 silencing by qRT-PCR. Change in DYRK2 expression is shown as fold
change upon silencing compared to cells transfected with control siRNA. Error bars indicate s.d. (n=3). * P
value <0,05.
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Figure S4. Inhibition of DYRK2 perturbs the binding of p53 6M R249S to the WW domain of Pinl.
H1299 cells were transfected with p53 6M R249S and treated with INDY or ACRIDINE inhibitors 10uM for
16h. The interaction of p53 with recombinant WW domain of Pinl was analysed by GST pulldown of cell
lysates normalized for p53 levels.
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Figure S5. mRNA level of selected targets upon silencing of mutant p53 R249S. Changes in gene expression
in BT549 cells are shown as fold change upon mutant p53 depletion comparing to cells transfected with control
siRNA. Error bars indicate s.d. (n=3). * P value <0,05.

72



Mahlavu
£

El NT
B FNo

Fold change expression

Figure S6. Induction of mutant p53 R249S-target genes upon Interferon stimulation. Changes in gene
expression in Mahlavu cells are shown as fold change upon Interferon alpha 2a stimulation (1h, 1000Ul/ml)
compared to untreated cells. Error bars indicate s.d. (n=4). * P value <0,05.
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Figure S7. mRNA levels of selected mutant pS3 R249S targets upon silencing of STAT2 or IRF9. Changes
in gene expression are shown as fold change upon STAT2 (top) and IRF9 (bottom) depletion comparing to cells
transfected with control siRNA. Error bars indicate s.d. (n=3). * P value <0,05.
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Figure S8. Mutant p53 R249S interacts with STAT2. Co-immunoprecipitation assay between murineSTAT2
and mutant p53 R249S co-overexpressed in H1299 cells. Lysates were immunoprecipitated with anti-p53 DO1

antibody.
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Figure S9. mRNA levels of IRF9 upon DYRK2 depletion. Changes in gene expression are shown as fold
change upon DYRK2 silencing compared to cells transfected with control siRNA. Error bars indicate s.d. (n=3).

* P value <0,05.

74



BIBLIOGRAPHY

Adorno, M., Cordenonsi, M., Montagner, M., Dupont, S., Wong, C., Hann, B., Solari, A.,
Bobisse, S., Rondina, M.B., Guzzardo, V., Parenti, A.R., et al., 2009. A Mutant-p53/Smad
complex opposes p63 to empower TGFbeta-induced metastasis. Cell, 137(1), pp.87-98.

Aguilar F, Hussain SP, Cerutti P. (1993). Aflatoxin Bl induces the transversion of G-T in
codon 249 of the p53 tumor suppressor gene in human hepatocytes. Proc Natl Acad Sci USA
90: 8586—8590.

Alsheich-Bartok O., Haupt S., Alkalay-Snir I., Saito S., Appella E., Haupt Y. (2008). PML
enhances the regulation of p53 by CKI in response to DNA damage. Oncogene 27, 3653—
3661 10.1038/sj.onc.1211036

Amaddeo, G., Cao, Q., Ladeiro, Y., Imbeaud, S., Nault, J., Jaoui, D. Calderaro, J. (2014).
Integration of tumour and viral genomic characterisations in HBV-related hepatocellular
carcinomas, 1-10. http://doi.org/10.1136/gutjnl-2013-306228

Atkinson, G. P., Nozell, S. E., Harrison, D. K., Stonecypher, M. S., Chen, D., & Benveniste,
E. N. (2009). The prolyl isomerase Pinl regulates the NF-kappaB signaling pathway and
interleukin-8 expression in glioblastoma. Oncogene, 28(42), 3735-45.
http://doi.org/10.1038/0nc.2009.232

Avalle L, Pensa S, Regis G, Novelli F, Poli V. STAT1 and STAT3 in tumorigenesis: A matter
of balance. JAKSTAT. 2012 Apr 1;1(2):65-72. doi: 10.4161/jkst.20045.

Bao, L., Kimzey, A., Sauter, G., Sowadski, J. M., Lu, K. P., & Wang, D. (2004). Prevalent
Overexpression of Prolyl Isomerase Pinl in Human Cancers, 164(5), 1727-1737.

Becker, W., and Joost, H.G. (1999). Structural and functional characteristics of Dyrk, a novel
subfamily of protein kinases with dual specificity. Prog. Nucleic Acid Res. Mol. Biol. 62, 1—
17.

Bergamaschi D, Gasco M, Hiller L, Sullivan A, Syed N, Trigiante G, Yulug I, Merlano M,
Numico G, Comino A et al. (2003) p53 polymorphism influences response in cancer
chemotherapy via modulation of p73-dependent apoptosis. Cancer Cell 3, 387—402.

Becker, W. (2012). Emerging role of DYRK family protein kinases as regulators of protein
stability in cell cycle control. Cell Cycle /1, 3389-3394.

Bieging, K. T., Mello, S. S., & Attardi, L. D. (2014). Unravelling mechanisms of p53-
mediated tumour suppression.  Nature  Publishing  Group, 16(April), 1-12.
http://doi.org/10.1038/nrc3711

Bisio, A., Ciribilli, Y., Fronza, G., Inga, A., & Monti, P. (2014). TP53 Mutants in the Tower

of Babel of Cancer Progression. Human  Mutation,  35(6), 689-701.
http://doi.org/10.1002/humu.22514

75


https://www.ncbi.nlm.nih.gov/pubmed/?term=Avalle%20L%5BAuthor%5D&cauthor=true&cauthor_uid=24058752
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pensa%20S%5BAuthor%5D&cauthor=true&cauthor_uid=24058752
https://www.ncbi.nlm.nih.gov/pubmed/?term=Regis%20G%5BAuthor%5D&cauthor=true&cauthor_uid=24058752
https://www.ncbi.nlm.nih.gov/pubmed/?term=Novelli%20F%5BAuthor%5D&cauthor=true&cauthor_uid=24058752
https://www.ncbi.nlm.nih.gov/pubmed/?term=Poli%20V%5BAuthor%5D&cauthor=true&cauthor_uid=24058752
https://www.ncbi.nlm.nih.gov/pubmed/24058752

Blagosklonny MV, Toretsky J, Bohen S & Neckers L (1996) Mutant conformation of p53
translated in vitro or in vivo requires functional HSP90. Proc Natl Acad Sci USA 93, 8379—
8383.

Blaszczyk, K., Olejnik, A., Nowicka, H., Ozgyin, L., Chen, Y., Chmielewski, S., ... Bluyssen,
H. A. R. (2015). STAT2 / IRF9 directs a prolonged ISGF3-like transcriptional response and
antiviral activity in the absence of STATI, 524, 511-524. http://doi.org/10.1042/BJ20140644

Bode, A. M., & Dong, Z. (2004). Post-translational modification of p53 in tumorigenesis.
Nature Reviews. Cancer, 4(10), 793-805. http://doi.org/10.1038/nrc1455

Bohmer, F., & Friedrich, K. (2014). Protein tyrosine phosphatases as wardens of STAT
signaling, (February), 1-13.

Bourdon, J.-C. (2007). P53 and Its Isoforms in Cancer. British Journal of Cancer, 97(3), 277—
82. http://doi.org/10.1038/sj.bjc.6603886

Bourdon, J.-C., Fernandes, K., Murray-Zmijewski, F., Liu, G., Diot, A., Xirodimas, D. P., ...
Lane, D. P. (2005). p53 isoforms can regulate p53 transcriptional activity. Genes &
Development, 19(18), 2122-37. http://doi.org/10.1101/gad.1339905

Brosh, R., & Rotter, V. (2009). When mutants gain new powers: news from the mutant p53
field. Nature Reviews. Cancer, 9(10), 701—13. http://doi.org/10.1038/nrc2693

Bullock AN, Henckel J, Fersht AR. (2000). Quantitative analysis of residual folding and DNA
binding in mutant p53 core domain: definition of mutant states for rescue in cancer therapy.
Oncogene 19: 1245-1256

Bykov, V.J.N. et al., 2002. Restoration of the tumor suppressor function to mutant p53
by a low-molecular-weight compound. Nature medicine, 8(3), pp.282—8. Available
at: http://dx.doi.org/10.1038/nm0302-282 [ Accessed March 13, 2016].

Bykov, V.J.N. & Wiman, K.G., 2014. Mutant p53 reactivation by small molecules
makes its way to the clinic. FEBS letters, 588(16), pp.2622—7. Available at:
http://www.sciencedirect.com/science/article/pii/S0014579314003032.

Calvisi, D. F., Ladu, S., Gorden, A., Farina, M., Conner, E. A., Lee, J. U. S., ... Thorgeirsson,
S. S. (2006). Ubiquitous Activation of, 1117-1128.
http://doi.org/10.1053/j.gastro.2006.01.006

Chee JL, Saidin S, Lane DP, Leong SM, Noll JE, Neilsen PM, Phua YT, Gabra H & Lim TM
(2013) Wild-type and mutant p53 mediate cisplatin resistance through interaction and
inhibition of active caspase-9. Cell Cycle 12, 278-288.

Chacko, S., & Samanta, S. (2016). ScienceDirect “ Hepatocellular carcinoma: A life
threatening disease.” Biomedicine et Pharmacotherapy.
http://doi.org/10.1016/j.biopha.2016.10.078

Cheng, C., Chow, A. K. M., Pang, R., Fok, E. W. S., Kwong, Y., & Tse, E. (2013). PIN1
Inhibits Apoptosis in Hepatocellular Carcinoma through Modulation of the Antiapoptotic
Function of Survivin. The American Journal of Pathology, 182(3), 765-775.

76



http://doi.org/10.1016/j.ajpath.2012.11.034

Cheng, C., Leong, K., & Tse, E. (2016). Understanding the role of PINI in hepatocellular
carcinoma, 22(45), 9921-9932. http://doi.org/10.3748/wjg.v22.145.9921

Cheon, H. (2011). The Functions of Signal Transducers and Activators, 3/(1).
http://doi.org/10.1089/jir.2010.0100

Cheon H, Stark GR. Unphosphorylated STAT1 prolongs the expression of interferon-induced
immune regulatory genes. Proc. Natl. Acad. Sci. USA. 2009; 106:9373-9378. [PubMed:
19478064]

Cheon, H., Holvey-bates, E. G., Schoggins, J. W., Forster, S., Hertzog, P., Imanaka, N., ...
Stark, G. R. (2013). IRF9 mediate resistance to viruses and DNA damage. The EMBO
Journal, 32(20), 2751-2763. http://doi.org/10.1038/emboj.2013.203

Cheon H, Borden E, Stark G. Interferons and their stimulated genes in the tumor
microenvironment. Semin Oncol. 2014

Cho Y, Gorina S, Jeffrey PD, Pavletich NP. (1994). Crystal structure of a p53 tumor
suppressor—DNA complex: understanding tumorigenic mutations. Science 265: 346-355.

Dai, C., & Gu, W. (2010). p53 post-translational modification: deregulated in tumorigenesis.
Trends in Molecular Medicine, 16(11), 528-36. http://doi.org/10.1016/j.molmed.2010.09.002

Daughaday, W. H., & Rotwein, P. (1989). Insulin-like growth factors I and II. Peptide,
messenger ribonucleic acid and gene structures, serum, and tissue concentrations. Endocrine
Reviews, 10(1), 68-91. http://doi.org/10.1210/edrv-10-1-68

Decker T, Muller M, Stockinger S. The yin and yang of type I interferon activity in bacterial
infection. Nat Rev Immunol (2005) 5:675-87. doi:10.1038/ nri1684

Di Agostino, S., Strano, S., Emiliozzi, V., Zerbini, V., Mottolese, M., Sacchi, A., ... Piaggio,
G. (2006). Gain of function of mutant p53: the mutant p5S3/NF-Y protein complex reveals an
aberrant transcriptional mechanism of cell cycle regulation. Cancer Cell, 10(3), 191-202.
http://doi.org/10.1016/j.ccr.2006.08.013

Di Minin, G. et al., 2014. Mutant p53 reprograms TNF signaling in cancer cells through
interaction with the tumor suppressor DAB2IP. Molecular cell, 56(5), pp.617-29.
Available at: http://www.ncbi.nlm.nih.gov/pubmed/25454946 [Accessed February

23, 2016].

Dougherty, M. K., Miiller, J., Ritt, D. A., Zhou, M., Zhou, X. Z., Copeland, T. D., ...
Morrison, D. K. (2005). Regulation of Raf-1 by direct feedback phosphorylation. Molecular
Cell, 17(2), 215-24. http://doi.org/10.1016/j.molcel.2004.11.055

el-Deiry, W. S., Kern, S. E., Pietenpol, J. A., Kinzler, K. W., & Vogelstein, B. (1992).
Definition of a consensus binding site for p53. Nature Genetics, 1(1), 45-9.
http://doi.org/10.1038/ng0492-45

Farazi, P. A., & Depinho, R. A. (2006). Hepatocellular carcinoma pathogenesis : from genes to
77



environment, 6(September), 674—687. http://doi.org/10.1038/nrc1934

Finch, R. A., Donoviel, D. B., Potter, D., Shi, M., Fan, A., Freed, D. D., ... Zhang, N. (2002).
mdmx Is a Negative Regulator of p53 Activity in Vivo. Cancer Res., 62(11), 3221-3225.

Forrester, K., Lupold, S. E., Ott, V. L., Chay, C. H., Band, V., Wang, X. W., & Harris, C. C.
(1995). Effects of p53 mutants on wild-type p53-mediated transactivation are cell type
dependent. Oncogene, 10(11), 2103—11.

Frank AK, Pietsch EC, Dumont P, Tao J & Murphy ME (2011) Wild-type and mutant p53
proteins interact with mitochondrial caspase-3. Cancer Biol Ther 11, 740-745.

Freed-Pastor, W. A., Mizuno, H., Zhao, X., Langerad, A., Moon, S.-H., Rodriguez-Barrueco,
R., ... Prives, C. (2012). Mutant p53 disrupts mammary tissue architecture via the mevalonate
pathway. Cell, 148(1-2), 244-58. http://doi.org/10.1016/j.cell.2011.12.017

Freed-Pastor, W. a, & Prives, C. (2012). Mutant p53 : one name , many proteins Mutant p53 :
one name , many proteins, 1268—1286. http://doi.org/10.1101/gad.190678.112

Friedler A, DeDecker BS, Freund SM, Blair C, Ru" diger S, Fersht AR. (2004). Structural
distortion of p53 by the mutation R249S and its rescue by a designed peptide: implications for
‘mutant conformation’. J Mol Biol 336: 187-196.

Gannon JV, Greaves R, Iggo R, Lane DP. (1990). Activating mutations in p53 produce a
common conformational effect. A monoclonal antibody specific for the mutant form. EMBO
J9:1595-1602.

Ghebranious, N., & Sell, S. (1998). Hepatitis B injury, male gender, aflatoxin, and p53
expression each contribute to hepatocarcinogenesis in transgenic mice. Hepatology
(Baltimore, Md.), 27(2), 383-91. http://doi.org/10.1002/hep.510270211

Girardini, J. E., Napoli, M., Piazza, S., Rustighi, A., Marotta, C., Radaelli, E., ... Del Sal, G.
(2011). A Pinl/mutant p53 axis promotes aggressiveness in breast cancer. Cancer Cell, 20(1),
79-91. http://doi.org/10.1016/j.ccr.2011.06.004

Girardini, J. E., Marotta, C., & Del Sal, G. (2014). Disarming mutant p53 oncogenic function.
Pharmacological Research, 79, 75-87. http://doi.org/10.1016/j.phrs.2013.11.003

Girardini JE, Walerych D & Del Sal G (2014) Cooperation of p53 mutations with other
oncogenic alterations in cancer. Subcell Biochem 85, 41-70.

Gouas, D. a., Shi, H., Hautefeuille, A. H., Ortiz-Cuaran, S. L., Legros, P. C., Szymanska, K. J.
Hainaut, P. L. (2010). Effects of the TP53 p.R249S mutant on proliferation and clonogenic
properties in human hepatocellular carcinoma cell lines: Interaction with hepatitis B virus X
protein. Carcinogenesis, 31(8), 1475—-1482. http://doi.org/10.1093/carcin/bgq118

Gouas, D., Shi, H., & Hainaut, P. (2009). The aflatoxin-induced TP53 mutation at codon 249
(R249S): Biomarker of exposure, early detection and target for therapy. Cancer Letters,
286(1), 29-37. http://doi.org/10.1016/j.canlet.2009.02.057

Gu, B., & Zhu, W.-G. (2012). Surf the post-translational modification network of p53
78



regulation.  International  Journal  of  Biological  Sciences,  8(5), 672-84.
http://doi.org/10.7150/ijbs.4283

Guo, G., & Cui, Y. (2015). New perspective on targeting the tumor suppressor p53 pathway
in the tumor microenvironment to enhance the efficacy of immunotherapy. Journal for
ImmunoTherapy of Cancer, 3(1), 9. http://doi.org/10.1186/s40425-015-0053-5

Guo, X., Wang, X., Wang, Z., Banerjee, S., Yang, J., Huang, L., & Dixon, J. E. (2015). Site-
specific proteasome phosphorylation controls cell proliferation and tumorigenesis,
(November). http://doi.org/10.1038/ncb3289

Hainaut, P. (2002). Tumor-specific mutations in p53: the acid test. Nature Medicine, 8(1), 21—
3. http://doi.org/10.1038/nm0102-21

Hanahan, D., and Weinberg, R. a (2011). Hallmarks of cancer: the next generation. Cell /44,
646-674

Himpel, S., Panzer, P., Eirmbter, K., Czajkowska, H., Sayed, M., Packman, L.C., Blundell,
T., Kentrup, H., Grotzinger, J., Joost, H.G., et al. (2001). Identification of the

autophosphorylation sites and characterization of their effects in the protein kinase DYRKI1A.
Biochem. J. 359, 497-505.

Hoshida Y, Toffanin S, Lachenmayer A, et al. Molecular classification and novel targets in
hepatocellular carci- noma: recent advancements. Semin Liver Dis 2010; 30:35-51.

Hussain, S. P., Schwank, J., Staib, F., Wang, X. W., & Harris, C. C. (2007). TP53 mutations
and hepatocellular carcinoma: insights into the etiology and pathogenesis of liver cancer.
Oncogene, 26(15), 2166-2176. http://doi.org/10.1038/sj.onc.1210279

TIARC, http://gco.iarc.fr/today/home).

Jackson PE,Kuang SY,Wang JB, Strickland PT, Mufioz A, Kensler TW, Qian
GS, Groopman JD. Prospective detection of codon 249 mutations in plasma of hepatocellular
carcinoma patients. Carcinogenesis. 2003 Oct;24(10):1657-63. Epub 2003 Jul 17.

Jin B, Jin H, Wang J. Silencing of Interferon-Induced Transmembrane Protein 1 (IFITM1)
Inhibits Proliferation, Migration, and Invasion in Lung Cancer Cells. Oncol Res. 2017 Jan 20.
doi: 10.3727/096504017X14844360974116.

JoergerAC, Fersht AR. 2007. Structural biology of the tumor suppressor p53 and cancer-
associated mutants. Advances in cancer research 97: 1-23.

Kan Z, Zheng H, Liu X, Li S, Barber TD, Gong Z, Gao H, Hao K, Willard MD, Xu J,
Hauptschein R, Rejto PA, Fernandez J, Wang G, Zhang Q, Wang B, Chen R, Wang J, Lee
NP, Zhou W, Lin Z, Peng Z, Yi K, Chen S, Li L, Fan X, Yang J, Ye R, Ju J, Wang K, Estrella
H, Deng S, Wei P, Qiu M, Wulur IH, Liu J, Ehsani ME, Zhang C, Loboda A, Sung WK,
Aggarwal A, Poon RT, Fan ST, Hardwick J, Reinhard C, Dai H, Li Y, Luk JM, Mao M.
Whole-genome  sequencing  identifies  recurrent  mutations in  hepatocellular
carcinoma. Genome Res. 2013;23 (9:1422-1433

79


http://gco.iarc.fr/today/home
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jackson%20PE%5BAuthor%5D&cauthor=true&cauthor_uid=12869416
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kuang%20SY%5BAuthor%5D&cauthor=true&cauthor_uid=12869416
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20JB%5BAuthor%5D&cauthor=true&cauthor_uid=12869416
https://www.ncbi.nlm.nih.gov/pubmed/?term=Strickland%20PT%5BAuthor%5D&cauthor=true&cauthor_uid=12869416
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mu%C3%B1oz%20A%5BAuthor%5D&cauthor=true&cauthor_uid=12869416
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kensler%20TW%5BAuthor%5D&cauthor=true&cauthor_uid=12869416
https://www.ncbi.nlm.nih.gov/pubmed/?term=Qian%20GS%5BAuthor%5D&cauthor=true&cauthor_uid=12869416
https://www.ncbi.nlm.nih.gov/pubmed/?term=Qian%20GS%5BAuthor%5D&cauthor=true&cauthor_uid=12869416
https://www.ncbi.nlm.nih.gov/pubmed/?term=Groopman%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=12869416
https://www.ncbi.nlm.nih.gov/pubmed/12869416
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jin%20B%5BAuthor%5D&cauthor=true&cauthor_uid=28109085
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jin%20H%5BAuthor%5D&cauthor=true&cauthor_uid=28109085
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20J%5BAuthor%5D&cauthor=true&cauthor_uid=28109085

Kandoth, C., McLellan, M. D., Vandin, F., Ye, K., Niu, B., Lu, C., ... Ding, L. (2013).
Mutational landscape and significance across 12 major cancer types. Nature, 502(7471), 333—
9. http://doi.org/10.1038/nature12634

Khoury, M. P., & Bourdon, J.-C. (2011). p53 Isoforms: An Intracellular Microprocessor?
Genes & Cancer, 2(4), 453—465. http://doi.org/10.1177/1947601911408893

Kirk, G. D., Lesi, O. a, Mendy, M., Szymaiiska, K., Whittle, H., Goedert, J. J., ... Montesano,
R. (2005). 249(ser) TP53 mutation in plasma DNA, hepatitis B viral infection, and risk of
hepatocellular carcinoma. Oncogene, 24(38), 5858-5867.
http://doi.org/10.1038/sj.onc.1208732

Khodarev, N. N., Minn, A. J., Efimova, E. V, Darga, T. E., Labay, E., Beckett, M., ...
Weichselbaum, R. R. (2007). Signal Transducer and Activator of Transcription 1 Regulates
Both Cytotoxic and Prosurvival Functions in Tumor Cells, (19), 9214-9220.
http://doi.org/10.1158/0008-5472.CAN-07-1019

I. Kolosenko, M. Fryknas, S. Forsberg, P. Johnsson, H. Cheon, E.G. Holvey-Bates, et al., Cell
crowding induces interferon regulatory factor 9, which confers resistance to chemotherapeutic
drugs, Int. J. Cancer 136 (2015) E51-61

Kwong, Y. O. K. L. A. M., & Tse, E. (2007). Pinl Interacts With a Specific Serine-Proline
Motif of Hepatitis B Virus X-Protein to Enhance Hepatocarcinogenesis, 1088—1103.
http://doi.org/10.1053/j.gastro.2006.12.030

Lambert, J.M.R. et al., 2010. Mutant p53 reactivation by PRIMA-1MET induces
multiple signaling pathways converging on apoptosis. Oncogene, 29(9), pp.1329—
1338. Available at: http://dx.doi.org/10.1038/0nc.2009.425.

Laptenko, O., & Prives, C. (2006). Transcriptional regulation by p53: one protein, many
possibilities. Cell Death and Differentiation, 13(6), 951-61.
http://doi.org/10.1038/sj.cdd.4401916

Levav-Cohen Y, Goldberg Z, Tan KH, Alsheich-Bartok O, Zuckerman V, Haupt S, et al. The
p53-Mdm?2 loop: a critical juncture of stress response. Subcell Biochem (2014) 85:161-86.
doi:10.1007/978-94-017-9211-0_9

Lee, M. K., & Sabapathy, K. (2008). The R246S hot-spot p53 mutant exerts dominant-
negative  effects in  embryonic stem cells in vitro and in  vivo.
http://doi.org/10.1242/jcs.022822

Lee, M. K., Teoh, W. W., Phang, B. H., Tong, W. M., Wang, Z. Q., & Sabapathy, K. (2012).
Cell-type, dose, and mutation-type specificity dictate mutant p53 functions in vivo. Cancer
Cell, 22(6), 751-64. http://doi.org/10.1016/j.ccr.2012.10.022

Lee, Y. L, Lee, S., Das, G. C., Park, U. S., Park, S. M., & Lee, Y. L. (2000). Activation of the
insulin-like growth factor II transcription by aflatoxin B1 induced p53 mutant 249 is caused
by activation of transcription complexes; implications for a gain-of-function during the
formation of  hepatocellular carcinoma. Oncogene, 19(33), 3717-3726.
http://doi.org/10.1038/sj.0nc.1203694

80



Leroy, B., Fournier, J. L., Ishioka, C., Monti, P., Inga, A., Fronza, G., & Soussi, T. (2013).
The TP53 website: an integrative resource centre for the TP53 mutation database and TP53
mutant  analysis.  Nucleic ~ Acids  Research,  4I1(Database  issue), D962-9.
http://doi.org/10.1093/nar/gks1033

Levrero, M., & Zucman-rossi, J. (2016). Review Mechanisms of HBV-induced hepatocellular
carcinoma Review. Journal of Hepatology, 64(1), S84-S101.
http://doi.org/10.1016/j.jhep.2016.02.021

Li, F. P., & Fraumeni, J. F. (1969). Soft-tissue sarcomas, breast cancer, and other neoplasms.
A familial syndrome? Annals of Internal Medicine, 71(4), 747-52.

Li D, Marchenko ND, Schulz R, Fischer V, Velasco-Hernandez T, Talos F, Moll UM.
Functional inactivation of endogenous MDM2 and CHIP by HSP90 causes aberrant
stabilization of mutant p53 in human cancer cells. Mol Cancer Res. 2011 May;9(5):577-88.
doi: 10.1158/1541-7786.MCR-10-0534. Epub 2011 Apr 8.

Li, Q. et al. The rs2233678 polymorphism in PIN1 promoter region reduced cancer risk: a
meta-analysis. PLoS ONE 8, ¢68148 (2013).

Li C, Wang J, Zhang H, Zhu M, Chen F, Hu Y, Liu H, Zhu H. Interferon-stimulated gene 15
(ISG15) is a trigger for tumorigenesis and metastasis of hepatocellular carcinoma. Oncotarget.
2014; 5: 8429-8441. doi: 10.18632/ oncotarget.2316

Llovet, J. M., Zucman-rossi, J., Pikarsky, E., Sangro, B., Sherman, M., & Gores, G. (2016).
Hepatocellular carcinoma, (April). http://doi.org/10.1038/nrdp.2016.18

Lu, K. P, & Zhou, X. Z. (2007). The prolyl isomerase PIN1: a pivotal new twist in
phosphorylation signalling and disease. Nature Reviews Molecular Cell Biology, 8(11), 904—
916. http://doi.org/10.1038/nrm2261

Madar, S., Harel, E., Goldstein, I., Stein, Y., Kogan-sakin, 1., Kamer, I., ... Rotter, V. (2013).
Mutant p53 Attenuates the Anti-Tumorigenic Activity of Fibroblasts-Secreted Interferon
Beta, 8(4). http://doi.org/10.1371/journal.pone.0061353

Mantovani, F., Tocco, F., Girardini, J., Smith, P., Gasco, M., Lu, X., ... Del Sal, G. (2007).
The prolyl isomerase Pinl orchestrates p53 acetylation and dissociation from the apoptosis
inhibitor 1ASPP. Nature Structural & Molecular Biology, 14(10), 912-20.
http://doi.org/10.1038/nsmb1306

Mantovani F, Zannini A, Rustighi A, Del Sal G. Interaction of p53 with prolyl isomerases:
Healthy and unhealthy relationships. Biochim Biophys Acta. 2015 Oct;1850(10):2048-60.
doi: 10.1016/j.bbagen.2015.01.013. Epub 2015 Jan 29.

Mantovani, F., Walerych, D., & Sal, G. Del. (2016). 1,2* ,. http://doi.org/10.1111/febs.13948

Martins, C. P., Brown-Swigart, L., & Evan, G. 1. (2006). Modeling the therapeutic efficacy of
p53 restoration in tumors. Cell, 127(7), 1323-34. http://doi.org/10.1016/j.cell.2006.12.007

Maya, R., Balass, M., Kim, S., Shkedy, D., Leal, J. M., Shifman, O., ... Oren, M. (2001).
81


https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20D%5BAuthor%5D&cauthor=true&cauthor_uid=21478269
https://www.ncbi.nlm.nih.gov/pubmed/?term=Marchenko%20ND%5BAuthor%5D&cauthor=true&cauthor_uid=21478269
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schulz%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21478269
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fischer%20V%5BAuthor%5D&cauthor=true&cauthor_uid=21478269
https://www.ncbi.nlm.nih.gov/pubmed/?term=Velasco-Hernandez%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21478269
https://www.ncbi.nlm.nih.gov/pubmed/?term=Talos%20F%5BAuthor%5D&cauthor=true&cauthor_uid=21478269
https://www.ncbi.nlm.nih.gov/pubmed/?term=Moll%20UM%5BAuthor%5D&cauthor=true&cauthor_uid=21478269
https://www.ncbi.nlm.nih.gov/pubmed/21478269
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mantovani%20F%5BAuthor%5D&cauthor=true&cauthor_uid=25641576
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zannini%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25641576
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rustighi%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25641576
https://www.ncbi.nlm.nih.gov/pubmed/?term=Del%20Sal%20G%5BAuthor%5D&cauthor=true&cauthor_uid=25641576
https://www.ncbi.nlm.nih.gov/pubmed/25641576

ATM-dependent phosphorylation of Mdm?2 on serine 395 : role in p53 activation by DNA
damage, 1067—1077. http://doi.org/10.1101/gad.886901.

Meissl, K., Macho-maschler, S., Miiller, M., & Strobl, B. (2015). Cytokine The good and the
bad faces of STAT1 n solid tumours. CYTOKINE, 1-9.
http://doi.org/10.1016/j.cyto.2015.11.011

Melnikova, V.O. et al., 2003. Mutant p53 is constitutively phosphorylated at Serine 15 in UV-
induced mouse skin tumours: involvement of ERK1/2 MAP kinase. Oncogene, 22(38),
pp.5958—66. Available at: http://www.ncbi.nlm.nih.gov/pubmed/12955074 [Accessed
February 28, 2016].

Mlllau, Bastien, Drouin (2009). Mutation Research / Reviews in Mutation Research P53
transcriptional activities: A general overview and some thoughts, 687, 118-133.
http://doi.org/10.1016/j.mrrev.2008.06.002

Miller, C. T., Aggarwal, S., Lin, T. K., Adenocarcinomas, L., Dagenais, S. L., Contreras, J. L.,
Lin, L. (2003). Amplification and Overexpression of the Dual-Specificity Tyrosine- ( Y ) -
Phosphorylation Regulated Kinase 2 ( DYRK2 ) Gene in Esophageal and Lung
Adenocarcinomas Amplification and Overexpression of the Dual-Specificity Tyrosine- (Y ) -
Phosphorylation R, 2, 4136—4143.

Minouchi, K., Kaneko, S. & Kobayashi, K. Mutation of p53 gene in regenerative nodules in
cirrhotic liver. J. Hepatol. 37, 231-239 (2002)

Morselli E, Tasdemir E, Maiuri MC, Galluzzi L, Kepp O, Criollo A, Vicencio JM, Soussi T &
Kroemer G (2008) Mutant p53 protein localized in the cytoplasm inhibits autophagy. Cell
Cycle 7, 3056-3061.

Muller, P. A. J., Caswell, P. T., Doyle, B., Iwanicki, M. P., Tan, E. H., Karim, S., ... Vousden,
K. H. (2009). Mutant p53 drives invasion by promoting integrin recycling. Cell, 139(7),
1327-41. http://doi.org/10.1016/j.cell.2009.11.026

Muller, P. a J.,, & Vousden, K. H. (2014). Mutant p53 in cancer: New functions and
therapeutic opportunities. Cancer Cell, 25(3), 304-317.
http://doi.org/10.1016/j.ccr.2014.01.021

F. Murray-Zmijewski, D.P. Lane, J.C. Bourdon, p53/p63/p73 isoforms: an orches- tra of
isoforms to harmonise cell differentiation and response to stress, Cell Death Differ. 13 (2006)
962-972.

Nguyen TA, Menendez D, Resnick MA & Anderson CW (2014) Mutant TP53
posttranslational modifications: challenges and opportunities. Hum Mutat 35, 738—755.

Nault JC, Bioulac-Sage P, Zucman-Rossi J. Hepatocel- lular benign tumors-from molecular
classification to personalized clinical care. Gastroenterology 2013; 144:888-902

Ogony J, Choi H J, Lui A, Cristofanilli M and Wambi J L. Interferon-induced transmembrane
protein 1 (IFITMI) overexpression enhances the aggressive phenotype of SUMI149
inflammatory breast cancer cells in a signal transducer and activator of transcription 2
(STAT2)-dependent manner. Breast Cancer Research (2016) 18:25 DOI 10.1186/s13058-016-

82



0683-7

Olive, K. P., Tuveson, D. A., Ruhe, Z. C., Yin, B., Willis, N. A., Bronson, R. T., ... Chase, C.
(2004). Mutant p53 Gain of Function in Two Mouse Models of Li-Fraumeni Syndrome, 779,
847-860.

Oren, M., & Rotter, V. (2010). Mutant p53 gain-of-function in cancer. Cold Spring Harbor
Perspectives in Biology, 2(2), a001107. http://doi.org/10.1101/cshperspect.a001107

Perez, R.E. et al., 2010. Restoration of DNA-binding and growth-suppressive activity of
mutant forms of p53 via a PCAF-mediated acetylation pathway. Journal of cellular
physiology, 225(2), pp.394—405. Available

Platanias, L. C., & Lurie, R. H. (2005). MECHANISMS OF TYPE 1 AND TYPE II
INTERFERON MEDIATED SIGNALLING, 5(May), 375-386.
http://doi.org/10.1038/nri1604

Polonio-Vallon, T., Kriiger, D., and Hofmann, T.G. (2014). ShaPINg Cell Fate Upon DNA
Damage: Role of Pinl Isomerase in DNA Damage-Induced Cell Death and Repair. Front.
Oncol. 4, 148.

Polotskaia, A. et al., 2015. Proteome-wide analysis of mutant p53 targets in breast cancer
identifies new levels of gain-of-function that influence PARP, PCNA, and MCMA4.
Proceedings of the National Academy of Sciences of the United States of America, 112(11),
pp-E1220-9.

Ponchel, F., Puisieux, a, Tabone, E., Michot, J. P., Froschl, G., Morel, a P., ... Ozturk, M.
(1994). Hepatocarcinoma-specific mutant p53-249ser induces mitotic activity but has no

effect on transforming growth factor beta 1-mediated apoptosis. Cancer Research, 54(8),
2064-2068.

Qian Cheng, Lihong Chen, Zhenyu Li,William S Lane, and Jiandong Chen" ATM activates
p53 by regulating MDM?2 oligomerization and E3 processivity. EMBO J. 2009 Dec 16;
28(24): 3857-3867.

Ranganathan, R., Lu, K. P., Hunter, T., & Noel, J. P. (1997). Structural and functional analysis
of the mitotic rotamase Pinl suggests substrate recognition is phosphorylation dependent.
Cell, 89(6), 875-86.

Rivlin, N., Brosh, R., Oren, M., & Rotter, V. (2011). Mutations in the p53 Tumor Suppressor
Gene: Important Milestones at the Various Steps of Tumorigenesis. Genes & Cancer, 2(4),
466—74. http://doi.org/10.1177/1947601911408889

Rustighi, A., Tiberi, L., Soldano, A., Napoli, M., Nuciforo, P., Rosato, A., ... Sal, G. Del.
(2009). The prolyl-isomerase Pinl is a Notchl target that enhances Notchl activation in
cancer, (January). http://doi.org/10.1038/ncb1822

Rustighi, A., Zannini, A., Tiberi, L., Sommaggio, R., Piazza, S., Sorrentino, G., ... Del Sal, G.
(2014). Prolyl-isomerase Pinl controls normal and cancer stem cells of the breast. EMBO
Molecular Medicine, 6(1), 99-119. http://doi.org/10.1002/emmm.201302909

83


https://www.ncbi.nlm.nih.gov/pubmed/?term=Cheng%20Q%5BAuthor%5D&cauthor=true&cauthor_uid=19816404
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20L%5BAuthor%5D&cauthor=true&cauthor_uid=19816404
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=19816404
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lane%20WS%5BAuthor%5D&cauthor=true&cauthor_uid=19816404
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20J%5BAuthor%5D&cauthor=true&cauthor_uid=19816404
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2797053/

Ryo, A., Liou, Y.-C., Lu, K. P., & Wulf, G. (2003). Prolyl isomerase Pinl: a catalyst for
oncogenesis and a potential therapeutic target in cancer. Journal of Cell Science, 116(Pt 5),
773-83.

Safaei, J., Ma, J., Gupta, A., Stacho, L., & Pelech, S. (2011). Prediction of 492 human protein
kinase substrate specificities, 9(Suppl 1), 1-13. http://doi.org/10.1186/1477-5956-9-S1-S6

Schneider, W. M., Chevillotte, M. D., & Rice, C. M. (n.d.). Interferon-Stimulated Genes: A
Complex Web of Host Defenses. http://doi.org/10.1146/annurev-immunol-032713-120231

Schoggins JW, Rice CM. Interferon-stimulated genes and their antiviral effector functions.
Curr Opin Virol 2011; 1:519-25; PMID:22328912; http://
dx.doi.org/10.1016/j.coviro.2011.10.008

Shibata T, Aburatani H. Exploration of liver cancer genomes. Nat Rev Gastroenterol
Hepatol. 2014;11:340-349.

Sigal, A., & Rotter, V. (2000). Oncogenic mutations of the p53 tumor suppressor: the demons
of the guardian of the genome. Cancer Research, 60(24), 6788-93.

Smeenk, L., van Heeringen, S. J., Koeppel, M., Gilbert, B., Janssen-Megens, E., Stunnenberg,
H. G., & Lohrum, M. (2011). Role of p53 serine 46 in p53 target gene regulation. PloS One,
6(3), €17574. http://doi.org/10.1371/journal.pone.0017574
Song H, Hollstein M, Xu Y. 2007. p53 gain-of-function cancer mutants induce genetic
instability by inactivating ATM. Nat Cell Biol 9: 573-580.

Soppa, U., & Becker, W. (2015). Quick guide DYRK protein kinases. CURBIO, 25(12),
R488-R489. http://doi.org/10.1016/j.cub.2015.02.067

Sorrentino, G., Mioni, M., Giorgi, C., Ruggeri, N., Pinton, P., Moll, U., ... Del Sal, G. (2012).
The prolyl-isomerase Pinl activates the mitochondrial death program of p53. Cell Death and
Differentiation, 20(2), 198-208. http://doi.org/10.1038/cdd.2012.112

Soussi, T. (2015). Locus-Specific Databases in Cancer : What Future in a Post-Genomic Era ?
The TP53 LSDB paradigm Locus-Specific Databases in Cancer: What Future in a Post-
Genomic Era ? The TP53 LSDB paradigm, (June). http://doi.org/10.1002/humu.22518

Strano S, Munarriz E, Rossi M, Cristofanelli B, Shaul Y, Castagnoli L, Levine AJ, Sacchi A,
Cesareni G, Oren M et al. (2000) Physical and functional interaction between p53 mutants
and different isoforms of p73. J Biol Chem 275, 29503-29512.

Strano S, Fontemaggi G, Costanzo A, Rizzo MG, Monti O, Baccarini A, Del Sal G, Levrero
M, Sacchi A, Oren M et al. (2002) Physical interaction with human tumor-derived p53
mutants inhibits p63 activities. J Biol Chem 277, 18817-18826.

Strano, S., Dell’Orso, S., Di Agostino, S., Fontemaggi, G., Sacchi, a, & Blandino, G. (2007).
Mutant p53: an oncogenic transcription factor. Oncogene, 26(15), 2212-2219.
http://doi.org/10.1038/sj.0nc.1210296

Strano, S., Munarriz, E., Rossi, M., Castagnoli, L., Shaul, Y., Sacchi, A., ... Blandino, G.
(2001). Physical interaction with Yes-associated protein enhances p73 transcriptional activity.

84



The Journal of Biological Chemistry, 276(18), 15164-73.
http://doi.org/10.1074/jbc.M010484200

Taira, N., Nihira, K., Yamaguchi, T., Miki, Y., and Yoshida, K. (2007). Article DYRK2 Is
Targeted to the Nucleus and Controls p53 via Ser46 Phosphorylation in the Apoptotic
Response to DNA Damage. 725-738.

Taira, N., Mimoto, R., Kurata, M., Yamaguchi, T., Kitagawa, M., Miki, Y., and Yoshida, K.
(2012). DYRK2 priming phosphorylation of c-Jun and c-Myc modulates cell cycle
progression in human cancer cells. J. Clin. Invest. /22, 859—872.

Toledo, F., & Wahl, G. M. (2006). Regulating the p53 pathway: in vitro hypotheses, in vivo
veritas. Nature Reviews. Cancer, 6(12), 909-23. http://doi.org/10.1038/nrc2012

Tong, W., Lee, M., Galendo, D., Wang, Z., & Sabapathy, K. (2006). Aflatoxin-B exposure
does not lead to p53 mutations but results in enhanced liver cancer of Hupki ( human p53
knock-in ) mice, 749(March), 745—749. http://doi.org/10.1002/ijc.21890

Vaughan, C. A., Frum, R., Pearsall, L., Singh, S., Windle, B., Yeudall, A., ... Deb, S. (2012).
Allele specific gain-of-function activity of p53 mutants in lung cancer cells. Biochemical and
Biophysical Research Communications, 428(1), 6-10.
http://doi.org/10.1016/j.bbrc.2012.09.029

Villar, S., Roux-goglin, E. Le, Gouas, D. A., Plymoth, A., Ferro, G., Boniol, M., ... Hainaut,
P. (2011). Seasonal Variation in, //9(11), 1635-1640.

Wadgaonkar, R., & Collins, T. (1999). Murine Double Minute (MDM?2) Blocks p53-
coactivator Interaction, a New Mechanism for Inhibition of p53-dependent Gene Expression.
Journal of Biological Chemistry, 274(20), 13760-13767.
http://doi.org/10.1074/jbc.274.20.13760

Walerych, D., Napoli, M., Collavin, L., & Del Sal, G. (2012). The rebel angel: Mutant p53 as
the driving oncogene in breast cancer. Carcinogenesis, 33(11), 2007-2017.
http://doi.org/10.1093/carcin/bgs232

Walerych, Lisek, Del Sal. (2015). Mutant p53 : One , no One , and One Hundred Thousand,
S(December). http://doi.org/10.3389/fonc.2015.00289

Walerych, D., Lisek, K., Sommaggio, R., Piazza, S., Ciani, Y., Dalla, E., ... Sal, G. Del.
(2016). Proteasome machinery is instrumental in a common gain-of-function program of the
p53 missense mutants in cancer, (June). http://doi.org/10.1038/ncb3380

Walker, K. K., & Levine, A. J. (1996). Identification of a novel p53 functional domain that is
necessary for efficient growth suppression. Proceedings of the National Academy of Sciences
of the United States of America, 93(26), 15335-40.

Wei, S. et al. Active Pinl as a target of all-frans retinoic acid in acute promyelocytic leukemia
and breast cancer. Nat. Med. 21, 457-466 (2015).

Weichselbaum RR, Ishwaran H, Yoon T, Nuyten DS, Baker SW, Khodarev N, Su AW,
Shaikh AY, Roach P, Kreike B, Roizman B, Bergh J, Pawitan Y, van de Vijver MJ, Minn AJ

85



(2008) An interferon-related gene signature for DNA damage resistance is a predictive marker
for chemotherapy and radiation for breast cancer. Proc Natl Acad Sci USA 105: 18490-18495

Weisz, L., Oren, M., & Rotter, V. (2007). Transcription regulation by mutant p53. Oncogene,
26(15), 2202—11. http://doi.org/10.1038/sj.onc.1210294

Wong, K. B., DeDecker, B. S., Freund, S. M., Proctor, M. R., Bycroft, M., & Fersht, a R.
(1999). Hot-spot mutants of p53 core domain evince characteristic local structural changes.
Proceedings of the National Academy of Sciences of the United States of America, 96(15),
8438-8442. http://doi.org/10.1073/pnas.96.15.8438

Woo, H. G., Wang, X. W., Budhu, A., Kim, Y. H., Kwon, S. M., Tang, Z., ... Thorgeirsson,
S. S. (2011). Association of TP53 mutations with stem cell-like gene expression and survival
of patients with hepatocellular carcinoma. Gastroenterology, 140(3), 1063-1070.
http://doi.org/10.1053/j.gastro.2010.11.034

Xia Q., Huang X.-Y., Xue F., Zhang J.-J., Zhai B., Kong D.-C., et al. (2013). Genetic
polymorphisms of DNA repair genes and DNA repair capacity related to aflatoxin Bl
(AFBI1)-induced DNA damages, in New Research Directions in DNA Repair, Chapter 15, 1st
Edn., ed Chen C., editor. (Rijeka: InTech; ), 377412 10.5772/5396

Xu, J., Reumers, J., Couceiro, J. R., De Smet, F., Gallardo, R., Rudyak, S., ... Schymkowitz,
J. (2011). Gain of function of mutant p53 by coaggregation with multiple tumor suppressors.
Nature Chemical Biology, 7(5), 285-95. http://doi.org/10.1038/nchembio.546

Yanai, H., Negishi, H., & Taniguchi, T. (2012). Inception , impact and implications in
oncogenesis The IRF family of transcription factors, /(8), 1376—1386.

Yang, A., Kaghad, M., Caput, D., & McKeon, F. (2002). On the shoulders of giants: p63, p73
and the rise of p53. Trends in Genetics : TIG, 18(2), 90-5.

Yee, K. S., & Vousden, K. H. (2005). Complicating the complexity of p53. Carcinogenesis,
26(8), 1317-22. http://doi.org/10.1093/carcin/bgil22

Yeh, E. S., & Means, A. R. (2007). PIN1, the cell cycle and cancer. Nature Reviews. Cancer,
7(5), 381-8. http://doi.org/10.1038/nrc2107

Yi, Y. et al, 2013. Targeting Mutant p53 by a SIRT1 Activator YK-3-237 Inhibits the
Proliferation of Triple-Negative Breast Cancer Cells. Oncotarget, 4(7), pp.1-10.

Zacchi, P., Gostissa, M., Uchida, T., Salvagno, C., Avolio, F., Volinia, S., ... Del Sal, G.
(2002). The prolyl isomerase Pinl reveals a mechanism to control p53 functions after
genotoxic insults. Nature, 419(6909), 853—7. http://doi.org/10.1038/nature01120

Zache, N. et al., 2008. PRIMA-IMET inhibits growth of mouse tumors carrying mutant
p53. Cellular oncology : the official journal of the International Society for
Cellular Oncology, 30(5), pp.411-8.

Zhang, S. et al., 2015. Small-molecule NSC59984 restores p53 pathway signaling and
antitumour effects against colorectal cancer via p73 activation and degradation of mutant p53.
Cancer Research, 75(18), pp.3842—-3852.

86



Zhou G, Wang J, Zhao M, Xie TX, Tanaka N, Sano D, Patel AA, Ward AM, Sandulache VC,
Jasser SA et al. (2014) Gain-of-function mutant p53 promotes cell growth and cancer cell
metabolism via inhibition of AMPK activation. Mol Cell 54, 960-974.

Zhou, X. Z., & Lu, K. P. (2016). and is a unique drug target. Nature Publishing Group,
(June). http://doi.org/10.1038/nrc.2016.49

Zhu, J., Sammons, M. a., Donahue, G., Dou, Z., Vedadi, M., Getlik, M., ... Berger, S. L.
(2015). Gain-of-function p53 mutants co-opt chromatin pathways to drive cancer growth.
Nature, 1-6. http://doi.org/10.1038/nature15251

Zimmerman, M. A., Rahman, N., Yang, D., Lahat, G., Lazar, A. J., Pollock, R. E., ... Liu, K.
(2012). Unphosphorylated STAT1 Promotes Sarcoma Development through Repressing
Expression of Fas and Bad and Conferring Apoptotic Resistance, 72(18), 4724-4732.
http://doi.org/10.1158/0008-5472.CAN-12-1347

Zucman-rossi, J., Villanueva, A., Nault, J., & Llovet, J. M. (2015). Genetic Landscape and

Biomarkers  of  Hepatocellular ~ Carcinoma. YGAST, 149(5), 1226-1239.¢4.
http://doi.org/10.1053/j.gastro.2015.05.061

87



ACKNOWLEDGEMENT

I would like to acknowledge Prof. Giannino Del Sal for giving me the opportunity to work in
his lab and to realize this project, in which an essential contribution was given by my
supervisor Dr. Anna Comel who, with passion and expertise, taught and supported me during
the PhD and the writing of the thesis.

I thank Dr. Fiamma Mantovani to reading the thesis.

Important contributions to my work were given by Dr. Elena Campaner, Dr. Valeria Capaci,
Dr. Ilaria Voto and Dr. Martina Miceli for help in the experiments, Dr. Giovanni Sorrentino,
Dr. Alessandro Zannini and Dr. Alessandra Rustighi for their scientific comments.

I want to thank Dr. Eleonora Ingallina, Dr. Naomi Ruggeri, Dr. Daria Sicari, Dr. Elena
Valentino, Dr. Lorenzo Bascetta, Dr. Manuel Caputo and Dr. Kamil Lisek for their support

and encouragement during my PhD and all members of Del Sal's laboratory team.

88



APPENDIX

During the period of my PhD I have been involved in the following publication:

Sorrentino G, Ruggeri N, Zannini A, Ingallina E, Bertolio R, Marotta C, Neri C, Cappuzzello
E, Forcato M, Rosato A, Mano M, Bicciato S, Del Sal G. Glucocorticoid receptor signalling
activates YAP in breast cancer. Nat Commun. 2017 Jan 19;8:14073.

89


https://www.ncbi.nlm.nih.gov/pubmed/?term=Sorrentino%20G%5BAuthor%5D&cauthor=true&cauthor_uid=28102225
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ruggeri%20N%5BAuthor%5D&cauthor=true&cauthor_uid=28102225
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zannini%20A%5BAuthor%5D&cauthor=true&cauthor_uid=28102225
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ingallina%20E%5BAuthor%5D&cauthor=true&cauthor_uid=28102225
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bertolio%20R%5BAuthor%5D&cauthor=true&cauthor_uid=28102225
https://www.ncbi.nlm.nih.gov/pubmed/?term=Marotta%20C%5BAuthor%5D&cauthor=true&cauthor_uid=28102225
https://www.ncbi.nlm.nih.gov/pubmed/?term=Neri%20C%5BAuthor%5D&cauthor=true&cauthor_uid=28102225
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cappuzzello%20E%5BAuthor%5D&cauthor=true&cauthor_uid=28102225
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cappuzzello%20E%5BAuthor%5D&cauthor=true&cauthor_uid=28102225
https://www.ncbi.nlm.nih.gov/pubmed/?term=Forcato%20M%5BAuthor%5D&cauthor=true&cauthor_uid=28102225
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rosato%20A%5BAuthor%5D&cauthor=true&cauthor_uid=28102225
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mano%20M%5BAuthor%5D&cauthor=true&cauthor_uid=28102225
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bicciato%20S%5BAuthor%5D&cauthor=true&cauthor_uid=28102225
https://www.ncbi.nlm.nih.gov/pubmed/?term=Del%20Sal%20G%5BAuthor%5D&cauthor=true&cauthor_uid=28102225
https://www.ncbi.nlm.nih.gov/pubmed/?term=neri+carmelo

