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Abstract

The tumour suppressor p53 is a nuclear transcription factor that orchestrates a
myriad of cellular pathways, including cell cycle arrest, DNA repair, and apoptosis
in response to stress. JMY is a DNA damage responsive actin nucleator which
exhibits dynamic cellular localisation depending on different stressors. Upon
specific genotoxic stress conditions, JMY undergoes nuclear accumulation, where
it enhances p53 transcriptional activity. To expand our understanding of the
transcriptional regulatory role of nuclear JMY, we performed a transcriptomic
analysis to identify JMY-mediated changes in gene expression during etoposide-
induced DNA damage. Our findings reveal novel functions of nuclear JMY in DNA
repair, paraspeckle biogenesis, and alternative splicing. Notably, the absence of
JMY compromises the expression of p53-dependent targets involved in DNA
repair, leading to impaired activation of the DNA damage response and the
accumulation of DNA lesions. Moreover, we demonstrate that JMY’s Arp2/3-
dependent actin nucleation role promotes the p53-dependent expression of DNA
repair factors and enhances DNA repair. Remarkably, the loss of JIMY sensitises
tumour cells to chemotherapeutic agents, reducing cell survival and proliferation.
These results are reflected in human tumours where lower JMY levels are

correlated with increased overall patient survival.

Additionally, our findings demonstrate that JMY impacts on the p53-dependent
transcriptional regulation of INcRNA NEAT1_2 and thus paraspeckle biogenesis.
Although the mechanisms are incompletely understood, we observe that the
disruption of paraspeckles increases tumour cell sensitivity to DNA damaging
agents. Furthermore, our study establishes that IMY is required for the expression
of U2 snRNP-related splicing factors and shows that JMY modulates alternative
splicing during DNA damage. Collectively, these results provide further insights
into the transcriptional regulatory role of nuclear JMY within human tumour cells
during DNA damage and can lead to potential clinical opportunities to target key

cellular pathways such as the p53 signalling response and alternative splicing.
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Chapter 1: Introduction.

1.1. The DNA damage response.

The induction of DNA damage — Role of genotoxic stressors.

Our DNA is constantly threatened by a wide range of conditions that are able to
induce DNA damage. DNA lesions can arise from both endogenous and
exogenous factors !. Endogenous sources of DNA damage are commonly
byproducts from cellular metabolic processes, resulting in hydrolysis, oxidation,
alkylation, and mismatch of DNA bases. In comparison, exogenous factors are
external physical and chemical agents, including ionising radiation, ultraviolet (UV)
radiation and a wide variety of chemical compounds 2. As a result of the persistent
exposure to genotoxic stressors, cells have developed sophisticated signalling
mechanisms, referred to as the DNA damage response (DDR), to counter these

threats 3.

The DDR is commonly initiated by the arrest of the cell cycle, which is thought to
grant sufficient time to repair the DNA lesion before cell division 2. Cells can
activate highly specialised DNA repair pathways to resolve DNA lesions . When
cells are exposed to prolonged DNA damaging conditions or if the DNA lesion
remains unrepaired, cells can initiate apoptosis (referred to as programmed cell
death) as a preventive mechanism to reduce the propagation of genomic errors *.
The importance of the DDR is highlighted by the fact that tumour cells present
defects or aberrant expression of key components within these pathways, leading
to the reliance of tumour cells on compensatory and often less efficient
mechanisms 4. Unrepaired DNA lesions result in increased mutational burden and
genomic instability, two key hallmarks of tumour cells °. Due to the high proliferative
rate of cancer cells and their dependency on error-prone DDR pathways, the
majority of DNA damaging agents, such as in conventional chemotherapy, exert
their effects by generating DNA lesions. In contrast, targeted agents inhibit
particular targets that promote tumour cell proliferation and survival, like essential
proteins involved within the DDR ©. Throughout this project, etoposide and 4-
nitroquinoline-1-oxide (4NQO), have been employed to induce DNA damage and
activate the DDR. Etoposide is routinely employed in treating various malignancies
such as testicular, prostate, bladder, stomach, and lung cancer, whereas 4ANQO
has been described to act against specific carcinomas like oral squamous cell

carcinoma 8.
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Etoposide is a potent inhibitor of topoisomerase Il, which is a key protein involved
in the regulation of DNA topology, such as resolving excessive strain within the
double helix °. Eukaryotic cells present two isoforms of topoisomerase 1l (TOP2),
where TOP2a is required during DNA replication and chromosome segregation,
whilst TOP2B is needed during transcription *°. TOP2 presents three domains
referred to as N-, DNA- and C-gate, respectively. TOP2 homodimers bind to duplex
DNA via nucleophilic attack to the phosphate group within the DNA backbone °.
Initially, the TOP2 N-gate binds with a DNA duplex (G-segment) and leads to its
retention within the DNA-gate . A second DNA duplex (T-segment) is recruited to
the N-gate, in an ATP-dependent manner, which results in conformational changes
of TOP2, leading to the cleavage of both strands of the G-segment 2. This
cleavage allows TOP2 to move the T-segment from the N-gate to the C-gate,
where the T-segment is released. After the release of the T-segment, further
conformational changes in TOP2 cause the ligation and release of the G-segment
1 This cycle allows TOP2 to remove supercoil twists (excessive torsion) and
resolve tangled or knotted duplex DNA 3. Finally, TOP2 returns to its original
conformation presenting an open N-gate for recruiting new G-segments °. Under
non-perturbed conditions, TOP2 is able to ligate the G-segment as described
above. However, when TOP2 activity is compromised, the G-segment intermediate
can be left unligated resulting in double-strand DNA breaks (DSBs) 3. Etoposide
binds to one of the subunits of the TOP2 homodimer through a direct interaction
within the ATP binding domain #. This interaction stalls TOP2 in a conformation
that is unable to ligate the transient G-segment intermediate, leading to the
formation of DNA strand breaks 314,

4ANQO is a synthetic chemotherapeutic agent (UV-radiation mimetic) derived from a
quinoline that induces base substitutions within the DNA, primarily GC to AT
transitions °. To acquire its mutagenic activity, 4NQO needs to be metabolised by
NAD(P)H-quinone oxidoreductase 6. This metabolic process is performed in two
steps where 4NQO is first converted into 4-hydroxyaminoquinoline-1-oxide
(4HAQO) intermediate, which is then metabolised into 4-aminoquinoline-1-oxide
(4AQO0) Y. A seryl-tRNA synthetase catalyses the binding between these 4NQO
intermediates and DNA and requires the presence of ATP and Mg?" 8. Both
4HAQO and 4AQO present a potent mutagenic nitro group that, when bound to
DNA, induces the transition of two guanines and an adenine 8. This results in the
formation of quinolone mono-adducts which are hypothesised to drive the

mutagenic and genotoxic role of 4NQO "%, For example, the oxidation of these
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quinolone mono-adducts to 8-hydroxydeoxyguanosines (80OHdG) promotes the
transversion of guanines to thymines resulting in DNA adducts. Deficient repair of

these DNA lesions can also evolve into single-strand DNA breaks (SSBs) °.

DNA repair pathways.

In response to the aforementioned DNA damaging agents, cells initiate a myriad
of signalling pathways resulting in cell cycle arrest, hence stopping cellular
proliferation. This arrest is believed to promote the expression of DNA repair
factors that can attempt to repair the damaged DNA before cell division 3. Different
cellular DNA repair pathways can be activated depending on the dose and
exposure to specific genotoxic stressors 2. In response to these DNA lesions, cells
activate highly specialised DNA repair pathways 3. Despite the extensive
characterisation of the sequential events comprising these pathways, the precise
cellular mechanisms controlling the activation of specific DNA repair processes, as

well as the intricate interplay between these pathways, remain poorly understood.

The accumulation of endogenous metabolic byproducts (e.g. reactive oxygen
species), defective DNA repair, and abortive TOP1 activity leads to modifications
in nucleobases that, when unresolved, result in the formation of SSBs 2. In
response to SSBs, cells present two main repair mechanisms, including base
excision repair (BER) and nucleotide excision repair (NER) pathways 2. In
response to DSBs, cells activate two main repair mechanisms, including non-
homologous end joining (NHEJ) and homologous recombination (HR) 22. The
following paragraphs describe the details of the aforementioned DNA repair

pathways.

The BER pathway is initiated by the recognition of the aberrant nucleotide by DNA
glycosylases (Fig. 1.1a). In humans, there are two families of DNA glycosylases,
including monofunctional and bifunctional enzymes 2. Monofunctional DNA
glycosylases recognise the aberrant nucleotide and remove the sugar-phosphate
backbone, followed by the elimination of the nucleotide via apurinic/apyrimidinic
(AP) nucleases like APEL, leading to the formation of SSBs 24. Alternatively,
bifunctional DNA glycosylases directly process the abnormal nucleotide, leading to
the formation of SSBs in the absence of AP nucleases . The formation of these
SSBs generates unconventional 5’- and 3’-ends that require further processing for

subsequent ligation. These intermediates include the formation of 5'-
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deoxyribosephosphate (dRP), 3’-phosphate and 3’-phosphoglycolate ends
compared with the conventional 5’-phosphate (5’-P) and 3’-hydroxyl (3’-OH) ends
1. DNA polymerase B processes the 5-dRP end through its AP lyase activity to
create a 5-P end, while PNKP and APEl process the 3’-phosphate/3'-
phosphoglycolate ends, forming a 3’-OH end (Fig. 1.1a). These processing steps
are catalysed by XRCC1 cofactor %. Following the processing of both SSB ends,
the single-nucleotide gap can be repaired by two mechanisms, including short-
patch or long-patch. In the short-patch repair, a single nucleotide is introduced by
DNA polymerase B and DNA polymerase A. Within the long-patch repair, 2-10
nucleotides are introduced by DNA polymerase ® and DNA polymerase €, which
requires the presence of PCNA to displace the 5’-end. ?°. The overhanging single-
stranded DNA is subsequently removed by FEN1 endonuclease (Fig. 1.1a) #.
Ultimately, DNA ligase Il and DNA ligase | are responsible for the ligation step in
the short-patch and long-patch repair processes, respectively (Fig. 1.1a) 25. Other
factors, such as PARP1 and PARP2, are suggested to play a role in the early
stages of the BER pathway through the recognition of SSBs and subsequent

recruitment of BER factors 2°.

The NER pathway resolves SSBs derived from alterations that thermodynamically
destabilise the DNA double helix, irrespective of a physical lesion 2. The NER
pathway is initiated by the identification of the DNA lesion by the XPC-RAD23B
heterodimer (Fig. 1.1b), where RAD23B acts as a cofactor preventing the
proteasomal degradation of XPC 2°. The stabilisation of the XPC-RAD23B
heterodimer adjacent to the DNA lesion promotes the recruitment of TFIIH, a
multiprotein complex consisting of three subunits, including the core (XPB, XPA),
cyclin-activated kinase (CAK) and bridge (XPD) °. Upon recruitment, TFIIH
disassembles the CAK subunit, enabling the activation of XPA and XPD helicases.
XPA and XPD then unwind a small segment upstream of the DNA lesion, forming
a dsDNA-ssDNA junction 3!, The subsequent interaction of XPC with the DNA
lesion induces further conformational changes in the TFIIH complex, facilitating the
intercalation of XPA between the DNA double helix downstream of the damaged
site. Subsequently, XPA transfers the DNA region containing the lesion to XPD for
scanning 3. The XPD core is formed by a tight pocket that allows unperturbed
dsDNA to pass through. However, thermodynamically destabilised DNA will get
stalled. Upon encountering these lesions, blocked XPD leads to conformational
changes in XPA, which unwinds the flanking regions to the damaged DNA site 3.

Then, RPA is rapidly recruited to ssDNA overhangs through its interaction with
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XPA, which promotes the subsequent recruitment of XPG, and ERCC1-XPF
endonucleases to the DNA lesion (Fig. 1.1b) %°. XPF will then catalyse the first cut
forming a 3’-OH end, whilst XPG induces the second cut producing the 5’-P end
31, DNA polymerase & and DNA polymerase ¢ use these nucleotide ends to fill the
single-nucleotide gap. Ultimately, the ligation is performed by DNA ligase | and
DNA ligase Il (Fig. 1.1b) .

The NHEJ repair is initiated by the recruitment of the Ku heterodimeric complex to
DSBs (Fig. 1.1c) 3. This Ku heterodimer is composed of XRCC5 (Ku80) and
XRCC6 (Ku70) subunits and presents a ring-like structure that serves as a scaffold
for the recruitment of NHEJ repair factors 33. The stabilisation of the Ku
heterodimeric complex within the DSB leads to the recruitment and activation of
DNA-PK (Fig. 1.1c) . However, this complex is unstable in DSBs, presenting long
overhanging ssDNA ends 3. To increase the stability of the complex, DNA-PK
initiates a signalling response that promotes the formation of blunt or sort sSDNA
ends. Initially, DNA-PK recruits and activates APTX, which removes covalently
linked radicals (e.g. adenylate groups) to generate canonical 5-P ends. These
ends are recognised by Artemis, which triggers the subsequent binding of PNKP
34, Both proteins employ their endonuclease activity to generate blunt or short
ssDNA segments with 3’-OH ends 34. This processing increases the stability of the
Ku heterodimer, whereas DNA-PK facilitates the recruitment and activation of other
NHEJ factors, such as XRCC4 and XLF 3. The recruitment of XRCC4 and XFL to
the damaged DNA site further reinforces the stability of the complex and promotes
the recruitment of DNA polymerase y and DNA polymerase A, which will connect
the flanking edges of the DSB. Ultimately, the ligation is catalysed by DNA ligase
IV 32,

16
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Figure 1.1. DNA repair pathways. a-d) Schematic representation of the main
human DNA repair pathways, including base excision repair pathways (a, BER),
nucleotide excision repair (b, BER), non-homologous end joining (c, NHEJ) and
homologous recombination (d, HR). The proteins involved in these pathways are
highlighted in the figure, and their HUGO gene nomenclature is detailed in the list

of gene abbreviations. The figure was adapted from *.
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NHEJ is considered an error-prone repair pathway compared to HR because the
latter uses an accessory DNA fragment presenting a homologous sequence (e.g.
sister chromatid) as a template to repair the damaged DNA ®. HR is initiated by the
recruitment of the MRN complex to DSBs (Fig. 1.1d). This complex is composed
of MRE11, RAD50 and NBS1, and it is activated via ATM and CtIP %. The
activation of the MRN complex leads to the recruitment of EXO1 and DNA2
exonucleases (Fig. 1.1d), which degrade the unprotected flanking edges of the
DSB producing overhanging ssDNA segments presenting 3’-OH ends. This
process is known as DNA end resection (hereafter referred to as resection) *’.

The overhanging ssDNA segments are rapidly coated with RPA, which is then
replaced with RAD51 in a process controlled by BRCA1 and BRCA2 ¥, RAD51
forms a ribonucleoprotein (RNP) complex with the ssDNA and leads to the invasion
of the sister chromatid, forming a displacement loop (D-loop, Fig. 1.1d) *°. Within
the D-loop, RAD51 promotes base-pairing interactions with the complementary
strand of the sister chromatid, searching for homologous sequences (known as
donors). Upon recognition of the donor sequence and stabilisation of the
interaction between the strands, DNA polymerase & uses the 3’-OH end of the
invading strand as a primer to start the synthesis of a new DNA fragment using the
genomic information from the donor sequence 2?2. D-loop structures can be
resolved by two main mechanisms, including canonical DSB repair (DSBR) and
synthesis-dependent DNA strand annealing (SDSA). In the DSBR, DNA
polymerase & extends the invading strand without displacing the D-loop resulting
in the formation of a 4-way DNA strand structure called a Holliday junction (Fig.
1.1d). These structures are resolved by GEN1, which symmetrically cuts in the
intersection of the four DNA strands, generating DNA intermediates that are ligated
by DNA ligase | %°. In the SDSA mechanism, DNA polymerase & extends the
invading strand while displacing the D-loop, which avoids the formation of Holliday
junctions (Fig. 1.1d). Then, the non-invading strand of the damaged chromatid
facilitates the re-annealing with the invading strand 22. Ultimately, ligation is
catalysed by DNA ligase | 1. Although less frequent, HR can also be resolved by
single-strand annealing (SSA, Fig. 1.1d) *.

NHEJ repair operates throughout the cell cycle, whereas HR is restricted to the S-
G2 phase due to the requirement for homologous sequences 2. Although the
detailed mechanisms are incompletely understood, during the G1 phase, DNA-PK

can phosphorylate and activate 53BP1, which forms a ribonucleoprotein (RNP)
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that inhibits the recruitment of the MRN complex to the DSB *. The activation of
BRCAL during the S-G2 phase can induce the detachment of 53BP1 and, thus,

the initiation of HR .

ATM, ATR and DNA-PK, key proteins in the DNA damage response.

Cells are constantly exposed to genotoxic stressors that induce DNA lesions 2. Due
to the broad spectrum of DNA damaging agents, cells have developed highly
specialised regulatory mechanisms to respond to such genotoxic stress. These
mechanisms are collectively known as the DDR ©. As described, the activation of
the DDR results in cell cycle arrest and expression of DNA repair factors to resolve
the DNA lesions before cellular proliferation. If there is prolonged exposure to
genotoxic stressors or the DNA lesion is left unrepaired, cells can initiate apoptosis
as a preventive mechanism to reduce the propagation of genomic errors 3. Tumour
cells frequently present mutations in DNA repair factors and often rely on error-
prone DDR pathways 4, which, combined with their high proliferative rate increases
the genomic instability of tumour cells ®42. This process, wherein the loss of one
cellular pathway results in high reliance on another pathway, which is not essential
under normal conditions, is known as synthetic lethality . However, these
characteristics provide a therapeutic opportunity to target DDR pathways and
thereby strategically killing tumour cells ®.

An extensive body of research supports the clinical use of inhibitors targeting key
DNA repair factors #>43. These inhibitors have shown notable improvements in
patient survival compared to conventional DNA damaging chemotherapeutic
agents “*. The mechanism of action of the vast majority of these inhibitors relies on
the overaccumulation of unrepaired DNA lesions, due to the high proliferation rate
of tumour cells and their dependency on error-prone DNA repair pathways >4,
Frequently, these DDR inhibitors are administered in combination with
conventional chemotherapy or other DDR inhibitors, augmenting their toxicity .
Some examples include inhibitors targeting PARP1, ATM, ATR, DNA-PK, CHK1,
CHK2 and WEEL1 (reviewed in 4"). Notably, ATM, ATR and DNA-PK are three
kinases belonging to the phosphatidylinositol 3-kinase-related kinases (PIKKS),
which mainly control the DDR “8. Given their central role in orchestrating DNA
repair, the following sections describe their characteristics and functions of PIKKs
during the DDR.
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ATM, ATR and DNA-PK are colossal polypeptides that present similar structures,
where the kinase domain is located at the C-terminus. Flanking this kinase region,
PIKKs present an upstream FRAP-ATM-TRRAP (FAT) domain and a downstream
PIKK regulatory domain (PRD) and FAT C-terminal (FATC) motif 48, The FAT and
kinase domains form the catalytic subunit of the PIKKs, where the FAT region
promotes the correct folding of the kinase domain #°. Additionally, the FATC region
is proposed to interact with activating factors such as TIP60 to enhance the
activation of PIKKs °°. Deletions of either the FAT or FATC domains, but not both
simultaneously, have been shown to impair the kinase function of PIKKs °i.
However, the precise folding structure that results in the interaction between the
FAT and FATC domains and how it regulates PIKK activity is incompletely
understood. The N-terminus of PIKKs consists of tandem HEAT repeats, each
composed of two a-helices linked via a short loop. The HEAT domain facilitates

PIKKs protein-protein and protein-DNA interactions 8.

These PIKKs regulate a wide variety of signalling responses through their control
of phosphorylation events. Within the target proteins, the S/T-Q motifs are the
preferred sites for phosphorylation “8, ATM, ATR and DNA-PK share certain targets
and present common functions during the DDR “8. For example, these three PIKKs
require the presence of cofactors for their recruitment to DNA damage sites, where
they undergo conformational changes that trigger autophosphorylation events
resulting in the activation of these PIKKs *2. ATM and DNA-PK are recruited to
DSBs through their interaction with NBS1 (MRN complex) ** and the Ku
heterodimer 3, whilst ATR is recruited to a wide range of DNA lesions (both SSBs
and DSBs) via ATRIP ®4. Interestingly, a recent study demonstrated that ATM
promotes the phosphorylation of NHEJ repair factors, including DNA-PK, at the
DNA damage sites *°. These results suggest crosstalk for the role of these PIKKs
during DNA repair.
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Figure 1.2. Role of PIKKs in the DNA damage response. Diagram of the
phosphorylation events controlled by PIKKs (ATM, ATR and DNA-PK) during the
DNA damage response. The principal PIKK substrates are highlighted in the
figure and their full names are detailed in the list of gene abbreviations. The figure

was adapted from 6.

Additionally, ATM, ATR and DNA-PK share important targets involved in the DDR.
For instance, all three PIKKs promote the phosphorylation of H2AX at S'*°, referred
to as yH2AX %6, This histone modification promotes chromatin relaxation,
enhancing the recruitment of DNA repair factors °’. Moreover, in response to DNA
damage, these three PIKKs can impact cell cycle progression as well as promote
the activation of tumour suppressor p53 “. In particular, ATM promotes the
phosphorylation and activation of CHK2, which results in the subsequent activation
of p53 %8, ATM has also been described to directly phosphorylate p53 59, By
orchestrating the p53-dependent expression of CDKN1A (p21), ATM controls the
G1-S phase checkpoint, leading to cell cycle arrest in response to DNA damage
(Fig. 1.2) 6. ATR regulates the cell cycle through the phosphorylation and
activation of CHK1, which results in the subsequent inactivation of the CDC25
family of phosphatases which are required for the activation of cyclin-dependent
kinases, resulting in G2-M phase arrest (Fig. 1.2) ®2. Similar to ATM, ATR can also
phosphorylate p53 resulting in its stabilisation and activation, further enhancing cell
cycle arrest (Fig. 1.2) 3. Lastly, although the detailed role of DNA-PK during the

cell cycle remains incompletely understood, it is known that during the G1 phase,
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DNA-PK promotes the phosphorylation of 53BP1 (Fig. 1.2) 3. 53BP1 is recruited
to DSBs to both enhance NHEJ and inhibit HR repair pathways. Contrarily, during
the S-G2 phase, the activity of DNA-PK is inhibited, which reduces the activation
and recruitment of 53BP1 to DSBs, and as a result, the HR pathway is activated
36 Additionally, DNA-PK can directly phosphorylate p53 in response to genotoxic
stress to further regulate the DDR (Fig. 1.2) ®4.

Collectively, these studies suggest that during the DDR, all three PIKKs lead to the
phosphorylation and activation of p53 59606364 53 presents a crucial role within
the DDR as it controls the transcriptional expression of target genes involved in
cell cycle arrest, DNA repair and apoptosis .

1.2. The human tumour suppressor p53.

p53 structure and functionality in human tumours.

The tumour suppressor p53 is a fundamental transcription factor that is activated
in response to a wide variety of stressors . Depending on the dose and time of
exposure, p53 can induce a myriad of cellular processes, including cell cycle arrest,
DNA repair and induction of programmed cell death 5. p53 was first discovered as
an interacting protein bound to the T-antigen simian virus 40 (SV40), a viral particle
that has the ability to induce neoplastic transformation of various mammalian cells
67.68 p53 was initially thought to function as an oncogene due to its high expression
in tumour cells and ability to confer tumorigenic potential to non-malignant cells ©°.
However, an extensive body of research strongly supports a tumour suppressor
role for p53. It has been demonstrated that the conflicting results regarding the role
of p53 were due to the use of mutated p53 clones (obtained from tumour cells) in

early studies ©®.

The tumour suppressor TP53 is transcribed from the short arm of chromosome 17
(17p13.1) and results in the expression of a 44kDa protein that presents five
domains (Fig. 1.3a) °. At the N-terminus, p53 has a transactivation domain (TAD)
that can be divided into two subregions named TAD1 and TAD2 (Fig. 1.3a). Both
TAD1 and TAD2 are required to control p53-mediated transcriptional expression
as they can interact with transcriptional regulators and chromatin remodelling
factors promoting p53 activity 6. The TADs are followed by a proline-rich region
(PRD, Fig. 1.3a) which is composed of five tandem PXXP motifs (where P denotes

proline and X is any amino acid), and, although incompletely understood, the
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polyproline track has been proposed to modulate the interaction with several p53-

binding proteins impacting on tumour cell growth .

The proline-rich region bridges the TADs with the core DNA binding domain (DBD,
Fig. 1.3a), which is responsible for the DNA recognition 2. p53 recognises a
sequence-specific motif (hereafter referred to as p53 response elements) formed
by two 10bp copies of a palindromic 5-RRRCWWGYYY-3' sequence separated
by a spacer of 0-20 nucleotides (Fig. 1.3b) 7. These motifs are highly conserved,
supported by the fact that single nucleotide mutations, particularly at the central
WW nucleotides, compromise the p53 recruitment to target genes and thus their
expression ’*. These p53 response elements are located within the promoter
region or near the transcription start site, generally within the first exon-intron, of
p53 target genes .

In its active conformation, p53 forms a nuclear tetrameric complex (Fig 1.3c), which
is required for the ability of p53 to bind with DNA 72, p53 oligomerisation occurs in
response to stress and is conducted via its tetramerisation domain (TD), which is
located downstream of the core DNA binding region (Fig. 1.3a). In response to
DNA damage, a two-step oligomerisation process occurs where two p53
monomers first dimerise through antiparallel B-sheet interaction followed by
tetramerization of two pre-assembled dimers via interaction through their a-helices
within the TD (Fig. 1.3c, d) ’®. This tetrameric conformation promotes p53 binding
to the p53 response elements within the target genes 2. The last domain within
the p53 protein corresponds to the C-terminus (CTD) that functions as a hotspot
domain for posttranslational modifications (PTMs), which modulate p53 activity
(Fig. 1.3a) ”. In this domain, p53 also presents both nuclear localisation and export
signals necessary for p53 to exert its function as a nuclear transcription factor 6.
Importantly, the TADs, CTD and the sequence between the DNA binding and
tetramerization domains do not present an ordered three-dimensional structure
and are categorised as intrinsically disordered (ID), which favours p53 interaction

with a wide variety of cofactors which also impact p53 activity (Fig. 1.3d) 8.
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Figure 1.3. p53 protein structure. a) Schematic representation of the p53 protein
structure. TAD: transactivation domain, PRD: proline-rich domain, TD:
tetramerization domain and CTD: carboxyl-terminal domain. The numbers below
p53 protein structure represent amino acid positions. b) Consensus sequence of
p53 response elements (R denotes any purine, W represents adenine or thymine,
and Y denotes any