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ABSTRACT

Mutation of the p53 tumor suppressor gene is the most common genetic alteration
in human cancer. The majority of these mutations are missense mutations in the
DNA-binding-domain, which still result in expression of a stable and full-length p53
protein. The primary outcome of these mutations is the loss of tumor-suppressing
functions of the wild-type (wt) p53; however there is growing body of evidence that
suggests mutant p53 can have a dominant negative effect (DNE) over the wt-p53
and/or gain of function (GOF) activity compared to the wt protein.

Moreover the nature of a p53 mutation in a cell is thought to impact upon clinical
responses to therapy and poorer prognosis in cancer patients.

Studies showing DNE or GOF rely mostly on over-expression of the mutated cDNA
at non-physiological levels and within p53-null cells, therefore reproducing an
artificial situation and, importantly, leaving the heterozygous state of this mutation
mainly unstudied.

Dominant negative activity and gain-of-functions have been ascribed also to the p53
hot spot mutant R273H, mainly through over-expression models in p53 null cells.

To explore the basis of these observations, experiments were designed to compare
the properties of cells with and without p53 R273H mutation, in the same genetic
background and within the endogenous gene locus.

To that end, ‘patient-relevant’” human isogenic cell-lines were created using
recombinant adeno-associated viruses (rAAV)-mediated homologous recombination,
to introduce the p53 hot spot mutant R237H within the endogenous p53 locus of the
SW48 human colon cancer cell line, which is wt for p53.

SW48 lines in which the R273H mutant is over-expressed were also generated, so as
to directly compare our patient-relevant genotypes with cell-lines used in previous
published studies.

Expression at physiological levels of mutant p53 in heterozygous cells resulted in
the typical response to p53 dependent cellular perturbations, such as activation of
cyclin-dependent kinase inhibitor p21 and pro-apoptotic protein Bax after DNA
damage. These data indicate that dominant-negative activity of endogenous
expressed mut-p53 was not marked in these cells. We also found that patient-relevant
expression of mutant p53 had no significant effect on cell proliferation and cell cycle
progression, in contrast with previous published data on p53-mutant expression in
p53 null cells.

The absence of DNE does not necessarily imply absence of mut-p53 gain-of-
function, such as chemoresistance. However p53 R237H mutant in SW48 cell lines
failed to induce resistance to common chemotherapies, such as irinotecan, paclitaxel
and cisplatin, in contrast with previous data. The only evidence that mut-p53 had
GOF came from partial resistance to SFU treatment and anti-EGFR treatments, but
that could also be due to haploinsufficiency. Absence of significant GOF is further
demonstrated by almost absent influence of the hot spot mutant on the transcriptional
profile of the cells.

In summary, the co-expression of mutant R273H p53 with wt-p53 at physiological
levels in a colon cancer cellular model, does not appear to be sufficient to induce a
strong dominant negative or gain of function activity.



1. BACKGROUD

1.1 p53 History

During the 1960s and 70s when studies on tumor viruses and oncogenes were the
focus of many cancer research laboratories, several groups reported the existence of a
cellular protein with an approximate molecular weight of 53 kDa, called p53, that
appeared to be important in tumorigenesis.

The p53 protein was identified as a protein that co-immunoprecipitates with the
SV40 large T antigen (Lane and Crawford, 1979; Linzer and Levine, 1979) and
subsequently also with other oncoproteins produced by different tumor viruses,
including the adenovirus E1B (Sarnow et al., 1982), the human papillomavirus HPV
E6 protein (Scheffner et al., 1990), the Epstein-Barr virus nuclear antigen (Szekely et
al.,1993), the hepatitis B virus X protein (Wang et al.,1994) and human
cytomegalovirus IE84 protein (Speir et al.,1994).

Independently, experimentally induced tumors showed high levels of p53 protein
(DeLeo et al., 1979) as did naturally occurring tumors compared to non-transformed
cells (Lane and Crawford, 1979; Linzer and Levine, 1979). These data all led to the
assumption that p53 was an oncogene, wherein elevated p53 expression was a tumor
promoting event.

The molecular cloning of the p5S3 ¢cDNA (Zakut-Houri et al., 1985) allowed for a
greater variety of studies to be performed into the function of p53 in cell
transformation in vitro and in tumorigenesis in vivo. These data started to show the
opposite function to p53, together providing strong evidence that the loss of normal
p53 expression and function may occur in the transformation process. This
conclusion was based on the finding that rearrangement and functional inactivation
of p53 gene was observed at high frequency in mouse spleen tumors induced by the
Friend erythroleukaemia virus (Mowat et al., 1985).

Then this paradox was resolved when it was shown that the originally cloned p53
cDNAs used in the early experiments contained missense mutations within a
conserved region of p53 important for both the conformation and biological activity
of the protein. This fact clearly explains the initial observations that ectopic p53
expression immortalizes cells (Jenkins et al., 1984) and can transform primary rat
embryo fibroblasts in cooperation with Ras (Eliyahu et al., 1984).

The idea of p53 as an oncogene was now in transition and the wild-type (wt) p53 was
instead considered a key tumor suppressor gene.

In direct contrast with the mutant forms, wt-p53 cannot cooperate with Ras, and
indeed can actually suppress transformation by mutant (mut) p53 gene and Ras
(Finlay et al., 1989). Moreover, the transfection of wild-type p53 into human
osteosarcoma cells lacking endogenous p53 abrogates the neoplasticity of these cells
(Chen et al., 1990). In wide tumor genotyping experiments, p53 was shown to be
lost, or to contain mutations that inactivate p53, in about half of almost all human
cancer types. Indeed p53 is now known to be the most commonly altered gene in
human tumors (Caron de Fromentel and Soussi, 1992; Hollstein et al., 1994).
Supporting its close association with tumor development, it has noted that patients
with the cancer-prone Li-Fraumeni syndrome, an inherited susceptibility disorder,
carry a germline mutation in the p53 allele (Srivastava et al., 1990), had an increased
risk of developing a variety of cancers, including soft tissue sarcoma, tumor of



breast, bone, brain and bladder (Malkin et al., 1990). Finally, upon the emergence of
forward-genetic tools in transgenic mouse models, direct functional linkage to tumor
promotion was demonstrated by p53 deficient mice being susceptible to spontaneous
tumorigenesis (Donehower et al., 1992).

1.2 The TP53 gene and its product’s structure

Localized on the short arm of chromosome 17 (17p13.1), the TP53 gene encodes a

protein of 393 amino acids (aa) that is conserved during evolution. The gene is
composed of 11exons, the first of which is non coding and localized 8-10 kb away
from exons 2 through 11 (Benchimol et al.,1985).
It has five structural and functional domains: an N-terminal transactivation domain
(aa 1-50); a proline-rich regulatory domain (aa 63-97); a central DNA-binding core
domain (aa 102-292); a C-terminal oligomerization domain (aa 323-356) and a
regulatory domain (aa 363-393) (Fig.1). Based on this structure, other functional
assays and the mutation spectrum in p53, this protein is believed to operate primarily
as a transcription factor to suppress tumor formation.

TRP CsB
TAF40 TBP
TAF60 TFFE!!‘(( iy
TFIIH RCC2 (XPD)
Protei 62 SV40 T antigen ERCC3 (XPB)
i I\?EO S3BP1 p300
interactions MDA $3BP2 pCAF
RP-A RP-A
AdEIB 55K Rad 51
HPVEGS BZLF1
HBx 14-3-3a
| | | |
‘,'. f §
Transactivation  SH3 DNA binding domam Tetramerization Rf;dmn
Functional 1-50) (63-97) (102-292) (323-356) el
d . f363-393)
'omains (363-393
13-23 117-142 171-181 234-258 270-286
Conserved regions | | I | I IV V|
SRy L1 S L2 L3 H] o
Structure / ’ “ X 112- 141 163195 236.25]  278-286 | II [
Post-translational 1 ) 'Efu PK | | T it e Riig
modifications [ ~7n g | ECAE |p )
515 §13 Hire"" S~ 5315 5376:378 8392
ATM  CAK CDK PKC  CK2
2 DNA-PK
LSH

Fig.1 Schematic representation of the p53 protein (from May and May, 1999). Major functional
domains, conserved regions and the positions of post-translational modifications are indicated. In the
upper part known interacting viral and cellular proteins are indicated; in the lower part proteins
responsible of post-translational modifications are outlined.

The N-terminal region contains the activation domain (aa 1-50) (Fields and Jang,
1990). The acidic N-terminal transcriptional domain allows p53 to recruit the basal
transcriptional machinery, including the TATA box binding protein (TBP) and TBP-
associated factors (TAF) components of TFIID (Lu and Levine, 1995) (Fig.1). The



human MDM2 protein and hepatitis B virus X protein, also bind to the amino-
terminal region of p53 and inhibit its transactivation function (Oliner et al., 1993;
Momand et al., 1992; Levine, 1997) (Fig.1).

Further into the N-terminal region is also a proline-rich region (aa 63-97) with
similarity to SH3-binding proteins, which is required for pS3-mediated apoptosis in
some experimental systems (Sakamuro et al., 1997) and for suppressing tumor cell
growth (Walker and Levine, 1996) (Fig.1).

The central part of the protein is the area bounded approximately by amino acids
102 to 292 and it contains the DNA Binding Domain (DBD) which recognizes and
binds the 10bp consensus sequence 5’-PuPuPuC(A/T)(T/A)GPyPyPY-3’ present in
two copies separated by 0-13bp in the regulatory region of the target gene promoters.
One copy of the motif is not sufficient for binding p53 and subtle alterations of the
motif results in loss of affinity for p53 (El-Deiry et al., 1992) (Fig.1). The DNA-
binding domain of the p53 protein is a “hot spot” for mutation, as the majority of
tumor-associated mutations in p53 occur within this region (Hainaut and Hollstein,
2000). This finding underscores the importance of p53 binding to DNA in a
sequence-specific manner.

The C-terminal region (residues 300-393) includes: a flexible linker region (aa 300

-323) connecting the central core domain and the C-terminal region, and a
tetramerization domain from amino acids 323-356. It is well established that p53
forms tetramers (Kraiss et al., 1988) via an oligomerization domain (aa 323-356).
The structure of this tetramerization domain has been deduced from nuclear magnetic
resonance (Clore et al., 1994) and X-ray crystallography (Jeffrey et al., 1995).
Three nuclear localization signals (NLS) have been identified in the C-terminal
region. Mutagenesis of the most N-terminal signal (NLS1, aa 316-325) induces the
synthesis of a totally cytoplasmic p53 protein, while alteration of the NLS2 (amino
acids 369-375) and NLS3 (aa 379-384) leads to both cytoplasmic and nuclear
localization (Shaulsky et al., 1990).

1.3 p53 stabilization and activation

p53 is stabilized and activated in response to a range of cellular stresses, including
DNA damage, hypoxia, nucleotide depletion, hyperoxia and activated oncogenes
(Vousden and Lane, 2007). Once induced, p53 regulates the expression of a wide
range of genes, leading to a variety of biological outcomes, such as DNA repair,
growth arrest or apoptosis (Riley et al., 2008) (Fig.2). Following DNA damage, the
p53 protein rapidly accumulates and becomes activated (Kastan et al., 1991), binding
strongly to strand breaks by its C-terminal domain (Nelson and Kastan, 1994) and
this leads to the stabilization and activation of the protein.

Since active p53 has the ability to determine life (with correction of DNA damage)
or death for a cell (if DNA damage is too extensive), by inducing cell cycle arrest or
apoptosis respectively, it is clear that the triggering of p53 activation must be tightly
regulated. In fact, both p53 stabilization and activation involve a variety of molecular
mechanisms, including phosphorylation, acetylation, ubiquitination, glycosylation,
binding to regulatory proteins, and alternative splicing (Gu and Roeder 1997; Giaccia
and Kastan, 1998) (Fig.1).



The traditional overview describing p53 activation in response to cellular stress
comprises three basic steps: stabilization of p53, sequence specific DNA binding and
transcriptional activation of target genes.

The first step is the stress-induced stabilization of p53 that can occur through
various mechanisms. In response to DNA damage p53 is post-translationally
modified, including phosphorylation of the amino-terminus at specific amino acids
by various kinases, including the ataxia—telangiectasia mutated (ATM) and ataxia—
telangiectasia and Rad3-related (ATR) protein kinases (Meulmeester et al., 2005),
members of the phosphatidylinositol-3 kinase like family, which coordinate a
complex signaling network in response to various forms of DNA damage (Fig.2).
ATM plays a crucial part in the immediate response to double-strand breaks by
coordinating the activation and execution of checkpoint pathways and repair
pathways. The response to other forms of DNA damage, such as replication stress
and DNA cross linking, is coordinated mainly by ATR (Fig.2). However, there is
substantial interplay between the pathways governed by these molecules, and they
share downstream targets in the repair and checkpoint pathways, including the
kinases Chkland Chk2.

Specifically ATM and ATR phosphorylate Ser15 of p53 (Banin et al., 1998; Lakin et
al., 1999), protein kinase CK1 phosphorylate threonine 18 (Dumaz et al., 1999) and
S20 is phosphorylated by Chk2 (which is activated by ATM).

Phosphorylations at T18 and S20 inhibit the association of p53 with Mdm?2, its key
negative regulator, which in absence of DNA damage mediates an ubiquitin-
mediated degradation of p53 (Hirao et al., 2000). The MDM2 binds to the N-terminal
(aa residues 17-27) part, a region containing several phosphorylation sites of p53 and
inhibits p53-dependent transcription (Oliner et al., 1993).

MDM2 functions as an E3 ligase, the final component of the enzyme cascade that
leads to the conjugation of ubiquitin to their substrate proteins and their subsequent
transfer to the cytoplasm where protesome-mediated degradation takes place. It also
contributes to its own degradation as it can auto-ubiquitinate itself. The promoter of
MDM2 gene carries a p53 binding motif and it is transcribed in a p53-dependent
manner (Barak et al., 1993). Thus, high levels of MDM2, caused by increased p53
activity generate an autoregulatory loop that lead to rapid turnover of the p53 protein,
allowing induced p53 to act during a short time window (6-13min) before it is
withdrawn to its normal cellular levels (Haupt et al., 1997) (Fig.2).

P53 is also induced through the ARF tumor suppressor pathway (Sherr, 1998),
which is an important inhibitor of MDM2 (Fig.2). ARF is the product of an
alternative open reading frame of the tumor suppressor INK4a (also known as p16)
locus and it is normally expressed at low levels in the cell. Activation of ARF by
activated oncogenes has classically been considered to be the mechanism by which
p53 responds to abnormally sustained proliferation: once activated, ARF is able to
inhibit Mdm?2 by blocking its E3 ubiquitin ligase activity, uncoupling the p53-Mdm?2
interaction and sequestering Mdm?2 in the nucleolus, thereby separating it from
nucleoplasmic p53 (Honda and Yasuda, 1999; de Stanchina et al., 1998; Tao and
Levine, 1999).

After its stabilization and sequence-specific DNA binding, p53 activates or
represses its target genes. The traditional view suggests that p53 promotes
transcriptional activation or repression of target genes by interacting with general
transcriptional factors such as TFIID/TAFs.



However many post-translational modifications of p53 can influence the recruitment
of p53 binding proteins to specific promoters. The extreme C-terminus of the protein
controls its sequence-specific DNA binding and transcriptional activity, and these
functions can be influenced by multitude of covalent and non-covalent modifications
within the C-terminus. Modifications suggested to be involved in activation of p53
include sumoylation (Muller et al., 2000), phosporylation, dephosphorylation,
acetylation and glycosylation (Shaw et al., 1996).

For example p53 can interact with various transcriptional activators, such as
histone acetyltransferase CBP/p300 (Iyer et al., 2004) that can mediate acetylation of
the C-terminal lysine residues of p53 through interaction with its N-terminal region:
DNA damage-induced phosphorylation of p53 in the N-terminal region increase its
association with CBP/p300 that augments p53 acetylation leading to a more open
chromatin conformation near p53 targets and a more active p53 protein (Lambert et
al., 1998).

Other modifications that regulate p53 activity include C-terminal phosphorylation
of p53 by CDKs and Protein Kinase C on Serl5 and Ser378 respectively, which also
mediate p53 sequence specific binding in vitro (Baudier et al., 1992). Methylation
mediated by methyltrasferases, such as Set9 cause hyperstabilization and activation
of p53 through lysine methylation on Lys 372 and enhances apoptosis (Chuikov et
al., 2004).
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Fig.2 p53 regulatory pathway (modified from Brown et al., 2009). In normal cells, the transcription
factor p53 is inactivated by MDM2, an ubiquitin ligase that targets p53 for degradation in the
proteasome. Several types of stress can activate p53, including DNA damage and oncogene activation,
hypoxia, depletion of the cell’s nucleotide pool or defects in DNA methylation. Each type of stress is
communicated to p53 by distinct mechanisms: p53 is the master switch that integrates signals from
these pathways and transforms them into a variety of biological outcomes such as growth arrest, DNA
repair and apoptosis.




1.4 p53 functions

pS3’functions are mainly exerted at the transcriptional-level, although some
additional transcription independent pathways, based on protein-protein interactions,
are also now know (Fig.2). The function of the multiple transcriptional p53 targets
are linked to diverse cellular processes including cell cycle arrest, apoptosis, DNA
repair, senescence, angiogenesis and metastasis (Fig.2). Cell cycle arrest and
apoptosis are the most widely studied effects of p53 activation.

1.4.1 Cell-cycle Arrest

The cell cycle is a complex process and is tightly regulated by multiple factors.
Cyclins, their corresponding cyclin dependent kinases (CDKs) and CDK inhibitors
being the core components of this process. Successful completion of cell cycle is
monitored and controlled by cell cycle checkpoints, which are important control
features that ensure the fidelity of cell division by verifying whether the processes at
each phase of the cell cycle have been accurately completed before progression into
the next phase. In response to various cellular stresses, cells may undergo growth
arrest at these checkpoints to prevent the propagation of mutations in the DNA.

It has been observed that mouse embryo fibroblast cells develop tetraploid
populations after treatment with spindle inhibitors. Most of the cells arrest without
re-entering S phase. In contrast, cells that are p53-null and similarly treated continue
to cycle and a much larger proportion of cells become tetraploid or octaploid. These
data suggested that p53 is a component of a spindle checkpoint and that the
spontaneous development of tetraploid cell populations further indicates that this
checkpoint is required during normal cell division (Cross et al., 1995).

Moreover murine embryonic fibroblasts (MEFs) exposed to DNA damage activate
the ATM/ATR pathways, leading to the activation of p53 and subsequently undergo
G1 arrest. It is well established that wild-type p53 is required for the induction of G1
arrest in response to ionizing radiation (IR) because cell lines engineered to lack p53
activity display an attenuated response (Kuerbitz et al., 1992), but it is also known
that p53 transactivates components of the G2/M checkpoints upon physiological
stress. Several findings have greatly contributed to the understanding of how p53
governs cell-cycle checkpoints.

Gene targeting strategies have established that p21/Wafl, a cyclin-dependent kinase

inhibitor, is a critical mediator of the p53-mediated G1 arrest response. The
p21/WAFT1 gene product has been identified as a potent inhibitor of several CDKs
involved in both G1 and G2 arrest, by inhibiting cyclinE/CDK2 and cyclinB/Cdc2,
respectively (Agarwal et al., 1995; Bunz et al.,, 1998, Waldman et al., 1995).
Independent studies have shown that embryonic fibroblast obtained from p21 null
mice are only partially defective in their ability to undergo G1 arrest following
exposure to IR (Deng et al., 1995; Brugarolas et al., 1995) suggesting that another
gene product contribute to a complete response.
One potential downstream target of p21 inhibitory activity in G1 phase is the cell
cycle-dependent phosphorylation of the retinoblastoma (RB) protein. RB is in a
hypophorylated form during G1. In this state it binds to and sequesters the S phase
promoting E2F family of transcription factors.



Advancement through the cell cycle is thought to be mediated by sequential
phosphorylation of RB by GI cyclin-dependent kinases, resulting in the release of
active E2F, which then leads to the transcriptional activation of genes required for S
phase progression (Giaccia and Kastan, 1998). In this pathway p21 leads to the
inhibition of cyclin D-CDK4/6 complexes and subsequent accumulation of the un-
phosphorylated form of RB, which arrests cell in G1.

This G1 arrest is supposed to prevent the replication of damaged DNA and to allow
DNA repair before entry into S phase.

Also E2F appears to be a critical downstream target within the p53 pathway because
overexpression of E2F-1 can overcome IR-induced G1 arrest and p21-mediated
inhibition of cdk activity (Degregori et al., 1995). Alteration of any of these
downstream components may have an effect similar to that of inactivating p53 itself
in preventing the pathway from functioning.

Several studies have suggested that the G2/M block following DNA damage is also
p53-dependent (Agarwal et al., 1995). Progression of cells from G2 to mitosis is
driven by the maturation-promoting factor (MPF), which comprises a complex of
cyclin Bl and cdc2. p53 has been shown to induce G2/M arrest by primarily
perturbing the function of the cyclin Bl/cdc2 complex through the transcriptional
activation of the 14-3-3sigma protein after DNA damage (Hermeking et al. 1997),
which prevents proper nuclear localization of cyclin B1l/cdc2. Moreover, deletion of
14-3-3sigma in HCT116 cells resulted in cell death in response to DNA damage
(Chan et al. 2000).

1.4.2 Apoptosis

Although the ability of p53 to trigger cell-cycle arrest was discovered first, its
action in controlling apoptosis is the most intensely studied.
The first proof that p5S3 functions in apoptosis was obtained by using a clone of the
mouse myeloid cell line M1 lacking endogenous expression of p53. Cells of this
clone were stably transfected with a temperature-sensitive mutant which acquires the
conformation of wild-type p53 at permissive temperature (32°C). In these
experiments, it was observed that upon downshift to the permissive temperature, the
transfectants underwent a rapid loss of viability with all the characteristics of
apoptosis (Yonish-Rouach et al., 1991). The observed rapid cell death upon
temperature shift to 32°C implicated a role of p53 in cell death. Interestingly, the
same mutant induces a growth arrest in fibroblasts at the permissive temperature
whereas the M1 cells continue to divide as p53 induces cell death (Yonish-Rouach et
al., 1993).
Later, it was shown that oncogenes could activate the p53 tumor suppressor leading
to apoptosis, and that p53 is required for apoptosis induced by certain DNA
damaging anticancer agents (Lowe and Ruley 1993). Current evidence indicates that
the apoptotic activity of p53 is tightly controlled and is influenced by a series of
quantitative and qualitative events that determine the outcome of p53 activation.
Along these lines, other p53 family members can induce apoptosis, either in concert
or in parallel with p53: therefore apoptosis can be integrated into a larger pS3 tumor
suppressor network controlled by different signals, environmental factors, and cell
type (Fridman and Lowe 2003).
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Many transcriptional dependent and independent p53 targets have been implicated in
p53-mediated apoptosis. Members of both the extrinsic and intrinsic apoptotic
pathway have been identified, wherein all of them lead to caspase-mediated
apoptosis.

In the extrinsic pathway the initiators are specific transmembrane death receptors

and their respective ligands.
Formation of so-called death-receptor-inducing-signalling-complex (DISC) including
receptor, ligand, the adapter molecule FADD and caspase-8, triggers a chain of
events resulting in activation of effector caspases. The cell surface receptor Fas
(CD95) (that is a key inducer of this pathway) and the death-domain-containing
receptor DR5/Killer are p53 targets that upon DNA damage can induce apoptosis in a
tissue specific manner (Muller et al., 1998; Burns et al., 2001). A third
transmembrane protein that is also induced by p53 in response to DNA damage is
PERP, which probably in collaboration with E2F1, induces apoptosis (Attardi et al.,
2000) (Fig.3).

The intrinsic pathway is regulated by the pro- and anti-apoptotic Bel-2 proteins
family that consists of three subclasses: the pro-survival proteins like Bcl-XL, the
pro-apoptotic proteins Bax and Bak and the “BH3-only” pro-apoptotic proteins like
PUMA. Several members of all the three groups are p53 targets. Bax is one of the
first genes of the Bcl2 family identified, whose expression has been shown to be
activated by p53 in response to cellular stress. Upon induction, Bax undergoes a
conformational change, forming a homodimer and translocates to the mitochondrial
membrane where it promotes cytochrome-c release leading to activation of caspase-9
(Miyashita and Reed, 1995).
p53 can also localize to the mitochondria, where it can induce mitochondrial outer
membrane permeabilization (MOMP), thus leading to the release of pro-apoptotic
factors from the mitochondrial inter-membrane space. p53 can interact with Bcl2,
Bcl-XL, and Bak at the mitochondria, and has been suggested to act like a BH3-only
protein, either as a direct activator of Bax and/or Bak, or as a derepressor (Green and
Kroemer, 2009) (Fig.3).
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The transcription-dependent and transcription independent mechanisms of p53

have been recently linked through the p53 apoptotic target gene PUMA (Chipuk et
al., 2005). Specifically, in response to cellular stress, p53 transactivates PUMA,
which then translocates to the mitochondria where it can bind Bcl-XL protein, thus
releasing p53 to activate Bax. These data suggest that the transcription-dependent
component of the p53 network is essential for the thorough induction of apoptosis,
and PUMA plays a critical role in this process. Indeed, PUMA 1is a unique p53
apoptotic target gene. It is the only p53 target gene whose loss produces a similar
apoptotic defect to p53 loss in irradiated T lymphocytes (Jeffers et al., 2003). These
data suggest that PUMA is an essential p53 effector during apoptosis at least in this
cell type under these conditions. However, PUMA-null mice are not overtly tumor
prone, thus suggesting that simultaneous inactivation of multiple p53 effector
functions is critical for initiating tumorigenesis.
The importance of pS3-mediated apoptosis to provide protection from transformation
has been exemplified in tissue culture where p53-/- cells fail to undergo cell death
following introduction of a variety of oncogenes with dramatic enhancement of
malignant transformation.

It is well established that induction of the p53 tumor suppressor protein can lead to
either cell cycle arrest or apoptosis. But how p53 might regulate growth arrest versus
apoptosis?

Although the mechanism governing the decision of the cell is not elucidated, deletion
of p21Wafl can cause cells that would otherwise undergo p53-dependent cell cycle
arrest to undergo apoptosis. Several factors, including the cell type, the presence or
absence of survival factors in the external environment, the extent of DNA damage
and the levels of p53 are involved in the choice between cell cycle arrest and
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apoptosis (Chen et al., 1996). Also cooperation between the p53 and RB pathways
may be of major importance in determining the biological response to DNA damage.
In fact, inactivation of RB has been correlated with loss of G1 arrest (Slebos et al.,
1994) and induction of apoptosis after DNA damage (Morgenbesser et al., 1994).
This might be explained by the release of E2F, which when over-expressed on its
own can induce apoptosis (Degregori et al., 1995). Over-expressing RB has also been
noted to block p53-dependent apoptosis (Haupt et al., 1995). Thus, modulation of
RB and E2F through p53 signalling in response to DNA damage may play a central
role in deciding the choice between cell cycle and arrest.

1.5 TP53 cancer genetic alterations and consequences

The anti-proliferative role of the p53 protein in response to various stresses and

during physiological processes such as senescence, makes it a primary target for
inactivation in cancer (Levine, 1997). Unlike most tumor-suppressor genes, which
typically undergo biallelic inactivation during carcinogenesis by deletions or
truncating mutations, TP53 is frequently (73.6%) inactivated by a single monoallelic
missense mutations that cause single amino-acid changes at many different positions
(Fig.4). This still results in the formation of a stable full-length protein, which tends
to accumulate in the tumor cells (Weisz et al., 2007).
Data on mutation prevalence in human cancer can be conveniently accessed through
the IARC TP53 database (http://www-p53.iarc.fr/), a resource that compiles all TP53
gene variations reported in human cancers with annotations on tumor phenotype,
patient characteristics, and structural and functional impact of mutations (Petitjean et
al., 2007).

SOMATIC MUTATIONS - MUTATION EFFECT f 26597 mutations

I 19,579 missense - 19579 (73.6%)
B 2042 nonsense - 2042 (7 67%)
I 1,164 silert - 1164 (4.37%)
12,356 FS - 2356 (8.85%)

491 splice - 431 (1.84%)

[ 514 other - 614 (2.30%)

124 NA - 12400 46%)

1199 intranic - 199 (0.74%)

B 26 large del - 26 (0.10%)

(C)IARC TP53 Database, R14 release, November 2009

Fig.4 Somatic TP53 mutations in human cancers. Unlike most tumor-suppressor genes, which
typically undergo biallelic inactivation during carcinogenesis, TP53 is frequently (73.6%) inactivated
by a single monoallelic missense mutations. Data from the IARC TP53 database (R14, November
2009) (Petitjean et al., 2007).
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1.5.1 TP53 somatic mutations in human cancers

In cancers of the upper aero-digestive tract (oral, esophageal or bronchial cancers),
TP53 is mutant in up to 75% of the cases of invasive cancers, particularly in smokers
who are exposed to mutagens, and the mutation is often detectable in early, pre-
neoplastic lesions. In cancers of the lower digestive tract, such as colon cancer, TP53
mutations are less common at early stages (polyps or adenomas) but become highly
prevalent at the adenoma-carcinoma transition. In breast cancers, mutations are
detected in about 25% of the cases, but it has been suggested that other mechanisms
than mutations may account for inactivation of p53 in a proportion of the cases.
Cancers in which TP53 mutations are infrequent include cancers of the cervix,
testicular cancers, neuroblastoma and malignant melanomas, in which the TP53
mutation prevalence is about 5% (Fig.5) (Data from the IARC TP53 database -
Petitjean et al., 2007).
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Fig.5 Somatic TP53 mutations in human cancers. Data from the IARC TP53 database (R14,
November 2009) (Petitjean et al., 2007).

Although there are also mutation-independent mechanisms to inactivate p53
function, p53 lies within a pathway and perturbations occurring either upstream or
downstream can negatively impact p53-dependent tumor suppression (Cadwell and
Zambetti, 1998). One such regulator of this pathway is ARF, which activates p53 by
antagonizing its negative regulator Mdm2, by directly binding Mdm?2, resulting in
the relocalization of Mdm?2 to the nucleolus (Tao and Levine, 1999). Generally, there
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is an inverse correlation between wild-type p53 and ARF status; tumor cells that
maintain wild-type p53 are frequently altered in ARF expression (deletion or
methylation of the gene), whereas tumors that are defective in p53 (mutation,
deletion or over-expression of Mdm?2) typically express high levels of ARF (Quelle
et al., 1995). However, as mentioned in the previous intro-section, the p53 pathway
may be functionally inactivated also by viral or cellular oncogenes.

Thus, most if not all tumors are functionally defective in p53 tumor suppression

either by mutation of the p53 gene or by corruption of the p53 pathway.
The range of p53 mutations is affected not only by selection processes, but also by
intrinsic factors that differentially affect specific nucleotides and regions of the gene.
In fact among single-base substitutions, about 25% are C:G=>T:A substitutions at
CpG sites. CpG dinucleotides mutate at a rate 10 times higher than other nucleotides,
generating transitions (Jones et al., 1992). About 3%—5% of cytosines in the human
genome are methylated at position 50 by a post replicative mechanism that is
restricted to CpG dinucleotides and is catalyzed by DNA methyl transferases. The 5-
methylcytosine (SmC) is less stable than cytosine and undergoes spontaneous
deamination into thymine at a rate five times higher than the unmethylated base.
Among the 22 CpG of the DNA-binding domain (DBD), three hotspot codons (175,
248, and 273) represent 60% of CpG mutations and another five residues (196, 213,
245, 282, and 306) account for 26% of these mutations. The lack of mutations at
other CpG sites reflects the fact that substitution at these residues does not generate a
dysfunctional protein.

80% of the TP53 missense mutations are located within the sequence encoding the
DNA-binding domain (DBD) of the protein (Fig.6). The N-terminus, which contains
the transactivation domain, and the C-terminus, which contains regulatory sites, are
rarely targeted by mutations (less than 2% of all mutations) with the majority of
these mutations being nonsense or frameshift. In the DBD, missense mutations have
been reported at almost all residues, but some residues are more frequently mutated
than others , with 30% of the mutations falling at five hotspot codons (175, 245, 248,
273, 282) (Hollstein et al., 1991; Petitjean et al., 2007) (Fig.6). Four of these codons
correspond to arginine residues (175, 248, 273, 282) involved in protein—-DNA
interactions, either by direct contact with DNA (residues 248 and 273) or by
stabilization of the DNA-binding surface (residues 175, 282) (Cho et al., 1994).

¥ -C

Trtlru'..;:n_ _— i ich A binding ] is Q_eguh:ﬂi-.un
(142 A0S 2 ] [(FE3-F23)

Mut. frequency 1 % 2.3 % 50 = 3.4 % 0. 3%

Fig 6. Distribution of p53 mutations on the gene. 80% of missense mutations cluster in the DNA-
binding domain (DBD). The five most common hotspot mutations are highlighted. The N-terminus
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and the C-terminus of the protein are rarely targeted by mutations. Data from the IARC TP53 database
(R14, November 2009) (Petitjean et al., 2007).

1.5.2 TP53 germline mutations: Li-Fraumeni Syndrome

Whereas somatic TP53 mutations contribute to sporadic cancer, germline TP53
mutations cause a rare type of cancer predisposition known as Li—Fraumeni
Syndrome (LFS), an inherited susceptibility disorder in which affected individuals
are at increased risk of developing a variety of cancers, including soft tissue sarcoma
and cancers of the bone, breast, brain and genito-urinary tract (Malkin et al., 1990).
The distribution of germline mutations is similar to somatic mutations, with mostly
missense mutations (77%) located at the same hotspots. The proportion of CpG
mutations (54% vs. 25% in somatic mutations) may reflect the spontaneous nature of
germline mutations. Genotype—phenotype correlations suggest that the most
significant defect is loss of function because large deletions including the whole
TP53 gene have been found in LFS families with aggressive behavior (Bougeard et
al., 2003). Tp53 germline mutations have been initially considered as a rare
syndrome (Eeles, 1995), detected in about 500 families or individuals with complete
or partial LFS features (Olivier et al., 2003). However, screening for TP53 germline
mutation in patients with early onset breast cancer, unselected or by following
familial history, has shown TP53 mutations in 2%-3% of the cases (Lalloo et al.,
2006). Whereas screening of 525 patients with any kind of cancer family history has
identified 91 (17.3%) TP53 mutations (Gonzalez et al., 2009). Based on these results,
TP53 mutation may contribute to up to 17% of all familial cancer cases. Breast
cancer and soft tissue and bone sarcoma account for over 50% of tumors in TP53
mutation carriers, followed by adreno-cortical carcinomas and brain tumors. Other
cancers include hematological malignancies, gastric, colorectal, and ovarian cancers,
occurring at earlier ages than in the general population (Olivier et al., 2003).

1.6 Structural and functional impact of TP53 mutations
1.6.1 Impact on Protein Structure

Hotspot mutations, which cluster mostly in the DBD of p53 gene, occur in residues
involved in either making contacts with DNA, or in supporting the structure of the
DNA-binding surface. Indeed, they can be distinguished by taking into account their
impact on either the protein structure and stabilization or the interaction with DNA:

- Null mutations that completely destroy the functionality of the protein, such
as insertion/deletion, nonsense mutations, frameshift mutations.

- Missense mutations that affects residues of the DNA-binding surface and
disrupt the protein-DNA contact points (such as those at the mutational
hotspots 248R and 273R) (Cho et al., 1994), also known as ‘“contact
mutants”.

- Missense mutations that occur in areas important for the conformational
stability of p53 protein (such as R175H), leading to conformational changes
that expose the mutant-specific epitope of the PAb240 antibody and result in
the loss the wild-type-specific epitope detected by PAb1620 (Cho et al.,
1994) . These mutants are also known as “structural mutants”.
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1.6.2 Impact on Transcriptional Activities

Functional assays in yeast and human cells have shown that cancer associated
mut-p53 proteins typically retain an intact transactivation domain (TAD), which may
still operate exactly as it does within the wt-p53 protein, but can be targeted also to
different sites on chromatin. Some mutants, as for example, arginine to proline at
codon 175 (R175P) and arginine to cysteine at codon 181 (R181C), retain the
capacity to transactivate p21/WAF1 but are defective for BAX activation and fail to
induce apoptosis (Ludwig et al., 1996). Recently Kato and coworkers have used a
yeast-based functional assay to analyze the transactivation of 2314 different missense
mutants on eight TP53-responsive promoters (TP53-REs). The majority of mutants
affected in the DNA-binding domain have an impaired transcriptional activity,
whereas most of the mutants affected in other regions retain, at least partially or even
full, transcriptional activity on various TP53-REs. A small category of mutants even
showed increased activity compared with wild type p53 (Kato et al., 2003).
Moreover using a different type of yeast based assay, Inga and colleagues further
showed that differential transactivation by wild-type and mutant proteins depends on
both protein levels and target sequence (Inga et al., 2002).

1.6.3 Biological effects of TP53 mutations

The functional effects of TP53 mutations can be classified into three non-mutually
exclusive groups (Weisz et al., 2007; Soussi, 2007):

- 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 (Kato et al., 2003). These mutations are known as Loss
of function (LOF), they are frequent among missense mutants, but are particularly
relevant to truncating, splicing and nonsense mutations, as well as to gene deletions
(Fig.7).

- Second, most missense mutations, but usually not the other types of mutations,
also produce a full-length mutant p53 capable of inhibiting, to varying degrees, the
function of the wild-type protein encoded by the second allele. This dominant-
negative effect (DNE) is achieved by oligomerization of the mutant and wild-type
proteins, forming a heterotetramer defective in sequence-specific DNA binding
(Milner and Medcalf, 1991; Sigal and Rotter, 2000) (Fig.7).

- Finally, several mutations were shown to confer mutant p53 with new functions
that are independent of wild-type p53. These gain-of-function (GOF) properties can
be experimentally demonstrated in the absence of a functional wild-type p53. Most
gain-of-function properties are believed to stem from binding of mutant p53 to
cellular proteins such as transcription factors and, consequently, alteration in their
activity (Brosh and Rotter, 2009) (Fig.7).
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Fig.7 Representative scheme of p53-mutations biological outcomes (from Brosh and Rotter, 2009).
Hotspot mutations can be distinguished taking into account their impact on either the protein structure
and stabilization or the interaction with DNA: 1) loss of function mutants that completely destroy the
functionality of the protein; 2) dominant negative mutants which are able to heteroligomerize the
wild-type counterpart leading to its inactivation; 3) gain-of-function mutants which possess new
activity not-related to wt-p53 functions.

1.6.4 Dominant negative effect

The simple bi-allelic loss of p53 loci is relatively infrequent (about 2%);
notwithstanding, however, the relative lack of bi-allelic p53 loci losses is not prima
facie evidence for DNE or GOF roles for p53 mutation.

A high percentage of human cancers show mutations of the p53 gene accompanied
by deletion of the other allele, resulting in the hemizygous state in which only mutant
p53 is synthesized (Hollstein et a., 1991; Nigro et al., 1989). However, it’s also true
that relatively little data are available on p53 loss of heterozygosity in human
cancers, but it is estimated that 40% of human cancers can still carry the wild type
p53 allele (Dearth et al., 2007). These tumors may still ultimately lose the other
allele, so functional proof of GOF or DNE is required.

One of the issues for such functional data is that evidence for DNE or GFO come
from over-expression models; for example mice that are engineered to express a
missense mutant p53 transgene, in addition to the endogenous wt-p53 allele, have an
accelerated rate and higher incidence of developing tumors (Lavigueur et al., 1989;
Harvey et al., 1995).

The generally accepted mechanism behind mutant p53’s trans-dominant
suppression is the shutdown of wild-type p53 function because of heteromerization
with mutant p53. Wild-type p53 forms a tetramer to perform its tumor suppressor
activity, and this oligomerization is mediated by the oligomerization region (aa
residues 326-356), that is fully functional in core domain mutants (Chene, 1998).
Moreover it appears that the mutant protein has the ability to drive wild-type p53 into
a mutant, or perhaps inactive conformation (Milner and Medcalf, 1991).

Thus, when wild-type and mutant p53 were co-translated, wild-type p53 lost the
epitope recognized by the PAb1620 antibody and became reactive with the mutant
specific PAb240 (Milner and Medcalf, 1991). It is not surprising, therefore, that
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contact mutants such as R273H mutant, which seems to retain almost all of the wild-
type conformation (98% folding of wild-type p53), may have a weaker dominant
negative activity (Chene, 1998). Heteromerization decreases the ability of wild-type
p53 to bind to its various specific DNA target sequences (Unger et al., 1993) and to
transactivate downstream genes. Interestingly, the half-life of wild-type p53
increases dramatically when it is bound to mutant p53 (Eliyahu et al., 1988),
probably the result of a sharp decrease in Mdm2 induction.

Several mutants, including all the principle hot spot mutants, have been shown to
interfere with wild-type p53 transactivation, at various degrees (Brachmann et al.,
1996), but not without controversial results depending on mutation type, cellular
type, genetic background and model systems used; therefore the picture is less than
clear.

1.6.5 Gain of functions

Initial indications that mutants of p53 may possess a gain-of-function activity
came from study in 1984 demonstrating that murine p53-deficient cells transformed
with mut-p53 exhibited enhanced plating efficiency and an increased frequency of
immortalization and malignant transformation (Wolf et al., 1984). However, the most
important discovery came from studies demonstrating that mut-p53 isoforms, of both
human and murine origin, but not wt-p53, can transform p53 null cells and endow
them with an increased ability to form colonies in soft agar and tumors in mice
(Dittmer et al., 1993). In these studies, the data were obtained by over-expressing
mut-p53 in cells that already lack endogenous wt-p53, which does not necessarily
prove the existence of GOF.

A wide range of oncogenic properties for mutant p53 forms would need to be

considered in any analysis. By definition, these properties are not shared by wt-p53
and could be independent of their ability to exert a DNE toward wt-p53.
One feature of many GOF mutations is the ability to confer on cells a resistance to
pro-apoptotic signals, such as the suppression of c-Myc induced apoptosis in
leukemia cells (Frazier et al., 1998), or through the neo-potentiation of the
transactivation of genes such as MDR1 (Chin et al., 1992), EGFR (Ludes-Meyers et
al., 1996) and PCNA (Deb et al., 1992), which are not transactivated by the wild-type
p53 protein; and do not necessarily contain p53 binding-sites in their regulatory
regions (Cadwell and Zambetti, 2001).

Furthermore, just like wt-p53, mut-p53 has been proposed to not only up-regulate
specific genes , but also down-regulate others, such as CD95/Fas (Gurova et al.,
2003), p21, Gadd45 and PTEN (Vikhanskaya et al., 2007). If true, the subset of
genes affected by mutp53 is like to vary greatly among different cell types and cell
contexts.

Other gain-of-function activities could be ascribed to protein-protein interactions
with mut-p53, such as with various isoforms of p53-related proteins p63 and p73
altering their transcriptional activity, resulting in negation of the p63/p73 functions
(Gaiddon et al., 2001).

Again they could promote migration by elevating the steady-state levels of Slug
protein, presumably by inhibiting p73-dependent Mdm2 gene expression, thereby
blocking Mdm2-mediated Slug degradation (Wang et al., 2009).
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Mut-p53 can disrupt ATM-mediated cellular responses to double-stranded DNA
brakes through physical interaction of mut-p53 with MRE11 (a component of the
MRN complex), preventing its binding to double-stranded DNA brakes and enabling
persistence of unrepaired DNA damage (Song et al., 2007; Song and Xu, 2007).

Another important protein-protein interaction is between mut-p53 and
topoisomerase-I, that may lead to an increase in aberrant homologous DNA
recombination events and mutagenic DNA rearrangements (Restle et al., 2008).

But there are thought to be degrees of “aggressiveness” (Bulloch et al., 1997). Some

allelic forms such as R273H are not us unfolded, are not so aggressive in
transformation assays, and are sometimes considered to be only DNA-contact
mutants. However R273H allele also shows allosteric or conformational defects in
some assays (Hupp et al., 1993; Fields and Jang, 1990), complicating a full
understanding of what determinants in p53 drive gain-of-function, pro-oncogenic
signalling.
The impact of p53 mutations on tumorigenesis probably depends on many factors,
including the stage in the process when p53 mutations and mut-p53 accumulation
occur. In some types of cancer, p53 mutations are rather late events, correlating with
progression to aggressive, advanced desease (Vogelstein and Kinzler, 1993).
Moreover, GOF is mainly monitored by over-expressing a particular mutp53 isoform
and measuring its impact on the properties of the over-expressing cells, be it in
culture, or in mouse tumor model; and this forced over-expression represents an
artificial situation that has to be viewed with caution.

1.6.6 TP53 mutations and drug resistance: p53 as biomarker in clinic

Finally, p53 mutants may have an important role in response to toxicity, for

example in cellular resistance to chemotherapy and ionizing radiation by interfering
with the induction of apoptosis. It is reported that over-expression of various tumor-
associated mut-p53 isoforms can render the cells resistant to killing by a variety of
anticancer agents, such as doxorubicin, cisplatin and etoposide (Li et al., 1998;
Blandino et al., 1999; Matas et al, 2001). In contrast, studies using siRNA mediated
knock-down of endogenous mut-p53 have shown this to sensitize cancer cells to
killing by such anticancer agents and other proapoptotic stimuli (Vikhanskaya et al.,
2007; Wong et al., 2007).
Mechanisms could be partially attributed to transcriptional activation of the multi-
drug resistance 1 gene (MDRI) and survival factors, such as BAG-1 (Chin et al.,
1992; Yang et al., 1999), which may be necessary to counteract the apoptotic
response elicited by the induction of c-myc (Frazier et al., 1998).

Due to these experimental properties, the prognostic value of TP53 gene mutations
has been investigated in several types of cancer. In breast (Berns et al., 1998; Olivier
et al., 2006) and colon cancer (Borresen-Dale et al., 1998; Goh et al., 1995), e.g.,
there is a strong association between mutations in the DBD and shorter survival or
poor response to treatment (Fig.8A). Although, loss of wild-type p53 activity is
thought to be a much strong predictor of failure to respond to radiotherapy and
chemotherapy in various human cancers.

Noteworthy are the many studies in which TP53 status has been accurately assessed
by gene sequencing and immunoistochemical (IHC) staining, which has generated
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associations between TP53 mutational status and clinical properties; with the general
trend being that TP53 mutations are associated with poor overall and disease free
survival rate, as well as with poor drug response. However, many studies still report
lack of such associations, and few report opposite trends (Brosh and Rotter, 2009).
Inconsistent data regarding the association of TP53 mutations with survival and
drug response have led to a debate over the prognostic and predictive values of TP53
status in cancer. A major reason for the inconsistency is that, until recently, most
studies used IHC detection of p53 accumulation in tumor samples as a surrogate
marker for TP53 mutations. This occurs because wt-p53 is generally observed to be
short lived, whereas mut-p53 is often found to be rather stable. Initially, this was
suspected to be a salient feature of mutp53, directly caused by the impact of the
mutations on the biochemical properties of the mutant protein.
Subsequent work revealed that mut-p53 is not necessarily intrinsically stable; rather,
changes that occur within tumor cells could result in its stabilization. Thus, in
primary cells derived from human Li-Fraumeni syndrome patients the levels of mut-
p53 are rather low and comparable to those of wt-p53 (Yin et al., 1992). Similarly,
mut-p53 protein levels are low in mut-p53 knock in mice, but increase in a fraction
of tumors that emerge in such mice (Lang et al., 2004). So this accumulation of
mutant p53 protein is not only associated with specific properties of the protein itself
but instead depends also on the endogenous genetic background of the tumors.
Additionally, not all tumours with missense TP53 mutations are IHC positive
(Langerod et al., 2007; Alsner et al., 2008). Moreover, few tumors accumulate a
functional wt-p53 due to persistent stress signals, and some tumors inactivate wt-p53
function by mutation independent mechanisms, such as MDM2 amplification or
deregulation of upstream or downstream components of the p53 pathway (Vogelstein
et al., 2000; Soussi and Beroud, 2001) (Fig.8B).
The assignment of TP53 status to a tumor sample is therefore inaccurate when IHC is
solely used, as many tumours with TP53 mutations do not accumulate mutant p53;
this is especially the case for frameshift, nonsense and splicing mutations (Soussi and
Beroud, 2001) (Fig.8B). Prognostic and predictive significance of TP53 mutations is
therefore extremely variable according to tumor type and/or treatment (Bertheau et
al., 2008), and there is no simple, universal clinical message that can be delivered by
TP53 mutation analysis. Cellular models that do not rely on viral-promoter driven
p53 expression would allow to clarify this important practical aspect of treating p53
mutated tumors.
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Fig.8 Clinical relevance of TP53 status. (A) Association of TP53 mutations and clinical outcome
(overall survival, disease-free survival or drug response). Only studies that analyzed TP53 mutations
by gene sequencing or related methods and with cohorts > 50 patients were considered (From Brosh
and Rotter, 2009). (B) Studies using IHC to investigate p53 prognostic value have yielded inconsistant
results; more than 23% of TP53 mutations do not accumulate the p53 protein therefore may stain
negative to IHC. IHC alone is not suitable for assessing p53 status. Data from the IARC TP53
database (R14, November 2009) (Petitjean et al., 2007).
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2. AIM THE STUDY

TP53 mutations are the most common genetic alterations in human cancers, with
the majority of p53 mutations being clustered within the DBD.
Several lines of investigation suggest that DNA binding domain mutants can act as
DNE or GOF proteins. However, previous functional studies rely on over-expression
of mutated proteins in a p53 null background, which may not be representative of
their true function.
One of the most important questions to answer is whether specific cancer therapies
are influenced by p53 mutations. In this regard previous data are fewer, as well as
being controversial due to the models systems used.
The aim of this thesis is to assess the role of one of the major hot spot p53 mutations,
R273H, in a physiologically relevant model system via endogenous gene knock-in of
the mutation; and then ascertan how the isogenic wt vs mutant models systems
respond to cancer drugs. Importantly, by modifying endogenous gene, rather than
introducing exogenous over-expressed p53 vectors, the mutant allele is studied at the
correct expression levels that occur naturally within cancer patients.
We created an isogenic colorectal cellular model in SW48 cell lines, which still
retain the wt-p53, to analyze the effect of wild-type/mutant p53 heterozygosity on
malignant phenotype, and comparing them with: 1) parental cells expressing wt-p53,
and 2) cells lacking one or both p53 alleles.
These cell-lines were investigated for p53 mediated cellular responses (cellular
proliferation, cell cycle progression) to further explore putative dominant negative
activity; and in particular for their responses to cytotoxic anticancer agents, as well
as newer ‘targeted’ agents. Moreover, the effect of the hotspot mutant on the
transcriptional profile of the cells was investigated in order to further assess DNE or
GOF activity.
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3. MATERIALS AND METHODS

Cell cultures.

SW48 p53 null, SW48 p53 +/- and DLD-derivative cells were kindly provided by
laboratory of Prof. B.Vogelstein.

All SW48 and DLD colon rectal cancer cell lines were coultered in DMEM medium
(Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum (Sigma-
Aldrich, St. Louis, MO), 50units/ml penicillin and 50mg/ml streptomycin, in a
humified atmosphere of 95% air and 5% CO, at 37° C.

pAAYV Viral vector.

The Knock-in (KI) construct has been synthesized from Geneart AG (Regensburg,
Germany) as in Fig.9 and subcloned in the pAAV-MCS (Stratagene, La Jolla, CA)
using the Notl restriction sites, to obtain the pAAV-p53-R273H viral vector.

Packaging of the rAVV-p53-R273H vector into viral particles.

Recombinant adeno-associated viruse (rAAV) has been produced using the AVV
Helper- Free System (Stratagene, La Jolla, CA) following manufacturer instructions.
In detail 2x10° of packaging cell line HEK293 were seeded in 10-cm-diameter dishes
24h prior to transfection in DMEM media with 10% fetal bovine serum, penicillin
(50 units/ml), and streptomycin (50 mg/ml) in a 5% CO; incubator; the culture
medium was changed 2h prior to transfection.

The pAAV-p53-R273H viral vector was mixed with pAAV-RC and pHelper
plasmids from the AAV Helper-Free System (Stratagene, La Jolla, CA) in 2.5 M
CaCl,, then adding dropwise Hepes-buffered saline while vortexing and immediately
adding the precipitate to the cultures.

The medium was replaced after 14-16 h, and the virus was harvested according to the
AAV Helper-Free System instructions. To harvest the virus, the media were
aspirated from the flask, together with 293 cells, and subjected to three freeze and
thaw cycles. The lysate was clarified by centrifugation at 13000 rpm to remove cell
debris, and the supernatant containing rAAV particles was divided into aliquots and
frozen at -80°C for subsequent use.

Infection and clonal selection.

The SW48 parental cell line were seeded in 10cm” dish 24 h prior to infection in
complete medium, so that they were at 70% of confluency at the moment of
infection. The day after 200ul of the pAAV-p53-R273H viral lysate were added to
the cells in Sml of fresh medium. After 4h further Sml of medium were added.

Cells were maintained in 10ml of rAVV containing medium for 12-16h and, after
that rAAV containing medium was replaced with fresh medium.

Two days after, the cells were detached with ATV (Trypsin 2.5%, EDTA 1%) and
seeded in ten 96well plates in media containing G418 at final concentration of
0.8mg/ml. The G418 resistant colonies were grown in selection for 3-4 weeks,
changing the G418 containing medium every 10-12days; when the resistant colonies
arrived to 50-60% of confluence, they were detached in 30ul of ATV/well and then
the DNA was extracted from each well using the Lyse-N-Go'™ PCR Reagent
(Pierce). 3l of detached cells were added to 5ul of Lyse-N-Go' ™ PCR Reagent and
the following thermal cycle program was performed:
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Step Temperature Time

1 65°C 30 seconds
2 8°C 30 seconds
3 65°C 90 seconds
4 97°C 180 seconds
5 8°C 60 seconds
6 65°C 180 seconds
7 97°C 60 seconds
8 65°C 60 seconds
9 80°C 300 seconds

After thermal cycle program 30ul/well of water were added.

PCR amplification was set up on lysates in order to assess locus-specific integration
using a primer that annealed outside the homology arm and another one that annealed
within Neo cassette (Neo screening).

In parallel, in order to perform a quality control on gDNA extract and to further
assess locus-specific integration on selected clones, another PCR amplification was
set up using a primer that annealed outside the homology region and another one that
annealed outside Neo, but on the 3’ homology arm of the contruct.

Primers used for both the screenings are listed in the table below:

Neo Screening gDNA screening
Forward primer 5’-GAGGGGTTAAGGGTGGTTGT-3" 5’- caagggtggttgggagtaga-3’
(anneals out of the construct ( Anneals on p53 gDNA
on p53 gDNA) on right arm of the construct)
Reverse primer 5’-GGCGGAGTTGTTACGACATT-3’ 5’- AGGCAGATCACAAGGTCAGG-3’
(‘anneals on Neo cassette) (anneals out of the construct
on p53 gDNA)

The following PCR-reagents mix was prepared for each reaction:

10X PCR buffer-MgCI2 (Invitrogen) Ll
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MgCI2 50mM 0,3ul

DMSO 0,6ul

dNTPs 2,5mM (each) Tl
Forward primer Ll
Reverse primer Il
Water 3ul
Platinum Taq DNA Polymerase 5Su/ul

(Invitrogen) 0,1ul

Sample (lysate) 2ul

The following touch-down PCR program was carried out:

Temperature Time
1° step 94°C 120 seconds
3 cycles 94°C 15 seconds
64°C 30 seconds
70°C 90 seconds
3 cycles 94°C 15 seconds
61°C 30 seconds
70°C 90 seconds
3 cycles 94°C 15 seconds
58°C 30 seconds
70°C 90 seconds
25 cycles 94°C 15 seconds
57°C 30 seconds
70°C 90 seconds
70°C 5 minutes
End 8°C For ever

Positive clones were firstly confirmed by two independent rounds of amplifications,
then by sequencing the region of locus-specific integration to assess the presence of
the allele-specific mutation on genomic DNA.

The positive clones were then plated at limiting dilution in 96-well plates in G418
containing medium, in order to obtain clones derived from a single cell. A PCR
screening with the same primers used above was performed on the single colonies.
One PCR-screening-positive colony for each original clone diluted was expanded
and used for the subsequent experiments.

RNA extraction and cDNA synthesis.

To confirm the expression of the mutation at the transcriptional level, total RNA was
isolated using Trizol reagent (Invitrogen).
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A two-step protocol was employed. Firstly, total RNA was reverse-transcribed using
the Promega reverse transcription system (Promega, Southampton, UK) including 1
pg RNA, 0.5 pg Random Primers, 20 units of Recombinant RNasin® Ribonuclease
Inhibitor and 15 units of Reverse Transcriptase AMV (Promega) to final 20 pl of
reaction.

2 pL of the corresponding cDNA were then directly amplified using Taq DNA
Polymerase-mediated PCR reactions (PCR amplification program as above). A
forward primer and a reverse primer annealing on the exons around the mutation
were used to produce the amplicon containing the mutated expressed sequence:
Forward primer 5°’- TGGCTCTGACTGTACCACCA-3’

Reverse Primer 5°- GGAGAGGAGCTGGTGTTGTT-3’

The amplicons were sequenced to verify the expression of the introduced mutation at
the RNA level.

Stable overexpression of p53 R273H mutant.

pCMV-Neo-Bam-R273H and pCMV-neo-Bam expression vectors, containing the
cytomegalovirus constitutive promoter and the neomycin (G418) resistance gene
under the control of the Simian Virus 40 promoter, were purchased from Addgene
(Cambridge, USA).

SW48 wt cells at 80% of confluency were transfected with pCMV-Neo-R273H or
mock (pCMV-vector) vectors using Lipofectamine Plus reagent (Invitrogen, CA)
according to the manifacturer’s instruction. The selection of stably transfected clones
were achieved growing cells in medium containing 0.8mg/ml of G418 for 3 weeks.
Pooled cultures of cells were collected and used for each construct to exclude any
variations due to clonal variability.

Transfected cells were then checked for the p53 expression by western blotting.

Proliferation assay.

Parental and isogenic cells were seeded in triplicates in 96-well plates at equal
density (3x10”) on day 0 and cell number was measured every 24h for 7 days by
sulphorhodamine B (SRB) assay.

Briefly, after removing the media, the plates were incubated with 100ul/well of 10%
of Tricloric Acedic Acid (TCA) for 30min; after that TCA was removed, the plates
were washed twice with water and incubated with 100ul/well of SRB for 15 min.
Then the plates were washed three times with 100ul/well of 1% Acetic Acid to
remove the excess of SRB and left to dry overnight in the dark, at room temperature.
The day after the SRB bound the cellular proteins was dissolved with 100ul/well of
10mM Tris base for 10 min and the absorbance was detected with the BMG Labtech
plate reader (570nm).

Western blot analysis.

Cells were seeded 24 h prior to treatment and were at 70% confluency at the time of
treatment with Adriamycin (doxorubicin) at a concentration of 0.2 pg/ml.

Total protein lysates were obtained from cellular lysates using NP-40 buffer (1% NP-
40, 10% glycerol, 20mM Tris) supplemented with Cocktail proteinase inhibitors
(Complete™ from Roche), phenylmethylsulfonyl fluoride (PMSF, 1mM) and
Naz;VOq (2OOHM)
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The protein extracts were resolved by 10% or 4-12% SDS-PAGE. The primary
antibodies used for immunoblotting were: monoclonal anti-p53 DO-1, which
recognizes both wild-type and mutant p53 (Santacruz Biothecnology, CA);
polyclonal anti-p21 (Santacruz Biothecnology, CA); monoclonal anti-Bax (Santacruz
Biothecnology, CA); monoclonal anti-Actin (Sigma); polyclonal anti-Cleaved PARP
(Cell Signalling); monoclonal anti-phospho-p44/42 MAPK (Cell Signalling);
polyclonal anti-p44/42 MAPK (Cell Signalling); polyclonal anti-phospho EGFR
(Y1173) (Cell Signalling); polyclonal anti-ERFR (Cell Signalling); polyclonal anti-
phospho-Akt (Ser473) (Cell Signalling) and polyclonal anti-Akt (Cell Signalling).

FACS analysis.

Cells were seeded 24h prior to treatment and were at 70% confluency at the time of
treatment with Adriamycin (doxorubicin) at a concentration of 0.2 ug/ml.

At indicated times cells were trypsinized and then washed twice in PBS by
centrifugations at 800g for 5 min; after that the cells were fixed by resuspending the
pellet in 1ml cold 70% ethanol and kept overnight at -20°C.

The day after the cells were centrifuged at 800g for Smin, the supernatant was then
removed and the pellet of fixed cells was washed twice with PBS.

After these two washes, 5x10° cells were stained with Propidium Iodide by
suspending the pellet in 250uL of the following mix:

1 x Final
Propidium Iodide (1mg/ml) 12.5ul 50ug/ml
10X Perm buffer (1% Triton™'*/PBS) 25ul 0.1% TritonX
RNase A solution (100mg/ml) 1.25ul 500ug/ml
PBS 211.25ul

After 30 min of incubation in the dark at room temperature, the cell cycle was
analysed by Flow Cytometry.

Compounds.

Geneticin (G418) was purchased from Gibco (Carlsbad, CA).

The anti-EGFR small molecules Erlotinib and Gefitinib and the Paclitaxel were
purchased by LC Laboratories (Woburn, MA).

The AZD7762, the AZD2281 and the PD0325901 were purchased by Axon
Medchem (Netherland).

The Cisplatin and SN38 were purchased by Tocris Bioscience (USA).

The Nutlin-3 was purchased from Santacruz Biothecnology (CA).

The 5FU was purchased from Melford Laboratories Ltd (UK).

The Everolimus was purchased from Sigma-Aldrich (St. Louis, MO).

The Cetuximab and the GDC0941 were kindly provided by TGen (Phoenix, AZ) and
Genentech (South San Francisco, CA) respectively.

Each compound was diluted in DMSO at appropriate stock dilution and stored at -
20°C.
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Drug proliferation assays.

Cells were seeded in 150uL complete growth medium at 5000 cells/well in 96-well
plastic culture plates in triplicates at day 0. The following day, cells were treated
with a range of drug concentrations prepared by serial dilution. Plates were incubated
at 37° C in 5% CO2 for 72 or 96 h, or 6 days (for anti-EGFR targeted drugs) after
which, cell viability was assessed by SRB method, preoviously described in the
section “Proliferation assay”.

Microarray analysis.

Total RNA was extracted from SW48 panel of cells before and after treatment with
0.2pg/ml of doxorubicin over night and then used for microarray analysis on the
Agilent platform by Beckman Coulter Genomics (Morrisville, NC).

Briefly labeled cRNA samples were used for hybridization to Agilent SuperPrint
Human 8x60K microarrays and scanned as directed by the manufacturer. Data were
extracted by using Rosetta Resolver using the Rosetta ratio error model and
subsequently analyzed using Microsoft Excel. Genes were filtered based on their
expression level: if a gene never reached a signal corresponding to the 60th
percentile of any sample, it was removed from further analyses. Then a rank-
invariant normalization was run, using SW48 parental-untreated as the normalizing
reference. Data quality control indicated that genes with signal below 200 in two
samples (p53 KO and WT Doxo) were not correctly measured, therefore these genes
were also removed. Statistical selection of genes with differential expression between
two subgroups of choice involved a combination of three tests: (i) average fold
change > 1.5; (i1) T-test p-value < 0.05; Signal-to-noise ratio (SNR) >2, with SNR =
(ugroup0 — pgroupl) / (ogroup0 + ogroupl) where, for each gene, pgroup0
represents the mean value and ogroup(O represents the standard deviation for that
gene in all samples of group 0.

Statics.

ICs value for each drug was calculated using Prism 5.01 software. Where indicated
the results are given as the mean + standard deviation of three independent
experiments.

The Student’s t test was used to evaluate the statistical significance of the results. P-
values <0.05 (*) and P values<0.01 (**) were considered significant; all reported P-
values were two-sided.
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4. RESULTS

Synthesis of rAAV-p53-R273H vector and rAAV viral particles production.

p53 mutants have been mainly characterized in the past by over-expressing the
different mutated cDNAs at non-physiological levels, under the control of non-
endogenous viral promoters in p53-null cells. In contrast, the direct alteration of
endogenous gene sequences is the most definitive method to evaluate the role of an
allele within a specific cell type or organism.

Endogenous gene-targeting exploits rAAV-mediated homologous recombination
(Russell et al., 2002; Kohli et al., 2004) to alter any gene-sequence with high-
efficiency in the human cell genome; enabling the better study and characterization
of gene function in a physiological, stable and disease-relevant context.

Using rAAV-mediated homologous recombination it is possible to introduce in a
single allele a specific nucleotide substitution, or a small deletion, identical to that
observed in human tumors, thus generating experimental models recapitulating the
molecular alterations present in human tumors. The engineered cell models also
generate a matched parental, or ‘normal’ isogenic cell line, which is genetically
identical to the mutant cell-line, except for a normal copy of the gene in question.

In order to better understand the putative functions of mut-p53, we have used
rAAV-mediated gene-targeting to create a cancer cell-line (SW48) harbouring a
knock-in (KI) mutation of the p5S3 R237H allele, which is a hot spot mutation with
putative dominant-negative or gain-of-function activity.

We focused on the SW48 human colon cancer cell line, as it is wild type for p53,
thus mutant p53 alleles, when introduced in the right and equal context into cells, can
be studied for its putative effects over wt-p53.

The rAAV-p53-R273H targeting construct comprises the following elements (see
also Fig.9): 1) Two homology arms of ~1Kb each, which are perfectly homologous
to the p53-gene sequence to be targeted, except for a single nucleotide substitution
G818A (R273H) within exon 8 (Fig.9). 2) To enable packaging in AAV-virions, the
homology arms are flanked by ITR sequences. 3) A selectable marker gene encoding
for G418 (neomycin) resistance, driven by a constitutive promoter, which is placed
within the two homology arms so that it is introduced into the intronic sequence of
pS53 gene, just before the exon to target. The whole Neo cassette was flanked by two
LoxP sites, so that subsequent transfection of Cre-Recombinase in the targeted cells
will allow the excision of the neomycin cassette from the cells’ genome, if required.
4) Finally, two FRT sites are placed in the intronic sequences flanking the targeting
exon 8, so that the expression of Flp-Recombinase would allow the excision of the
mutated exon, leaving only the wt-p53 in the cells (Fig.9).

The final vector (subcloned into the pAAV-MCS vector harbouring the ITRs
sequences) was then cotransfected into the HEK293 packaging cell line, as explained
in the Materials and Methods, to get obtain infectious viral particles (rAAV-p53-
R273H virus).
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Fig.9 rAAV-p53-R273H targeted construct. Adeno-associated virus (AAV) is a human, replication-
deficient parvovirus of 4.7 Kb. The wild type genome possesses two open reading frames (ORFs),
termed rep and cap, flanked by two inverted terminal repeats (ITRs). In the recombinant AAV
(rAAV), both of the ORFs were deleted and replaced with exogenous sequences, while the ITRs,
necessary for the packaging of the vector into the virion, were the only elements maintained from the
wild type virus. The homologous recombination cassette cloned within the ITRs consisted of two 1kb
sequences (“homology arms”), one of which containing the mutated exon to be introduced in the
target locus. A selectable marker gene coding for G418 (Neomicin) transferase, driven by constitutive
active CMV promoter (Pcmv), was introduced between the homology arms into the vector, flanked by
two LoxP sites, so that the forced expression of Cre Recombinase in the targeted cells allowed the
excision of Neo cassette from the cells’ genome. Moreover two Flp-specific FRT sequences were
added around the targeting exon 8, to allow the eventual excision of the mutated exon after the
expression of the Flp-Recombinase in the cells.

Generation of SW48 isogenic cellular models carrying the p53 R273H
mutation.

SW48 cells were infected with the rAAV-p53-R273H virus and plated at limiting
dilution in multiple 96-well plates. Infected cells were selected for = 3 weeks in
G418 sulphate-containing medium. G418-resistant colonies were screened by
performing a high-throughput PCR on their genomic DNA in order to assess whether
clones contain p53-locus-specific integration events. To this end, a forward primer
that annealed within the Neo cassette, and another one that annealed on a 3’ sequence
outside the homology region were used (Fig.10), a product of 1590bp was expected
(Fig.10A). We found that 5% (63 clones) of G418-resistant clones were positive for
the correct integration event.

Successful targeting of the mutation was then confirmed by sequencing the region of
locus-specific integration using genomic DNA extracted from the clones. Only 1
well was found to be positive for the correct mutated sequence (0.09%).

This rate of targeting is low compared to other gene knock-ins produced in SW48,
usually around 5-7%. It has already been reported that repeated elements might
adversely affect recombination at the desired locus by favouring promiscuous
recombination with repeats in other locations (Topaloglu et al., 2005) and nearly
40% of p53 region is made up of repeated elements. Specifically, the region
containing the targeted exon 8 contains a high number of GC elements, which could
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impair the accessibility of this region to homologous recombination and also reduce
the specificity in PCR screening.

Fig.10. Generation of SW48 knock-in p53 R273H cell line. (A) SW48 parental cell line were infected
with the rAAV-p53 R273H virus and then selected in G418 containing media for 3 weeks; after that
they were screened by performing a high-throughput PCR on their genomic DNA in order to assess
the p53-locus-specific integration events. To this end, a forward primer that annealed within Neo
cassette, and another one that annealed on a 3’ sequence outside the homology region were used; a
product of 1590bp was expected. The cells were then checked by sequencing to assess the locus-
specific homologous recombination. SW48 parental cells are wt for p53 (B). Only one of the G418-
resistant clones screened showed the G818A (R273H) mutation in the exon 8 of TP53 gene, with
unbalanced allelic ratio of wt and mutant p53 alleles (C).

The genomic sequence data using primers that allow amplification of both alleles
demonstrated that the ‘positive clone’ was probably not pure, but a mixture of
recombinant clones. In order to obtain a pure clonal cell line(s), the positive pool of
cells was plated again at limiting dilution in 96-well plates and selected in G418-
medium for other 3 weeks. Resistant colonies were screened as previous by PCR;
80% of the G418 resistant clones were positive to PCR locus specific screening. PCR
positive clones were then confirmed by sequences for the presence of the G818A
(R273H) mutation in exon 8 of TP53 gene and all of these pure clones showed 50%
allelic balance mut/wt p53 (Fig.11A).

We then checked by sequence the presence of the FRT sites in the isogenic clones
harbouring the R273H mutation. We found that not all the clones harboured both the
FRT sites (Fig.11B), highlighting the presence of multiple clones with different
homologous recombination events that yield recombinants at different points along
the homology arms. We therefore chose two clones different in their FRT status,
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which are importantly produced as the consequence of independent homologous
recombination events.

To assess whether the mutated allele was expressed, the RNA was extracted from
the clonal populations. The corresponding cDNA was reverse transcribed and the
region corresponding to the targeted locus was amplified using primers annealing on
the cDNA. The amplicon was then sequenced in order to verify the expression of the
introduced mutation. All targeted clones expressed the G818A (R273H) substitution
at RNA level at 50% allelic balance (Fig. 11C).

Two clones were so chosen, expanded and used as independent clones for the
subsequent experiments.
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Fig.11. Selection of pure clones of SW48 knock-in p53 R273H cell line. (A) In order to obtain pure
clones with 50% allelic balance of wt/p53 alleles, the positive cells were seeded at limiting dilution in
96well plates and selected in G418-containing media for 3 weeks. After this period, cells were
screened by high-throughput PCR to check the locus-specific integration; all the G418 resistant clones
showed 50% allelic balance of wt and mut-p53 alleles (sequenced by reverse primer). (B) The
presence of the FRT sequences introduced in the right arm of the homologous construct was then
assessed. Not all the clones harboured both the FRT sites, highlighting the occurrence of homologous
recombination at different points along the homologous recombination arms. (C) We tested whether
the mutation introduced was also expressed at the RNA level, by sequencing the relative cDNA
sequence. All the clones showed the expression of the mutation by cDNA sequence with 50% allelic
balance of the two p53 alleles (sequenced by forward primer).

Generation of the control SW48 over-expressing p53 R273H hot spot mutant.

It is known that wt-p53 levels are usually kept very low in the absence of cellular
stresses by interaction with its inhibitor MDM2; but following cellular stresses, such
as DNA damage, the p53 protein rapidly accumulates and becomes activated (Kastan
etal., 1991; Lu and Lane, 1993).
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For mutant p53, there is evidence from in-vivo studies and from patients that mut-
p53 tends to accumulate in cancer cells. Because of this, all prior studies of mutant
p53 have been quite comfortable with the fact of performing over-expression of
mutant cDNA, especially in a p53 null background in order to reproduce the LOH
event that occurs in a high percentage of human tumours; even if it is estimated that
40% of human cancers still carry the wild type p53 allele (Dearth et al., 2007).
Therefore we also generated SW48 cell lines in which the R273H mutant is over-
expressed, so as to directly compare the patient-relevant genotypes and cell-lines
with previous published data on p53 characterization (albeit in wt-p53 cells in this
case).

SW48 parental cells were transfected either with the vector containing the cDNA of
mut-p53 R237H under the control of the constitutive active CMV promoter (pCMV-
R273H), or with the pCMV-empty vector (mock). Stable transfected cells were
selected for 3 weeks in G418 medium.

Stable clones were checked by western blot for p53 expression. The biochemical
analysis showed that SW48 parental cells express a low level of wt-p53 as expected,
and control transfection with empty vector did not alter this level (Fig.12). Over-
expression of the p53 R273H hot spot mutant (SW48 pCMV R273H), instead,
produced higher expression of the mutant protein in the cells, showing higher basal
level of p53 comparing to parental and mock cells (Fig.12).

It is important to highlight that, even if basal levels of p53 are higher in over-
expressing cells due to the constitutive production of the protein, we may have
expected to find a stronger signal. This could be explained by the fact that even if the
pS3-mutants tend to accumulate to a higher level in the cancer cells, there is a
maximal level of total p53 (wt + mutant) allowed in the cell, due to the control of the
p53-inhibitor MDM2.
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Fig.12 Western blot analysis of SW48 pCMV R273H overexpressing cells. Total protein lysates from
SW48 parental cells, SW48 mock cells and SW48 pCMV R273H over-expressing cells were extracted
and resolved by 10% SDS-PAGE and then incubated with Anti-p53 antibody DO-1, which is able to
recognize both wt- and mut-p53 proteins. Actin was used as internal control.

SW48 isogenic p53-R273H mutant shows a small increase in p53 basal level.

Since mutant p53 is retained and accumulated, it has been hypothesized that it
plays a role in tumorigenesis. In order to assess the basal level of p53 in the different
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SW48 cell lines and how it changes in response to DNA damage, we treated the
SW48 cells lines differing in their p53 status with doxorubicin (doxo), a
chemotherapeutic drug known to activate p53 by intercalating DNA, causing double
strand breaks at the DNA level (Waldman et al., 1995). After doxo-treatment total
protein lysates were analysed by western blot.

SW48 parental cells express, as expected, a very low level of p53 under normal
conditions; p53 levels are then increased with doxorubicin treatment, indicating that
the endogenous wild-type p53 response is functional (Fig.13). SW48 parental cells
have 2 wt p53 alleles, when one is disrupted by targeted homologous recombination,
creating the heterozygote-null (Sur et al., 2009), there was less accumulation of p53
protein in the cells after doxo treatment. When both alleles were disrupted there was
of course no p53 (Fig.13) (Sur et al., 2009).
p53-R273H knock-in clones, instead, showed an increase in the basal level of p53
compared to the parental cells, in absence of doxorubicin (Fig.13). This data is
consistent with previous in-vivo data that p53 mutants are usually more stable than
wt-p53, causing accumulation of the protein that could be detected in tissue by
immunohistochemistry (IHC) (Deng et al., 1994).

Of note, the basal levels of p53 in the ectopic over-expression lines, was only
marginally higher that when the mutation was introduced into the endogenous locus
(Fig.13). This situation should be born in mind when comparing the phenotype of the
lines in this thesis, with previous over-expression studies, which were performed in
p53 null cell-lines; wherein the ‘fold-increase’ in expression would be apparently
much larger in comparison to the parental line if the data are viewed in isolation.
After doxo-induction, both isogenic and over-expressing cell lines showed higher
and similar levels of total p53 accumulation after 48h treatment compared to parental
cells. Once again, the mutant p53 levels had a longer half-life compared to WT p53
after doxo-treatment.

SWAR SWAB SWAB P53 SWAB pCMV

SWAR WT R273Hf+ R273H
P53+~ P53 -f- /

Doxo
reatment NT 24h 4sh @ NT 24h 4%h NT 24h 4%h NT 24h 4%h N7 24h 48h

Fig.13 Western blot analysis of p53 protein levels in SW48-p53 panel of cells. (A)To induce p53
activation SW48 parental, SW48 p53 +/-, SW48 p53 null (-/-), SW48 isogenic p53 R273H/+ and
SW48 pCMV R273H over-expressing cells were treated with 0.2pg/ml of doxorubicin (doxo) for 24
and 48h. Total protein lysates were extracted at indicated time pointes from treated and not treated
cells, resolved by 10% SDS-PAGE and then incubated with Anti-p53 antibody DO-1, which is able to
recognize both wt- and mut-p53 proteins. Actin was used as internal control.
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p53 R273H mutant does not exert DNE with respect to transactivation of wt-
p53 targeted genes p21 and Bax upon DNA damage in heterozygous knock-in
SW48 isogenic cells.

Previous cell line studies have shown that some p53 mutants cannot bind to p53
DNA-binding sites and transactivate target gene expression (El-Deiry et al., 1992;
Kern et al., 1992). This could result in the inability to activate some p53-dependent
promoters. For example, whereas wt-p53 trans-activates both Bax and p21, some p53
mutants can lose the ability to trans-activate Bax, but not p21 promoter, which
appears to contain binding sites of higher affinity than the Bax promoter (Flaman et
al., 1998). Therefore in order to assess the mut-p53 transcription functionality, we
tested the ability of p53 mutant to increase the basal level of p21 and Bax, which are
usually upregulated in response to expression of wt-p53, and are responsible for cell
cycle arrest and apoptosis, respectively.

To this end, the SW48 parental, SW48 KI p53 R273H and SW48 pCMV R237H
cells were analyzed by Western blot for Bax and p21 expression after DNA damage.
SW48 parental cells showed expected low levels of p21 and Bax in absence of DNA
damage, with strong up-regulation of p21 and moderate induction of Bax following
doxo-treatment (Fig.14). The same expression profile was found in both the knock-in
and over-expression p53 mutant cells lines. The presence of the p53 mutant R273H
does not influence the low basal levels of both these effectors, even if when it is
over-expressed, nor their induction upon DNA damage (Fig.14).

Following these results we checked the induction of apoptosis through cleaved
PARP using western blot analysis. PARP is a 116 kDa nuclear poly-(ADP-ribose)
polymerase that is highly conserved and involved in DNA repair and apoptosis. This
protein can be cleaved by many caspases in vitro and is one of the main cleavage
targets of caspase-3 and caspase-7 in vivo. The cleavage separates the N-terminal
DNA binding domain (24 kDa) from the C-terminal catalytic domain (89 kDa). It has
been shown that cleavage of PARP facilitates cellular disassembly and inhibition of
PARP cleavage attenuates apoptosis in vitro (Boulares et al., 1999).

We found that presence of mutant R273H does not significantly influence PARP
cleavage and therefore initiation of apoptosis process after cellular stress (Fig.14).

These results indicate that there is no clear evidence for dominant negative activity
of the mutant p53 R273H over the remaining wt-p53 protein in its principle
transactivation functions.
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Fig.14 Transactivation of wt-p33 target genes p21 and Bax. To induce p53 activation, and subsequent
activation of its downstream effectors, SW48 parental cells, SW48 isogenic pS3 R273H/+ and SW48
R273H pCMYV overexpressing cells were treated with 0.2pg/ml of doxorubicin (doxo) for 24 and 48h.
Total protein lysates were extracted at indicated time pointes from treated and not treated cells,
resolved by 10% SDS-PAGE and then incubated with Anti-p53 antibody DO-1, which is able to
recognize both wt- and mut-p53 proteins, Anti-p21, Anti-Bax, anti-Actin and anti-cleaved PARP
antibodies.

p53 R273H mutant does not affect proliferation rate and cell cycle progression
in heterozygous knock-in SW48 cells.

The next experiment performed is the analysis of SW48 cell lines with different
p53 genetic status, for the acquisition of hallmark malignant phenotypes.
Firstly, proliferation rates of the cells were broadly similar. The cells were seeded in
96 well plate at the same cellular densities at day zero, and the cell viability was
assessed for 7 days. As shown in Figl5 panel A, the proliferation rate of the different
SW48 p53-derivative cells did not differ significantly. The only exception is the
SW48 p53 null cells, which show a significant increase in proliferation rate,
especially after 3 and 5 days (P value<0.05). This result demonstrated that R273H
mutant co-expressed with the wt-p53, either by stable KI, or by over-expression, is
not able to enhance the proliferation of the cells by inhibiting the counterpart wild-
type function; therefore differing from the complete p53 loss of function p53
achieved in p53 KO cells.

The next analysis was to compare cell-cycle kinetics across the p53 cell panel.
One of the two principal wt-p53 functions is to mediate cell-cycle arrest, primarily in
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the G1 phase, in response to DNA damage. However, a significant G2 arrest function
has also been reported for p53 (Agarwal et al., 1995; Ryan et al., 1993). P53 null
cells, instead, do not arrest in response to spindle inhibitors, but rather undergo
multiple rounds of DNA synthesis without the appropriate chromosome segregation
resulting in aneuploidy (Bunz et al., 1998).

So, in order to assess if the mutant R273H is able to alter the functionality of these
cellular checkpoints, SW48 cell lines were treated with doxo, and then analyzed by
FAC:s sorting for their cell-cycle profiles compared to untreated cells..

As previously known, the presence of 2 wt-p53 alleles in SW48 parental cells causes
the arrest of the cell cycle in G1 and G2 phases, 45% and 55.2% respectively, with
only 1,8% of cells in S phase. Heterozygous KO cells (SW48 p53 +/-) showed a
similar behavior with most of the cells blocked in G1 and G2 phases, 46.8% and
45.6% respectively, and only 6.6% of cells cycling through S phase; synonymous of
functional wt-p53 activity. Homozygous KO cells, however, overcome the Gl
(2.9%) cell cycle arrest due to the lack of p21 transactivation and tend to accumulate
in G2 phase (90.4%) (Waldman et al., 1997) (Fig.15B).

The transfection with the empty vector (SW48 mock) does not alter the p53-wt
behavior, showing a similar cellular distribution in the cell cycle phases comparing to
parental cells.

The p53 mutant lines (knock-in and over-expression) in contrast, may have a small

but registerable movement away from a ‘normal’ doxo-treatment profile. Whereas
wt p53 showed a G1>S>G2% distribution of 45>1.8>55.2, mutant p53 cells, either
KI cells either over-expressing cells, showed a small increase in the percentage of
cells blocked in G2 phase comparing to parental as well to mock cells: a G1>S>G2%
distribution of 27.5>4.1>68.4 was found in KI p53 R273H cells and a G1>S>G2%
distribution of 23.8>5.9>70.3 in SW48 pCMV R273H (Fig.15B).
This relative increase in cells blocked in G2 phase, from 57% in S+G2 for wt-p53
cells to an S+G2 of 74.3 +£1.8 % in mutant p53 cells, has already been reported for
some p53 mutants, and it could suggest that p53 R273H mutant-related activity
increases the S+G2 cell cycle progression (Rieber and Rieber, 2009; Willis et al.,
2004).
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Fig.15 Effect of R237H p53 mutant on proliferation rate and cell cycle progression. (A) Cells were
seeded at day zero at the same cellular density (3x10° cells/well) in 96 well plate. Cell growth was
assessed by SRB staining at days 1, 3, 5 and 7. Only SW48 p53 null (-/-) cells showed a significant
increase in proliferation rate (P values <0.05). The bars represent the average and the standard
deviation of three independent experiments, each performed in triplicate. (B) SW48 p53 derivative
cells were seeded at day zero at the same cellular density and the day after treated with 0.2pug/ml of
doxo for 24h to induce DNA damage. After that they have been collected and stained with propidium
iodide and analyzed by flow cytometry. Representative data of three independent experiments are
presented.

p53 R273H mutant shows wild type behaviour in response to Nutlin-induced
apoptosis.

As another test for the functionality of p53 mutant, we evaluated the effects of
Nutlin-3, a small molecule that binds to MDM?2 and disrupts the interaction between
MDM2 and p53 proteins (Vassilev, 2004). This drug retards the ability of MDM2 to
ubiquitinate p5S3 and to mark it for degradation.

SW48 panel of cells were treated with increasing doses of Nutlin-3 and its effect on
growth rate/survival were assessed. SW48 p53-null cells were less growth inhibited
by Nutlin-3 than the other p53-containing cell lines, with an increase of ten-fold in
the ICsy value (12+£0.06uM) compared to wt-p53 cells which show an ICsy value of
1.1£0.06uM (P value <0.01) (Fig.16B). No statistical differences in response to
Nutlin-3 were observed among all the other cells which harbor at least one wt-p53
allele. Both KI-p53-R237H cells and p53 R273H-overexpressing cells showed
Nutlin-sensitivity comparable to parental cells (Fig.16A).

This is in accord with previous study, in which it has been reported that cells
harbouring functional wt-p53 were more growth-inhibited by Nutlin-3 than clones
without wt-p53 (Sur et al., 2009). We can conclude that cells harbouring the p53
contact mutant R273H in the heterozygous state, or by over-expression, show
functional wt-p53 activity, confirming no evidence of DNE.
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Fig.16 Nutlin-induced apoptosis. (A) Cells were seeded at same density in 96 well plates at day 0 in
complete medium. The day after they were treated with increased doses of Nutlin-3 for 72h. The
cellular viability was assessed by SRB method. SW48 p53-null (-/-) cells show a ten-fold increase in
ICs, value comparing with other cells treated (P value<0.01). Graphs represent averagetsd of three
independent experiments. (B) Cells were seeded at same density in 96 well plates at day 0 in complete
medium. The day after they were treated with 3 different doses of Nutlin-3 for 96h. The cellular
viability was assessed by SRB method. SW48 p53 null (-/-) cells showed increased resistance to high
doses of Nutlin-3 (P value<0.01). Bars represent avarage+sd of three independent experiments.

Mutant p53 R273H induces partial protection against 5FU but not Paclitaxel
and Cisplatin dependent toxicities.

An important and novel function attributed to mutant p53 is an increase in cellular
resistance to chemotherapy and ionizing radiation, by interfering with the induction
of apoptosis. It is reported that various tumor-associated mut-p53 isoforms can
render the cells resistant to killing by a variety of anticancer agents, such as
doxorubicin, cisplatin or 5-FU (Li et al., 1998; Blandino et al., 1999).

Therefore it was studied whether the contact mutant pS3 R273H was able to
influence the response to apoptosis induced by different chemo drugs (acting with
different mechanisms of action) used in clinical treatment of solid tumors such as
colorectal cancer.

Firstly the SW48-derived cells were tested for their ability to respond to a wide range
of concentrations of the following anticancer drugs: paclitaxel, cisplatin and
fluorouracil (SFU).

Paclitaxel acts by stabilizing microtubules and as a result, interferes with the
normal breakdown of microtubules during cell division. Sensitivity to paclitaxel-
induced toxicity was not affected either by the presence of the mutations, nor by the
p53 in the heterozygous state or under complete deletion (Fig.17A). All lines had
comparable ICsg values (figure 17A).

Cisplatin belongs to a class of chemo-drugs that crosslink DNA, which ultimately
triggers apoptosis. p53 genetic alteration caused by R237H mutation did not
statistically influenced the response to cisplatin treatment; instead inactivation of p53
cellular functions through complete deletion of both p53 alleles in SW8 p53 null
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cells, induced a significant resistance (P value< 0.01) to the cytotoxic effect caused
by the drug, with an increase of 20% in the viable cells, especially at the highest
drug’s doses (Fig.17B,C).

Cells were next treated with 5FU, a pyrimidine analog that works through non-
competitive inhibition of thymidylate synthase. Due to its noncompetitive nature and
effects on thymidine synthesis, 5-FU is frequently referred to as a "suicide
inactivator", it belongs to the family of drugs called antimetabolites.

Complete loss of p53 alleles was able to cause some resistance to drug toxicity with
an increase in the 1Csy from 8+0.06uM of the parental cells to 18+0.18uM of p53-
null cells (Fig. 17D, E).

Interestingly, also the SW48 p53 KI R273H cells showed a statistical significant (P
value<0.01) increase in the ICsg values, which are 12+0.08uM and 18+0.2uM for KI
R237H cl.1 and cl.2 respectively, compared to parental cells (Fig. 17D) . P53-
mutants-induced resistance to SFU is marked at high doses of the drug (Fig. 17 E).
Instead when the R237H is over-expressed in SW48 p53-wt background, it did not
show the same resistant phenotype, with 1Csy value comparable both to parental and
mock cells (Fig.17 D, E).

Notably deletion of only one p53 allele in SW48 p53 heterozygous KO cells does not
interfere with the sensitivity to all of the three drugs tested, meaning that
functionality of at least one p53 allele is enough to respond to drug-induced
apoptosis.
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Fig.17 Chemodrugs-induced apoptosis. Cells were seeded at same density in 96 well plate at day 0 in
complete medium. The day after they were treated with increased doses of Paclitaxel (A), Cisplatin
(B, C) and 5-FU (D, E) for 72h. The cellular viability was assessed by SRB method. No differences
have been detected in Paclitaxel dose responses among the different cell lines (A). SW48 p53-null (-/)
cells’ increased resistance was instead detected in response to both Cisplatin and 5-FU treatments (P
values<0.01) (B, D). p53 null cells showed highest resistance to highest doses of the drugs with more
than 20% increase in the viable cells (P value<0.01) (C, E). SW48 KI p53 R273H/+ clones showed
partial, but anyway significant (P value<0.01), increase in resistance to SFU treatment (D), with at
least 20% increase in viable cells at highest doses of SFU (E). The two isogenic clones harbourirng

R273H mutants showed similar behavior. Graphs represent averagetsd of three independent
experiments.
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PARP inhibitor is not able to enhance the toxicity of Cisplatin and 5FU in
SW48 derivative cell lines.

Poly (ADP-ribose) polymerase (PARP) is a nuclear protein involved in a number of

cellular processes, but is principally involved in DNA repair and programmed cell
death. This protein is important for repairing single-strand breaks and 'nicks' in the
DNA. Inhibition of this process has been shown to lead to the accumulation of
double-stranded breaks, due to the apparent collapse of stalled replication forks,
leading to the death of the cells (Schreiber et al., 2006). PARP inhibitors have been
intensively pre-clinically tested as potentiators of chemotherapy or radiotherapy
(Plummer, 2006) and several have been recently entered early clinical trials (Ratnam
and Low, 2007).
Specifically it has been preoviously reported that PARP inhibition could be clinically
relevant in the treatment of the BRAC1/2 tumors; moreover it has been hypothesized
that it sensitizes also p53-deficient cells to chemodrugs-induced apoptosis, such as
doxorubicin (Mufioz-Gamez et al., 2005).

We therefore checked whether the PARP inhibitor AZD2281 (Olaparib) could
enhance the activity of chemodrugs, such as Cisplatin and 5FU. To test this
possibility, the SW48 panel of cells were treated with the AZD2281 alone (Fig.18A)
or in combination with increasing doses of Cisplatin (Fig.18B) or SFU (Fig.18C).

We found that all the cell lines treated showed similar pattern of response to
treatment with PARP inhibitor alone (Fig.18A).

Moreover PARP inhibitor was not able to enhance the toxicity of both Cisplatin

(Fig.18B) and 5FU (Fig. 18C) chemodrugs in the p53-panel of cells.
Of note, in both combination treatments, SW48 p53 null cells showed an increased in
resistance to Cisplatin (Fig. 18B) and 5FU (Fig.18C) alone, as already showed
previously; moreover SW48 p53 null cells showed higher, but not significant,
sensitivity to combination of both chemodrugs with 3uM AZD2281 (Fig.18 B and
O).
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Fig.18 PARP inhibitor (AZD2281) combination treatments on SW48 cell lines. Cells were seeded at
same density in 96 well plates at day 0 in complete medium. The day after they were treated with
increased doses of AZD2281 alone (A), or with increased doses of Cisplatin (B) or 5FU (C) in
combination with 0.3uM and 3uM of AZD2281 for 96h. The cellular viability was assessed by SRB
method. No differences in SW48 panel of cells were detected in response to AZD2281 alone (A).
Moreover PARP inhibitor was not able to enhance the toxicity of both Cisplatin (B) and SFU (C)
chemodrugs in SW48 p53-panel of cells.

Chk-1 inhibitors enahance the activity of SN38 in p53-null and p53-S241F/sil
mutant cells, but not in p53-R273H/wt mutant cells.

SN-38 is the active metabolite of the camptothecin analogue, irinotecan (CPT-11),
which is the component of the first line chemotherapy against colorectal cancer. SN-
38 inhibits topoisomerase-I, a nuclear enzyme involved in transcription,
recombination and DNA damage, therefore causing DNA double strand breaks and
inhibiting DNA replication, transcription, recombination and repair.

It has been reported that topoisomerase-I interacts directly with wt-p53, this
interaction is therefore tightly regulated and takes place only in brief periods of
genotoxic stress. In contrast mut-p53 seem to constitutively interact with
topoisomerase-I and this could have implications both for cellular stress response and
genomic stability (Gobert et al., 1999).

We therefore investigated the effects of SN-38 on SW48 p53 derivative cells to find
a potential role of mut-p53 in response to SN38 cytoxicity.

After treatment with increased doses of SN38 alone, no differences were detected in
p53-mut cells lines versus parental or p53 deficient cells, with no statistical
significant differences in ICsy values (fig.19A).

Since SN38 acts mainly blocking the cells in G2 phase, it has been previously

showed that ATP-competitive and selective check point kinases (Chk1) inhibitors,
such AZD7762, can enhance the toxic activity of chemodrugs such as SN38§,
preferentially within p53-deficient cells (Zabludoff et al., 2008).
The rationale is that cells with altered p53-functions are G1 check-point deficient,
thus they solely rely on Chkl1 to maintain S or G2 arrest in response to DNA damage,
whereas normal cells have an additional G1 arrest mechanism conferred by
functional wtp53. Chkl inhibition would abrogate S/G2 checkpoint in wt non-
functional-p53 cells and drive them to apoptosis.

SW48 p53-derivatve cells were treated with AZD7762 alone, or in combination
with increasing doses of SN38 (Fig 19B and 19C respectively).

Treatment with AZD7762 alone did result only in low, but not statistical significant
increase in p53-null sensitivity to checkpoint inhibition (fig 19B); instead we found
that AZD7762 was able to enhance the SN38 cytotoxic activity in SW48 p53 null
cells, with a reduction of the ICsy value from 1.3£0.07nM of SN38 alone to
0.8+£0.06nM with 25mM AZD7762 and to 0.4+0.08nM with 50nM of this Chkl
inhibitor (P values < 0.05).

No statistical differences were detected in the ICsy value of the other cell lines
(Fig.19C).

Results in p53 null cells do agree with previous studies and confirm that SW48 cells
harbouring the p53 contact mutant in heterozygous state still have functional wt-p53
regulation of checkpoints, as already seen in cell cycle analysis.
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Fig.19 SN38-Chkl inhibitor (AZD7762) combination treatment on SW48 cell lines. Cells were
seeded at same density in 96 well plates at day 0 in complete medium. The day after they were treated
with increased doses of SN38 alone (A), Chk-1 inhibitor AZD7762 alone (B) or with combination of
increased doses of SN38 with 25nM or 50nM of AZD772 (C) for 72h. The cellular viability was
assessed by SRB method. No differences were detected in single treatments. Chk1 inhibitor is able to
enhance SN-38 apoptotic treatment only in SW48 p53 null cells with a reduction of ICs, value from
1.3nM (SN38 alone) to 0.8 and 0.4nM for 25mM and 50mM AZD7762 respectively (P values <0.05).
Graphs represent average+sd of three independent experiments.

In further confirmation of this result, another panel of isogenic colorectal cancer
cell lines in the DLD background was studied. DLDI1 colorectal cancer cells harbor
a mutated p53 allele (S241F), while the other allele is silenced through methylation
of the promoter (genotype S241F/sil) (Sur et al., 2009). Starting from parental cells,
Sur and colleagues, using rAAV technology, created two derivative cell lines; one in
which the mutated allele has been removed, resulting therefore in the phenotype
DLD -/sil, and another one in which the mutated allele has been substituted with the
wild type resulting in the DLD wt/sil cell lines.

The DLD derivative cells were treated with the Chk-1 inhibitor AZD7762 in
combination with increasing doses of SN38.
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We found that AZD7762 is able to enhance the SN38 cytotoxic activity in the DLD1
-/sil genotype (Fig.20B), which are null for p53 functions, with a reduction in the
ICsy values from 10nM+0.09 in response to SN38 alone to 4+0.07 and 2.9+0.02 in
combination with AZD7762 10nM and 100nM, respectively; therefore resembling
the result obtained in SW48 p53 null cells. Interestingly, the AZD7762 induces
increase in SN38 sensitivity also in the parental cells which harbour the mutated
allele co-present with a silenced allele, with ICsy values of 3.1£0.05nM and
2.7£0.1nM for combinations treatments with AZD7762 10nM and 100nM
respectively, compared to ICs value of 9.5+0.16nM after treatment with SN38 alone
(Fig.20C). No increase in SN38 sensitivity is achieved, however, in the DLD wt/sil
line (Fig.20A).

These results, coupled with results obtained in SW48 p53-derivative cells, suggest
differences in mut-p53 activities when expressed alone, or in presence of the wt
counterpart. In DLD parental cells in which the mutant allele is expressed without a
wt-functional counterpart, the combination treatment of SN38 and Chk-1 inhibitor
showed similar pattern of response to p53 null cells, therefore suggesting that the p53
mutant protein alone is inactive, or even if not completely inactive, it has lost wild
type functions such as cell cycle checkpoint regulation.

Instead, the results obtaind in SW48 cells showed functional wt-p53 activity in

presence of the pS3R273H mutants, suggesting absence of DNE or GOF.
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Fig.20 SN38-Chk1 inhibitor (AZD7762) combination treatment on DLD cell lines. Cells were seeded
at same density in 96 well plate at day 0 in complete medium. The day after they were treated with
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10nM or 100nM of AZD772 in combination with increasing doses of SN38 for 72h. The cellular
viability was assessed by SRB method. Chk1 inhibitor is able to enhance SN-38 apoptotic treatment in
DLD -/sil (B) and DLD mut/sil (C) cell lines (P values <0.05). No differences came out from DLD
wt/sil cell lines (A). Graphs represent average+sd of three independent experiments.

p53-genetic alterations induce resistance to cytostatic anti-EGFR treatments.

Following our aim to characterize the influence of p53 mutant R273H in response
to cancer treatments in presence of the wt allele, we tested our panel of cells also
with novel targeted therapies used in the clinical treatment of cancer patients.

The Epidermal Growth Factor Receptor (EGFR) has emerged as an important
therapeutic target in a variety of human cancers, including colorectal cancer, in
which between 25% and 77% of tumors over-express EGFR (Mayer et al., 1993).
This brought the active development of anti-EGFR treatment strategies for these
patients, including monoclonal antibodies, such as Cetuximab, which target the
extracellular domain of the EGFR; and small molecules (tyrosine kinase inhibitors,
TKIs), such as Erlotinib (Tarceva) and Gefitinib (Iressa), which target the tyrosine
kinase domain of the receptor. These agents have proven to be efficacious as
monotherapy and in combination with chemotherapy in patients with metastatic
disease.

Treating SW48 derivative cell lines with increasing doses of Erlotinib, we found
that p53-genetic alterations caused a relative resistance to cytostatic effect of
Erlotinib. In detail, we found that deletion of one of both alleles in the SW48 caused
a stepwise resistance to Erlotinib activity, with an increase in the ICsy value from
11£0.08nM of the parental cells to 17+0.12nM and 164+0.2nM for heterozygous and
homozygous p53 deleted cells respectively (Fig.21 A, B).

The presence of the genetic mutation R273H, both in isogenic or overexpressing
models, also caused resistance to Erlotinib activity, but was less marked compared to
cells in which alleles were deleted. The p53 mutant effect is more evident at highest
doses of Erlotinib curve dosage (Fig.21B), with more than 20% of difference in the
cell viability.

To confirm the result obtained with Erlotinib we treated the panel of cells with an
analogous EGFR inhibitor, Gefitinib and with the monoclonal antibody Cetuximab.
We found that Gefitinib and Cetuximab had in general less marked effect than
Erlotinib on SW48 panel of cells, but reproduced the pattern of responses with
Erlotinib treatment (Fig. 21C, D).
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Fig.21 Response to cytostatic effect of anti-EGFR targeted drugs. Cells were seeded at same density
in 96 well plate at day 0 in complete medium. The day after they were treated with increased doses of
Erlotinib (A, B), Gefitinib (C) and Cetuximab (D) for 6 days. The cellular viability was assessed by
SRB method. p53-genetic alterations caused increase in resistance to the cytostatic effect of all the
three drugs treatments (A, C, D). Deletion of both p53 alleles caused strongest resistance (B). p53
R237H mutation showed less marked resistance compared to heterozygous or homozygous p53
deletion, but with a significant (P values<0.01) increase in the viable cells at highest dosages (B). The

two isogenic cellular clones showed similar behavior. Graphs represent average+sd of three
independent experiments.

Deletion of one or both p53 alleles induces resistance to PI3K-pathway
inhibitors, but not the R273H mutant.

The epidermal growth factor receptor (EGFR) is a tyrosine kinase protein, which
plays an important role both in the signal transduction pathway and cellular function
(Carpenter and Cohen, 1990).

Binding of specific ligand, such as the epidermal growth factor (EGF) results in the
dimerisation of the receptor with the subsequent initiation of the intracellular
signalling pathways cascade. A major downstream signalling route is via the Ras-
Raf-MAPK. Activation of Ras initiates a multistep phosphorylation cascade that
leads to the activation of MAPKs, ERK1 and ERK2, which ultimately regulate
transcription of molecules involved in cell proliferation (Mendelshon and Baselga,
2003). Another important target in EGFR signalling is phosphatidylinositol 3-kinase
(P13K) and the downstream protein-serine/threonine kinase Akt. This latter protein
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kinase transduces molecular signals triggering crucial steps for cell growth and
survival (Carpenter and Cohen, 1990; Mendelsohon and Baselga, 2003).

Following the results obtained with EGFR targeted drugs, we therefore treated the
SW48 panel of cells with drugs that specifically target effectors of the PI3K-AKT
and RAS-MAPK pathways.

The cells were treated with increasing doses of the PI3K-inhibitor GDC0941 (Fig.
22A), mTOR-inhibitor rapamycin-derivative Everolimus (Fig. 22C) and MEK-
inhibitor PD0325901(Fig. 22B).

Notably cells in which one or both p53 alleles have been deleted showed increased
resistance to higher doses of the two PI3K-pathway inhibitors GDC0941 and
Everolimus (Fig.22 A,C respectively); consistent with the observations with specific
EGFR inhibitors (Fig.21 A, C and D).

In detail, knock-out of the p53 gene caused an increase in the ICsy value to
2340.03nM in response to the PI3K inhibitor GDC0941, compared to the 1Csy value
of 11+0.02nM observed from parental treatment. An ICsy value of 3.6+0.3nM was
observed in p53 null cells compared to 1.7+0.2nM of the parental cells when treated
with the mTOR inhibitor Everolimus.

Instead, a similar pattern of response to parental cells was observed in p53 R273H
mutant cell lines in response to these two drugs (Fig. 22 A, C).

Moreover no differences were observed among the SW48 cells differing in their
p53 status in response to the treatmnet with the MEK inhibitor (Fig.22B).

These results suggest an interaction between p53 protein and the PI3K-AKT
pathway that is therefore altered only when the p53 gene is completly deleted, deeply
influencing response to EGFR and PI3K targeted drugs.

50



A 120+ - SW4BWT B - SW4B WT

SW4E p53 +/- 120+ SWA48 p53 +/-
SW48 p53 -/- I SW48 p53 -/~

- SW48 KI p53 R273H cl.1 -+ SW48 KI p53 R273H cl1

—+ SW48 KI p53 R273H cl2 100 -+ SW4B K| p53 R273H cl.2

= SW48 mock ) = SW4B mock

4O SW48 pCMV R237TH

100+

80 o SW4B pCMV R237H

80+

60+

% control
% control
(-1}
(=]
1

40-

204

0 T T T - T 0 T T
9 8 T -6 -5 12 -10 -8 -6
GDC0941 Log [M] PD0325901 Log [M]

C 1201

100+

- SW4B WT

SW4B p53 +/-

SW4B p53 -/«
= SWA4B KI p53 R273H cl 1
-+ SWA4B KI p53 R273H cl2
-= SW4B mock
4 S5W4B pCMV R237H

804

604

% control

404

204

T
-12 -10 -8 -
Everolimus Log [M]

Fig.22 Response to PI3K and Ras’ pathways inhibition. Cells were seeded at same density in 96 well
plate at day O in complete medium. The day after they were treated with increased doses of PI3K
inhibitor GDC0941(A), MEK inhibitor PD0325901(B) and mTOR inhibitor Everolimus (C) for 96h.
The cellular viability was assessed by SRB method. Only SW48 p53 +/- and p53 null (-/-) cells
showed increased resistance (P values <0.01) to GDC0941 (A) and Everolimus (C). No differences
among the different cell lines were detected in response to MEK inhibitor PD0325901 (B). Graphs
represent average+sd of three independent experiments.

Absence of p53 causes activation of Akt therefore inducing resistance to
EGFR and PI3K targeted therapies.

We then checked the effect of the EGFR inhibition at the biochemical level. To this
issue the SW48 WT cells, the SW48 p53 KO cells, the SW48 KI p53 R273H cells
and the SW48 R273H overexpressing cells were treated with two different
concentrations of Erlotinib for 6h, and then levels of downstream effectors of the
EGFR-pathway and the p53 status were checked by western blot.

Firstly we confirmed that parental cells show low (almost undetectable) levels of
p53 in absence of cellular stress; no protein is obviously present in p53 ko cells. p53
R273H isogenic cells, instead, showed higher p53 basal levels compared to parental
cells (as already demonstrated), but not compared to overexpressing cells that
showed constitutive production of p53 protein. Notably, treatment with Erlotinib
caused activation of the p53 protein, probably as a response to a cellular stress.

Parental cells and p53 R273H mutant cells do not show basal activation of the
EGFR pathway effectors as we can see by comparison of p-EGFR, p-MAPK and p-
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Akt levels after EGFR stimulation with EGF for 1h (Fig.23). No effect are indeed
detectable upon Erlotinb treatments.

Interestingly p53 null cells showed higher basal level of p-Akt compared to the
other cell lines, level that is further increased by EGFR stimulation through EGF.
Of interest, Erlotinib was not able to turn-off the Akt activation up to at 1uM
concentration, which is ten fold higher then ICsy value of p53 null cells, as we can
see from high p-Akt level also after Erlotinib treatments (Fig. 23).
The treatments did not affect the total amount of EGFR, MAPK and Akt.
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Fig.23 EGFR pathway’ effectors and p53 status. SW48 parental cells, Sw48 p53 null (-/-) cells,
SW48 p53 R273H/+ isogenic cells and SW48 R273H overexpressing cells (SW48 pCMV R273H)
were treated with 50ng/ml of EGF for 60 minutes (lane 2 of each blot); with Erlotinib 0.1uM (lane 3
of each blot) or Erlotinib 1uM (lane 4 of each blot) for 6h. Total protein lysates extracted from treated
and not-treated cells were resolved by 4-12% SDS-PAGE and incubated with antibodies anti-p53 DO-
1, which recognize both wild type and mutant p53; anti-pEGFR (Y1173); anti-EGFR total; anti-
pPMAPK; anti-MAPK total; anti-AKT (Ser473) and anti-Akt total.

Mut-p53 R273H does not markedly affect the transcriptional profile of the
cells.

Given that previous data suggest a lack of DNE, in order to verify whether any
putative GOF properties of mut-p53 R273H (even subtle ones) can be determined,
we compared the broad transcriptional profile of SW48 panel of cells before and
after doxo treatment.

Once more, consistent with our previous results, we found that the presence of the
p53 R273H mutant has minimal effect on the quantity and magnitude of
differentially expressed genes; with only 43 genes going up or down compared to
parental cells. Among these, the only relevant and strongest up-regulated transcript
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was a “pseudogene similar to hematological and neurological expressed 1.
Moreover, this is in stark contrast to the many differentially expressed genes seen in
wt-p53 vs p53 null cells (Fig.25).

Of note most of these genes are similarly up- or down-regulated also in the
heterozygous cell lines (p53 +/-). This is infact confirmed by the R*value (0.377) that
comes out from direct comparison of the expression levels of these 43 genes between
SW48 p53-R273H knock-in clones and SW48 p53 +/- cells, which shows a good
correlation of expression (Fig.24A). This could be explained, as already seen till
now, by partial inactivation of the mutated allele, more than to acquisition of GOF.

The correlation is instead completely reverted in the p53 null cells (R*=0.106), in

accord with the complete loss of the gene (Fig.24B).
Interestingly, no correlation was found in the overexpressing cells (R*=0.033) (Fig.
24C); which is in accord with our previous results, in which the overexpression of
the mut-p53 R273H in cells harbouring two wt-p53 alleles does not show a
differential phenotype, maybe due to the compensation of the of the subtle effect of
the mutants by the two wt alleles.

We then checked how the induction of p53 activity through DNA damage could
influence the expression of these genes. We found that doxo treatment of the cells
reverted the effect of the mut-p53 on the expression of these 43 genes (R*=0.456)
(Fig.24D) therefore annulling it (R*=0) (Fig. 24E). This effect could be explained by
the strong stabilization and activation of the wt-p53 in response to cellular stress such
as DNA damage.

A

-]
o

/' =0.377 R =0.106 R'=0.033

a0

P53 /- Untreated / CTRLs Untreated L2R
8

P53 KO Untreated / CTRLs Untreated L2R
S

PCMV-RZ73H Untreated / CTRLs Untreated L2R

-2 o 2 a 3 2 L} 2 4 3 2 o 2 4 6
R273KI Untreated / CTRLs Untreated L2R R273KI Untreated / CTRLs Untreated LR R273KI| Untreated [ CTRLs Untreated L2R

)
m

o
m
=

¥y
R’ = 0.456 R =0.000

-
°
g

N
-
g

R273Kl Doxo /R273KI Untreated L2R
a
R273KI Daxo /CTRLS Doko 2R
5

X

-2 0 2 4 (3

R273KI Untreated / CTRLs Untreated L2R ROt R LT,

Fig.24 Knock-in of p53 R273H mutant in SW48 cell lines induces differential expression of only 43
genes. P53 R273H mutant in SW48 cell lines (R273H KI untreated) alters the transcriptional profile
of only 43 genes comparing to SW48 parental cells (CTRLs Untreated). The differential expression of
these 43 genes is represented as the Logyratio (L2R) between SW48 KI p53 R273H cells (R273H KI
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untreated) and SW48 parental cells (CTRLs untreated) on the X-axis of the five dot-plots represented
in the figure. The differential expression of these 43 genes has been compared in: (A) SW48 p53 +/-
cells, represented on the Y-asis as the Logyratio of SW48 p53 +/- on SW48 parental cells (CTRLs
untreated); (B) SW48 p53 null cells, represented on the Y-axis as the Logyratio of SW48 p53 KO on
SW48 parental cells (CTRLs untreated); (C) SW48 p53 pCMV R273H overexpressing cells,
represented on the Y-asis as the Logpratio of pCMV R273H on SW48 parental cells (CTRLs
untreated); in SW48 KI p53 R273H cells after induction of DNA damage, through treatment with
0.2pg/ml of doxo over night, compared to SW48 KI p53 R273H untreated (Log,ratio R273H KI
doxo/R273H untreated) (D) or compared to SW48 parental cells doxo treated (Log,ratio R273H KI
doxo/CTRL doxo) (E).

Finally comparing the general heat maps of the different SW48 cells harbouring
genetic alteration in TP53 gene, each compared versus parental cells, we found that
genetic alterations of one allele, either by deletion or mutation did not alter
significantly the transcriptional profile of the cells, without significant differences
among the samples, including the parental cells transfected with the empty vector
(mock cells) (Fig.25 columns 1-5). Instead only the complete deletion of p53 in p53
null cells deeply affects the expression profile of the cells (Fig.25 column 6).

]
|

o+ EGd SPMS SATYUILNI Y SRS —
HELTH ANDS BEWS S0 TWH I LNIMvd SWS
O £5d S5 S TWHILNINVd Sws —I

24710 +HEITH £5d B3 SA TWHILNI YYD SIS ]
ALAW3 AN SRS A Tey LN SES

f
&
z
=
=
i
=
I
2
a
-
7
)
=
g
o
3
Z
&
&

1 2 3 4 5 6

Fig.25 Transcriptional profile of SW48 p53-derivative cell lines. The SW48 derivative cell lines were
analysed by microarray for their transcriptional profile and then all compared vs SW48 parental cells.
The data are shown in a heatmap format in which each row represents a gene and each column
corresponds to a sample. The colour in each cell reflects the expression level of the corresponding
gene in the corresponding sample: red colour indicates a transcriptional level above the expression of
that gene in the parental cells; green colour indicates a transcription level below the expression of that
gene in parental cells. Column 1: SW48 p53 +/- cells; Column 2: SW48 KI p53 R273H/+ cl.1;
Column 3: SW48 KI p53 R273H/+ cl.2; Column 4: SW48 mock cells; Column 5: SW48 pCMV
R273H overexpressing cells; Column 6: SW48 p53 null cells.
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5. DISCUSSION

The p53 tumor suppressor is the most highly mutated gene in human tumors.
Dominant negative, or even completely new functions for mutant forms of p53 have
been proposed by a large number of studies, including clinical data that suggest a
poorer prognosis in cancer patients that possess p53 mutations. However the
prognostic and predictive significance of p5S3 mutations is extremely variable in these
studies, which may reflect differences in mutant type, tumor type and/or treatment
studied (Bertheau et al., 2008) and consequently, there is no universal clinical
message that can be delivered by TP53 mutational analysis.

On one hand, some reports have documented an increased therapy resistance of

p53-null tumor cell lines under experimental conditions that relied on transient or
stable mutant p53 overproduction. For example, murine myeloblastic cells showed
higher resistance to adriamycin and cisplatin (Li et al., 1998) and Saos-2 or H1299
cells to etoposide or cisplatin (Wang et al., 1998; Blandino et al., 1999).
Since these experiments involve artificial components, such as ectopically expressed
protein, the concept that p53 mutants are oncogenic should be questioned;
specifically they may not reflect the ratio of mutant and wt p53 proteins found in
human cancer cells heterozygous for p53 (Sigal and Rotter, 2000; Blagosklonny,
2000). In fact, many p53-mut functions have been studied to date in p53 null
background, which does not allow effects over the wt allele to be studied.

On the other hand, some studies have failed to establish correlations between the
expression of mutant p53 and anti-apoptotic genes (Reeve et al., 1996). Moreover,
several investigators have failed to observe a correlation between p53 mutation and
chemo- or radio-resistance (Makris et al., 1995; Cote et al., 1997). For example,
work by Cote and colleagues have suggested that patients with transitional cell
carcinoma of the bladder, surprisingly, benefit from adjuvant ADR and cisplatin
chemotherapy only when their tumors express mutant p53 (Cote et al., 1997).

To perhaps reconcile these data, firstly the p53 mutants categorization, although
useful, may be oversimplifying the situation, because mutants may vary in their
degree of folding and function; and thus in their oncogenic properties.

Indeed, the conformational mutations have been suggested to be more oncogenic
than the DNA contact mutations in several systems. For example, the conformational
mutants R175H and R249S, resulted in immortalization of mammary epithelial cells,
whereas the DNA contact mutants R248W and R273H did not (Cao et al., 1997).
Moreover when tumor-derived cell lines with missense p53 mutations were
examined for wild-type p53 transcriptional activity, lines with the R273H mutant
possessed it, whereas lines with mutants R156P, R175H, R248W, R248Q and
R280K did not (Park et al., 1994).

In our study we observed that physiological expression of the hot spot contact
mutant p53 R273H (to which DNE and GOF activities have been previously
attributed when studied in p53 null background) in heterozygous context, resulted in
the typical response to p53 dependent cellular perturbations, such as activation of
cyclin-dependent kinase inhibitor p21 and pro-apoptotic protein Bax after DNA
damage.

It has been shown that wt-p53 could have different affinity for the promoters of its
targeted genes; it was demonstrated that wt-p53 has much higher affinity for p21
promoter than for Bax one (Flaman et al., 1998); and some mutants in fact retain the
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capacity to transactivate p21, but are defective for BAX activation and fail to induce
apoptosis (Ludwing et al., 1996).

In contrast in our study, SW48 p53 R273H cells showed induction of both p21 and
Bax and cleavage of the PARP protein after DNA damage, even when the mutant is
over-expressed in wt-p53 background, indicating that wt-p53 dependent
transactivation activity is still functional and so dominant-negative activity was not
so marked in these cells.

This result is more in keeping with the fold change in the protein conformation
related to this specific mutant. It has been reported that R273H mutant seems to
retain almost all of the wild-type conformation (98% folding of wild-type p53)
(Chene, 1998), therefore keeping principle wt-p53 transactivation properties.

When cell cycle progression was analyzed, the SW48-derivative cell lines also

showed similar profile of proliferation, without evidence of significant increase in
the percentage of proliferating cells induced by R273H mutant, as demonstrate also
by proliferation curve. The only detectable difference is an increase in proliferation
rate of SW48 p53 null cells, according with complete loss of wt-p53 activity in
controlling cell cycle progression. Moreover p53 null cells showed the expected
profile at flow cytometry analysis by propidium iodide staining, with all the cells
accumulated in G2 phase after DNA damage, due to lack of p21 activation and
downstream G1 arrest of the cells. Instead p53 heterozygous (p53 +/-) cells showed
similar behavior to parental cells, therefore deletion of only one p53 allele does not
influence the cell cycle control by p53.
No significant differences were detected in the profile of pS3-mut cells, except that
for a small increase in the percentage of the cells blocked in the G2 phase, either in
isogenics, or overexpressing models, harbouring the R273H mutation. It has already
previously been shown that this, even if small, increase could be due to a pro-
proliferation effect of the p53 mutant (Rieber and Rieber, 2009; Willis et al., 2004).
If this is true, and this is a characteristic of the p53 mutant, in our cellular models it is
clearly attenuated by the presence of the wt-allele, since the cells do not completely
accumulate in the G2 phase (as for the p53-null cells), highlighting a lack of a strong
DNE.

We can suppose that if peculiar characteristics exist for this p53-mutant, they are
more subtle, especially in the presence of the wt allele and endogenous expression
levels.

This is also confirmed by Nutlin-treatment of these cells. Nutlin-3 is a small

molecule able to inhibit the p53-MDM2 interaction with high degree of specificity,
leading to the stabilization of p53 and the activation of p53 pathway (Vassilev et al.,
2004). Sur and colleagues have shown that cells harbouring functional wt-p53 are
more growth-inhibited by Nutlin-3 than cells without wt-p53. In their hands, cells
with completely inactive TP53 gene had Nutlin-3 sensitivities identical to those with
p53 missense contact mutant R248W, in cell lines in which the mutant allele is
expressed in hemizygous state, due to the deletion or the inactivation of the wt allele
(Sur et al., 2009).
We found that p53 null cells induced resistance to Nutlin-3 growth inhibition; instead
the p53 contact mutant R273H expressed heterozygously showed a similar pattern of
Nutlin sensitivity to parental cells, demonstrating that the wt allele co-expressed with
the mutated one is not inhibited in its function.
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While all these studies show that physiological levels of mutant p53 have no, or
subtle DN effects, these data do not necessary imply lack of GOF. Putative GOF
properties are especially concerning given that they can theoretically impart worse
prognoses in cancer patients and/or poorer outcomes with therapy. Such a possibility
is supported by in vitro studies demonstrating that p5S3 mutants have a marked
protective effect against chemodrugs-induced apoptosis. However, these studies
were also based on over-expression data.

We studied one of the most common mutant genotypes, R273H, for GOF activity
and observed that the p53 contact mutant R273H failed to induce resistance to
paclitaxel and cisplatin, in contrast with p53-null cells, even when over-expressed in
p53 wt background.

Some discrepancy may reflect not only methodological differences between the
studies, but also the genetic background in which the mutated allele is expressed.
Previous evidences of resistance-induced activity to cancer treatments conferred by
mut-pS3 were also mainly conducted in p53 null background, whereas leaving
unstudied the effect of these mutations in the presence of wt-p53. In fact we failed to
observe protective effect against chemo-treatments from p53 mutant R273H even
when it is over-expressed in wt-p53 background.

In accord with these data, Blandino and colleagues have documented that H1299
cells are significantly protected from etoposide-induced apoptosis when
overproducing the p53 mutant 175H and, to a lesser extent by, 273H, and they failed
to observe a protective effect in the low expressor subpopulations of their 175H and
273H transfected cultures.

Moreover, the p53 contact mutant R273H showed a similar pattern of response to

parental cells to the topoisomerase-I inhibitor SN38, even when it is used in
combination with Chk-1 inhibitor AZD7762; despite previous evidences of
constitutive interaction of mut-p53 with topo-I, unlike wt-p53 (Gobert et al., 1999).
SN38 acts mainly blocking the cells in G2 phase, and cells with altered p53-
functions are G1 check-point deficient, thus they solely rely on Chkl to maintain S
or G2 arrest in response to DNA damage. In contrast, normal cells have an additional
G1 arrest mechanism conferred by functional wt-p53. Chkl inhibition would
therefore abrogate S/G2 checkpoint in wt non-functional-p53 cells and drive them to
apoptosis (Zabludoff et al., 2008).
As expected, the Chk-1 inhibitor induced an increase in SN38 activity preferentially
in p53 null cells, both in the SW48 p53KO cells than in DLD-/sil colorectal cancer
cells. But interestingly we found that the combination treatment showed an equivocal
pattern of response in all the other SW48 derivative cells, except for the functionally
null DLD mut/sil cells, therefore suggesting a lack of DNE; and that the p53 mutant
protein is simply inactive, or even if not completely inactive, it could have lost wild
type functions such as cell cycle checkpoint regulation.

There was, instead, one discernable effect of p53 R273H co-expressed at
physiological levels along with the wt allele on a cyto-toxic drugs’ activity; wherein
a small resistance to SFU treatment was seen compared to that observed in p53 null
cells. Specifically, an increase of 20% of viable cells was seen at high doses of the
drug compared to parental cells. Surprisingly the over-expression of the mut-p53 in
p53 wt cells does not induce the same resistance.

One explanation could be the difference in the allelic ratio due to artificial over-
expression of the protein in cells harbouring 2 wt p53 alleles, which maybe could
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compensate the over-expression effect; therefore the exact ratio wt/mut p53 cannot
be determined. With the isogenic models instead we are able to directly recapitulate
the physiological situation find in human cancer patients with a 50% allelic balance
between wt and mutated allele, results so obtained are therefore more trustworthy.

This conclusion is also consistent with studying a PARP inhibitor, a drug which is
purported to be effective in cells defective in DNA repair systems, but not the p53
Kl-cells, therefore highlighting the wt-p53 functionality in p5S3 R273H mutant cells.

Finally, a clear effect of mutp53 R273H on resistance to EGFR targeted agents
was seen (Erlotinib, Gefitinib and Catuximab), but it is less marked when compared
to heterozygous and homozygous null cells. It’s important to highlight that SW48
parental cells harbour the genetic alteration G719S in EGFR as reported from sanger
website (http://www.sanger.ac.uk/genetics/CGP/). This mutation has been reported to
be an Erlotinib and Gefitinib-sensitive mutation (Kancha et al., 2009). This can
explain the parental sensitivity to EGFR inhibitors.

In order to better elucidate this result we treated SW48 panel of cells with EGFR-
downstream PI3K (GDC0941 and Everolimus) and Ras (PD0325901) pathways
inhibitors. Cells in which one or both p53 alleles have been deleted showed increased
resistance to the two PI3K-pathway inhibitors, but not to the MEK inhibitor
PD0325901. The R273H mutants instead did not cause differences in response to all
these three treatments. Moreover we found that wt-p53 and mut-p53 R273H does not
induce basal activation either of EGFR, MAPK and Akt proteins, in contrast with
some previous studies which report EGFR activation by conformational mutant
R175H (Dong et al., 2009). SW48 p53 null cells, instead, showed higher basal levels
of p-Akt protein when compared with parental and mutant cell lines; and when
treated with Erlotinib at concentrations, either similar to the ICsy value determined
for p53 null cells, or at ten-fold higher concentration, no effect is observed on p-Akt
levels. It has been reported previously that cross-talk can exist between p53, Akt and
MDM2. It is possible therefore that under conditions leading to an irreversible
apoptotic commitment, activation of p53 may contribute to apoptosis by inhibition of
Akt. On the other hand, in the presence of survival signals, Akt activation may lead
to pS3-inhibitor Mdm?2 activation through phosphorylation of its Ser166 (Gottlieb et
al., 2002; Ogawara et al., 2002). Therefore deletion of p53 could cause an alteration
in the regulation of pro- anti-survival signals, leading to a lack in Akt down-
regulation in response to pro-survival signals, causing resistance to PI3K and EGFR-
inhibitors.

We can therefore interpret that p53-genetic alteration-dependent resistance to EGFR
pathway inhibitors is mainly linked to inactivation of the p53 protein (as manifested
by the complete p53 KO) or reduction at different levels (through deletion of one
allele or through missense mutation in one p53 allele) of p53 wt function.

It’s important to highlight that most of the results here reported do not suggest a

strong DNE of the p53 contact mutant R273H. Moreover, even if a peculiar
characteristic versus parental cells is observed, such as resistance to SFU and anti
EGFR therapies, this is also observed after complete inactivation of one of both
alleles of the TP53 gene.
Even if complete deletion of TP53 gene in vivo is rare, these results can nonetheless
suggest that the effects generated by the R273H p53 mutant are not necessarily
related to DNE or GOF, but also to a reduction of wt-p53 activity of the mutated
allele without acquiring new functions.
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A final assessment of GOF activity has being conducted using microarray analysis

of the transcriptional profile of these cells. We found that R273H mutation in TP53
gene does not strongly influence the transcriptional profile of the cells. Only 43
genes were differentially transcribed in the isogenic mutant cell lines and subsequent
comparison of the expression of these genes in the other cells showed a similar effect
in p53 +/- cells. This could be explained, as already seen,by partial inactivation of the
mutated allele more than the acquisition of GOF properties. Instead, no effect was
observed in the over-expressing cells; this is in accord with our previous results in
which the overexpression of the mut-p53 R273H in cells harbouring two wt-p53
alleles does not show a differential phenotype, maybe due to the compensations of
the of the subtle effect of the mutants by the two wt alleles.
The complete loss of p53 instead showed no correlation with mut-p53 R273H
regulation of these genes; therefore highlighting lack of DNE over the wild type
functions of p53 by mutant R273H. Moreover the wt-p53 induction through DNA
damage completely reverted the mut-p53 subtle effect, due to strong activation of wt-
p53 functions. This is not in conflict with the other results showed in this thesis,
confirming that p53 mutant R237H does not show relevant DNE and GOF in
presence of wt-p53 allele in colorectal cancer cells.
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6. CONCLUSIONS

There are two inter-related reasons why the study of heterozygotes (mut/wt), which

express both the mutant and the wt-p53 alleles is important.
First, as mentioned in the body of this thesis, it is of interest to evaluate the extent to
which mutant forms of p53 can down-regulate the wt form of the protein by forming
inactive heterotetramers. Second, cancer-prone Li-Fraumeni family members possess
a germline mutant form of p53, and generation of such models could genotypically
and phenotypically mimic such patients’ disease characteristics.

The relationship between specific pS3 mutations, structural elements of p53 and
clinical outcome should be assessed using as rigorous criteria as possible.

In the case of p53 mutants with no or weak dominant p53 inhibition, presence of
the wt allele may indicate a good prognosis cancer, because the p53 pathway is likely
to still be somewhat functional; whereas loss of heterozygosity may specify a poor
prognosis or cancer highly resistant to cancer therapy

The evidence that some p53 mutants that show no or little interference with wt p53
highlights the importance of determining whether human cancers with p53 mutations
still carry the wt p53 allele, or have lost it, and which type of mutant occurs in that
specific tumor type.

The currently available data for loss of heterozygosity are too small, emphasizing
the need for large clinical studies that not only identify p53 gene mutations but also
assess for concordant loss of heterozygosity.

Together these data suggest that certain mutations of p53 could be pathologically
significant only in the hemizygous state, including some or all of the p53 mutations
inherited in the Li-Fraumeni syndrome.
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stressful time ever...

Thanks to B4+1...even when they are overwhelmed by the Catapecchia’s infinite
troubles... by Polly Pocket’s furniture... tango and new loves...

Thanks to a hundred daily emails...they helped me survive...feel “home”...and
LAUGH...LAUGH SO MUCH!! :-D

Thanks to you... even if now distant from my life...you have always believed in
me... contributing so much to this! You deserve all the best...

Thanks to my 5 Kg of Nutella and to Gioia, who brought us together!
...they should be provided to every PhD student to survive till the end! ©

Thanks to Ruby...15 years of friendship and you are always with me... in every
city or Country...you and all the weird situations which used to follow you...
OMG how can I escape from you????
May be I just have to be resigned....to the oddities of my “good mood pill”!

Thanks to the best movie ever and his special star Panzone to make me dream!

I thank all my family, who never left me alone, even when things were too difficult

to share... you are my strength... my example...my safe haven!
Daddy, Mom and Pisolo...you are my soul...you are ME!!!!

My grandparents...here and from heaven... you are...
my roots in the past ...
my teaching in the present ...
my example for the future ...
My uncles...my source of family, love and special fish meals in Turin!

Thanks to my new special person, able to always say the right words and to do the
right things at the right moments; for making me laugh even when I was crying, you

are a gift!

I thank all the people who came into my life in these years, for their precious
encouragement, support and immense affection.
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