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Abstract

MDM2-MDMX complexes bind to p53, inhibiting the p53 transcriptional activity
and targeting p53 for proteasomal degradation. Uncoupling p53 from MDM2 is
therefore an attractive strategy to treat cancers that retain wild type p53. Small
molecules that inhibit MDM2 binding to p53 release p53 from control by MDM2.
While such inhibitors efficiently activate a p53 response, clinical trials have
revealed that the therapeutic utility of these compounds is limited by on-target
toxicities. | have therefore explored alternative mechanisms to therapeutically
target MDM2, based on the hypothesis that inhibition of the MDM2 RING domain
would lead to different outcomes than inhibition of the MDM2-p53 interaction.
Using our crystal structure of E2 (UbcH5b)-ubiquitin-MDM2*™C-MDMXR™NC complex
as a starting point, MDM2 mutants that prevent E2-ubiquitin binding were
designed.

MDM2 mutants that are unable to interact with E2-ubiquitin complex have lost
their E3 ligase activity including the ability to ubiquitinate p53, despite retaining
the ability to bind to p53, homo-dimerise and hetero-dimerise with MDMX. As a
result, p53 protein accumulates in cells expressing these catalytically-inactive
MDM2 mutants. However, the E2-ubiquitin non-binding MDM2 mutants retain the
ability to limit p53 transcriptional activity under normal unstressed condition,
despite the elevated p53 levels. As a result, cells can proliferate normally, but
show a more robust induction of p53 activity in response to stress. These
observations suggest that the direct inhibition of E3 activity of MDM2 may be less
deleterious to normal cells than inhibition of the MDM2-p53 interaction. To test
this, the development of novel in vivo models based on conditional knock-in of
one of the MDM2 mutants identified in this study was initiated. Based on
preliminary data, mice expressing these mutants are expected to be
developmentally normal but less tumour prone due to an increased sensitivity to

p53 activation.

This study provides mechanistic insight that will help in the development of
novel inhibitors that targeting MDM2 while avoiding the on-target toxicities

showed in the clinic by currently available MDM2 inhibitors.
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1.1 The ubiquitin proteasome system

Removal of unneeded proteins from the cells is an important facet of the
systems that regulate gene expression (and thereby gene function) and a critical
mechanism for protein quality control. Indeed, elimination of damaged or
misfolded proteins is essential as they are toxic to the cell in many cases. As a
result, accumulation of these proteins contributes to the pathogenesis of many
types of diseases including neurodegenerative diseases, inflammatory and
autoimmune diseases, and cardiovascular diseases (reviewed in (Hartl, 2017)).
On the other hand, excessive removal of proteins may also lead to the
progression of disorders including muscle wasting diseases (reviewed in (Sandri,
2013)). Before the ubiquitin proteasome system was identified, protein removal
was initially thought to rely mainly on lysosomal degradation. This involves
hydrolytic degradation of all types of biological polymers including proteins,
nucleic acids, carbohydrates, and lipids (reviewed in (Varshavsky, 2006)). In
1977, an adenosine triphosphate (ATP) dependent protein degradation
mechanism in reticulocytes (immature red blood cells which lack lysosomes) was
described (Etlinger and Goldberg, 1977). The following year, Aaron Ciechanover,
a graduate student in Avram Hershko’s Lab, found that a small protein called
APF1 (ATP dependent proteolytic factor 1), which was subsequently identified as
the ubiquitin polypeptide that had been discovered in 1975, is covalently
conjugated to proteins before their degradation (Ciehanover et al., 1978). In the
early 1980s, the basic mechanisms of the sequential enzymatic conjugation of
ubiquitin to proteins (ubiquitination) were mostly revealed (Hershko et al., 1980,
Ciechanover et al., 1982, Hershko et al., 1983). The importance of this discovery
was quickly recognised and in 2004, Drs Aaron Ciechanover, Avram Hershko and
Irwin Rose were awarded the Nobel Prize in Chemistry for the discovery of

ubiquitin-mediated protein degradation.

1.1.1 Regulation of ubiquitin proteasome system

The ubiquitin proteasome system is responsible for at least 80 % of cellular
protein degradation (Collins and Goldberg, 2017) and processed through a
substrate specific, ATP-dependent and enzymatic reactions, which is tightly
regulated (Komander and Rape, 2012). Ubiquitination, the post-translational
modification of target proteins by ubiquitin conjugation, controls the activity of
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nearly every cellular process, including regulations of the cell cycle and the cell
signalling. While it was initially described as a mechanism for protein turnover,
it is now clear that ubiquitin can be linked to substrates in several different

ways, resulting in a complex code of substrate modification.

1.1.1.1 Ubiquitin

Ubiquitin is a highly conserved small regulatory protein consisting of 76 amino
acids with a molecular weight of 8.5 kDa (Komander and Rape, 2012). It is
encoded by 4 different genes: UBA52 (Ubiquitin A-52 residue ribosomal protein
fusion product 1), RPS27A (ribosomal protein S27a), UBB (Ubiquitin B) and UBC
(Polyubiquitin-C) (Wiborg et al., 1985, Finley et al., 1989, Baker and Board,
1991). The gene product of ubiquitin is initially fused either to ribosomal
proteins (UBA52 and RPS27A) or to each other forming linear poly-ubiquitin chain
(UBB and UBC) (Wiborg et al., 1985, Finley et al., 1989, Baker and Board, 1991).
Subsequently, deubiquitinases (DUBs) cleave and produce a single unit of
ubiquitin ending with di-glycine (GG) motif at the C-terminal (Komander et al.,
2009). Ubiquitin contains 7 lysine residues (K6, K11, K27, K29, K33, K48 and K63)
that allow the formation of ubiquitin chains (Figure 1-1). Linkages via K48 and
K63 are most abundant (Kulathu and Komander, 2012). Ubiquitin can also be
linked through the ubiquitin amino terminal (N-terminal) methionine residue
(M1) (Kirisako et al., 2006).

K48

\
\\ &

\\ o/
K11

90°

Figure 1-1: Structure of Ubiquitin

Ubiquitin contains 7 lysine residues (annotated in black). Ubiquitin chain can be formed
through any of these residue and amino terminal methionine residue. Structure data is
obtained from the Protein Data Bank (1UBQ) (Vijay-Kumar et al., 1987).
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Ubiquitin conjugation can regulate a wide variety of processes, such as protein
degradation, cell cycle progression and cell signal transduction; the outcome
depending on the type of ubiquitination. Mono-ubiquitination and multiple
mono-ubiquitination can regulate enzymatic activity, interaction and localisation
of target proteins (reviewed in (Komander and Rape, 2012)) (Figure 1-2). K48-
linked poly-ubiquitination marks target proteins for degradation by the 26S
proteasome (Hershko and Ciechanover, 1992, Pickart, 2000) (Figure 1-2, also
discussed in Section 1.1.1.3). Ké63-linked poly-ubiquitination chains are thought
to alter activities during cell signalling and could lead to activation of NF-kB
(Nuclear factor kappa-light-chain-enhancer of activated B cells), as well as to
promote DNA repair or targeting to the lysosomal degradation (Thrower et al.,
2000, Komander and Rape, 2012) (Figure 1-2). The first methionine residue (M1)
of ubiquitin also allows the formation of a linear ubiquitin chain that is thought
to be involved in regulating such as NF-kB activation and Wnt signalling
transduction (Kirisako et al., 2006, Ilwai and Tokunaga, 2009) (Figure 1-2, also
discussed in Section 1.1.3.2). These different ubiquitin conjugations can be
detected by ubiquitin receptors to mediate specific cellular processes, for
example, shuttling ubiquitinated proteins to the 26S proteasome (reviewed in
(Komander and Rape, 2012)). In addition, less well-understood poly-
ubiquitination modes including mixed chains, branched chains and linear chains
have been described (reviewed in (Komander and Rape, 2012)). The abundance
of ubiquitin chains can be analysed with antibodies that specifically detect these
linkages, mutagenesis analysis of ubiquitin by mutating lysine residue of it to

arginine, or by quantitative proteomics.

U
ke3 U M1>=
u . u
U Kas Kes \U M1 =
ka8 U k63 \U M1 L,J
U U U U U Kkas u u
Mono Multi-mono K48 chain K63 chain Linear (M1) chain
Protein interactions Proteasomal NF-kB activation NF-«B activation
Protein localisation degradation DNA repair
Modulation of protein activity Lysosomal targeting

Figure 1-2: Overview of some patterns of ubiquitin conjugation and their functional
outcomes

Types of ubiquitin conjugation are indicated. U = ubiquitin.
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1.1.1.2 Enzymes involving in ubiquitination

Ubiquitin is attached to a protein by the sequential action of at least three
enzymes: (1) E1 ubiquitin-activating enzyme, (2) E2 ubiquitin-conjugating
enzyme, and (3) E3 ubiquitin ligase that is responsible for substrate specificity
(Hershko and Ciechanover, 1998).

The process of ubiquitination begins with an E1 enzyme, which activates
ubiquitin in an ATP-dependent manner. E1 recruits ATP-Mg®* into the ATP
binding site and through an acyl adenylation reaction, the C-terminal glycine of
ubiquitin is non-covalently conjugated to E1 (via AMP with the support of the
ubiquitin binding site on E1) (Tokgoz et al., 2006) (Figure 1-3).
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Figure 1-3: Acyl adenylation of ubiquitin by E1 ubiquitin activating enzyme

E1 = ubiquitin activating enzyme, ATP = adenosine triphosphate, Ub = ubiquitin and PPi =
pyrophosphate.
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Ubiquitin is then transferred to a cysteine residue on the E1 active site (acyl
substitution) forming a high-energy thioester bond with the C-terminal glycine
residue of ubiquitin (Tokgoz et al., 2006) (Figure 1-4). AMP is then released from
the E1 (Figure 1-4). The E1 can also recruit another ATP for ubiquitin
recruitment; so 2 ubiquitin molecules can be bound to the E1 at the same time.
Although the function of the secondary-bound ubiquitin (through a non-covalent
bond) is largely unknown, it has been reported that this may facilitate ubiquitin

transfer to the E2 ubiquitin conjugating enzyme (Schulman and Harper, 2009).
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Figure 1-4: Thioester formation between the E1 cysteine residue and the ubiquitin C-
terminal

E1= ubiquitin activating enzyme, AMP = adenosine monophosphate and Ub = ubiquitin.

The E1 then attaches the activated ubiquitin to a cysteine residue on an E2
enzyme through a trans-thioesterification reaction (Olsen and Lima, 2013)
(Figure 1-5).
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Figure 1-5: Trans-thioesterification of ubiquitin from E1 to E2

E1 = ubiquitin activating enzyme, E2 = ubiquitin conjugating enzyme and Ub = ubiquitin.

The E2-ubiquitin complex can then interact with the E3 ligase that is already
bound to a protein substrate and, through isopeptide ligation reactions in the
catalytic domain of the ligase, the E3 can transfer the ubiquitin from the E2 to
an amino-group (mostly lysine residues) in the substrate via an isopeptide bond
(Hershko and Ciechanover, 1998) (Figure 1-6). It is important to note that E3
ligases can also interact with E2-ubiquitin to form a "closed” conformation,

which enhances the activity of ubiquitin transfer (Budhidarmo et al., 2012).
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RING E3
E2 —
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RING E3 RING E3
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Substrate .p p Substrate \VO
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_— S Isopeptide
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Thioester
bond
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Figure 1-6: Isopeptide ligation of ubiquitin to the substrate by E3 ligase

E2 = ubiquitin conjugating enzyme, E3 = ubiquitin ligase (RING-type) and Ub = ubiquitin.
Note that ubiquitin can also interact with E3 ligases.

This initially results in the mono-ubiquitination of proteins but these can re-

enter the ubiquitination cycle resulting in poly-ubiquitination; ubiquitin is

transferred to the lysine residue of ubiquitin that has already bound to the

substrate, and further ubiquitins added to form chains (Hershko and

Ciechanover, 1998, Pickart, 2000) (Figure 1-7).
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Figure 1-7: Poly-ubiquitination catalysed by E3 ligase
E2 = ubiquitin conjugating enzyme, E3 = ubiquitin ligase (RING-type) and Ub = ubiquitin.

The human genome encodes two E1 ubiquitin-activating enzymes, approximately
40 E2 ubiquitin-conjugating enzymes and more than 600 E3 ubiquitin ligases. E3
ligases are therefore believed to be primarily responsible for substrate
specificity (Sun, 2006, Li et al., 2008), although some E3s can ubiquitinate
multiple proteins targets.

Initially, UBA1 (Ubiquitin-like modifier activating enzyme 1) was thought to be
the only E1 ubiquitin-activating enzyme in mammals but UBA6 was identified as
an additional E1 for ubiquitin with different preferences for E2 ubiquitin

conjugating enzymes (Pelzer et al., 2007, Jin et al., 2007).

Although E2 enzymes were thought to be promiscuous middle men in the
ubiquitination process, it is now suggested that E2 enzymes play an important
role in dictating the type and length of ubiquitin chain formed, and could also
modulate target protein selection (Stewart et al., 2016). For example, it has
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been reported that Ubc13 (Ubiquitin-conjugating enzyme 13)-UEV1A (Ubiquitin-
conjugating enzyme E2 variant 1) complex mediates Ké63-linked, but not K48-
linked, ubiquitination, whereas Ubc1, UbcH3 and Ubc7 from yeast mediate K48-
linked ubiquitination (Hofmann and Pickart, 1999, Petroski et al., 2007, Petroski
and Deshaies, 2005, Ryu et al., 2008). The activity of the E2 ubiquitin-
conjugating enzymes is regulated through several mechanisms. One example is
the conformational change of the E2-ubiquitin complex from an "open" state
(little or no contact between E2 and ubiquitin) to "closed" state (contacts the
crossover helix of E2 and the hydrophobic patch of ubiquitin) mediated by
contact with an E3 ligase (Budhidarmo et al., 2012). Another example is the
"backside” non-covalent binding of ubiquitin that enhances intrinsic lysine
reactivity of the E2 (Brzovic et al., 2006, Buetow et al., 2015).

E3 ubiquitin ligases are classified into 3 major groups: (1) E3 ligases containing a
RING (Really interesting new gene) domain and this group also includes the U-
box (Ubiquitin fusion degradation 2 homology), (2) E3 ligases containing a HECT
(Homologous to E6-AP carboxyl terminus) domain, and (3) E3 ligases containing
RING-between-RING domain (Li et al., 2008).

RING E3 ligases are the largest and most abundant family (approximately 600
members in the human genome) of E3 ligases that contain a RING finger domain
that is co-ordinated by 2 zinc atoms (Zn**) via eight conserved cysteines and
histidines. The RING related E3 ligases including PHD (Plant homeo domain)
finger protein and LAP (Leukaemia associated protein) finger protein are also
belong to this group (Schindler et al., 1993, Saha et al., 1995, Deshaies and
Joazeiro, 2009). These E3s interact with E2-ubiquitin complexes to catalyse the
ubiquitin transfer from E2 to the lysine residue of the target protein directly
(Joazeiro and Weissman, 2000) (Figure 1-8). Some RING E3 ligases, including
MDM2 (Murine/mouse double minute 2 homologue) and BRCA1 (Breast cancer 1),
are required to form homo- or hetero-dimers to display E3 ligase activity,
whereas other E3 ligases including c-CBL (Casitas B-lineage lymphoma), CNOT4
(CCR4 (carbon catabolite repressor 4)-NOT (Negative on TATA) transcription
complex, subunit 4) and RNF38 (RING finger protein 38) function as monomers
(Zheng et al., 2000, Dominguez et al., 2004, Buetow et al., 2015, Buetow and
Huang, 2016). The U-box E3 ligases are very similar to RING E3 ligases except
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they lack the zinc-coordinating cysteine and histidine residues. Some of these
also function by forming homo-dimers (Vander Kooi et al., 2006). In addition to
these single subunit E3 ubiquitin ligases, there are also multi subunit E3
ubiquitin ligases, including the Cullin-RING E3 ligases and the anaphase
promoting complex/cyclosome (APC/C) (Li et al., 2008). Cullin-RING E3 ligases
comprise a Cullin protein, a RING-box protein (RBX1 or RBX2), an adaptor protein
and a substrate recognition receptor (Lydeard et al., 2013, Petroski and Deshaies,
2005). The archetypical Cullin-RING E3 ligases contain SKP1 (S-phase kinase-
associated protein 1), Cullin-1, FBP (F-box protein) and RBX1 (termed SCF-type
E3 ligases). APC/C consists of 14 different subunits including APC2 (Cullin-like
subunit), APC11 (RING domain-containing subunit) and a co-activator (Chang and
Barford, 2014). In these complexes, the catalytic subunit that contacts to the
E2-ubiquitin complex (RBX1 for SCF and APC11 for APC/C, for example) contain a
RING domain, and as with other RING E3 ligases, directly transfers ubiquitin to
the lysine residue of the target protein forming an isopeptide bond (Hershko and
Ciechanover, 1998, Deshaies and Joazeiro, 2009) (Figure 1-8). The adapter and
substrate recognition receptor (co-activator) subunits of these complexes can
vary depending on the intracellular needs in order to target different protein for
ubiquitination (Deshaies and Joazeiro, 2009).

A HECT domain is typically 40 kDa (350 amino acids) in size, forming a region
homologous to that of E6-AP (a protein which was identified through association
with p53 in the presence of the human papilloma virus E6 protein (Scheffner et
al., 1990)). The human genome encodes 28 HECT E3 ligases (Scheffner and
Kumar, 2014). These can also be further classified into 3 sub-families: (1) NEDD4
(Neural precursor cell expressed developmentally down-regulated protein 4)
family HECT E3 ligases that contain WW domains (W for tryptophan), (2) HECT E3
ligases that contain an RCC1 (regulator of chromosome condensation 1)-like
domain (termed HERC E3 ligases), and (3) HECT E3 ligases that contain neither
WW domain nor RCC1-like domain (Scheffner and Kumar, 2014). Unlike RING E3
ligases, HECT E3 ligases accept the activated ubiquitin directly via a cysteine
residue by forming a thioester bond and subsequently transfer it to the lysine
residue of the substrate (Metzger et al., 2012) (Figure 1-8).
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RING-between-RING-type E3 ligases contain 2 RING domains. There are 14 RING-
between-RING E3 ligases identified so far (Marin et al., 2004). RING-between-
RING ligases can function as hybrids of RING and HECT E3 ligases: the N-terminal
RING domain (RING1) co-ordinates two Zn** atoms and interacts with an E2-
ubiquitin complex, whereas the C-terminal RING (RING2) co-ordinates only one
Zn** atom and first accepts ubiquitin via a thioester bond on its cysteine residue
before transferring it to the lysine residue of the substrate (Wenzel et al., 2011)
(Figure 1-8).

In addition, another type of E3 ligase: the RING-cysteine-relay (RCR) was
recently described (Pao et al., 2018). RCR-type E3 ligases include MYCBP2 (Myc-
binding protein 2) and unlike other E3 ligases, they catalyse non-lysine
ubiquitination. First, they interact with E2-ubiquitin complex via their RING
domain and accept ubiquitin via a thioester bond on their cysteine residue on
the mediator loop in the tandem cysteine (TC) domain. Another cysteine residue
within the TC domain then accepts ubiquitin via a thioester bond and ubiquitin is
transferred to the threonine or serine residue (preference for threonine) of the
substrate by forming an ester, instead of isopeptide bond (Pao et al., 2018)
(Figure 1-8).
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Figure 1-8: Types of E3 ligases and their ubiquitin transfer

RING, SCF and APC/C directly transfer ubiquitin from E2 to the substrate. On the other hand,
HECT-type and RING between-RING-type E3 ligases accept ubiquitin first through thioester
bond on their cysteine residue and then transfer it to the substrate. The RING-cysteine-
relay-type E3 ligases catalyse non-lysine ubiquitination. E2 = ubiquitin conjugating enzyme,
Ub = ubiquitin, TC = tandem cysteine domain, RBX1 = RING-box protein 1, SKP = S-phase
kinase-associated protein 1, FBO = F-box protein, APC = Anaphase promoting complex and
CDC20 = Cell-division cycle protein 20. Types of ubiquitin conjugation are indicated.
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Additional proteins, such as E4 ubiquitin chain elongating factors, have been
shown to regulate poly-ubiquitination, but the details of their activity are not
yet fully understood (Koegl et al., 1999). For example, UFD2 (Ubiquitin fusion
degradation 2), which was originally classified as U-box-type E3 ligase, lacks its
own substrate but promotes the poly-ubiquitination of another substrate of E3
ligases (Koegl et al., 1999). Furthermore, U-box E3 ligase CHIP (C-terminus of
HSC70 interacting protein) and RING E3 ligase RAD5 (Radiation sensitive 5) also
display E4-like activity, although they have their own E3 substrate (Pickart and
Eddins, 2004). However, they may not be required for poly-ubiquitination as it
occurs in cell free systems using a single E3 ligase (in vitro ubiquitination assay),

suggesting that the E3 ligase itself is sufficient to poly-ubiquitinate its substrate.

1.1.1.3 The 26S proteasome

The 26S proteasome is a large (2,587,352 Da) multi-catalytic protease complex
and plays a critical part in ubiquitin dependent proteolysis (Tanaka, 2009, Huang
et al., 2016) (Figure 1-9a). It is located in both the nucleus and cytoplasm and
recognises ubiquitinated proteins to degrade them into small peptides (Peters et
al., 1994). The 26S proteasome is composed of a central 20S catalytic particle
(CP) and one or two 19S regulatory particles (RP) (Tanaka, 2009, Huang et al.,
2016) (Figure 1-9). Proteasomes containing one RP and a CP (RP1-CP) are "26S" (S
for Svedberg sedimentation coefficient) and those containing two RPs and a CP

(RP2-CP) are "30S", but both are generally referred to as the 26S proteasome.

The RP contains 6 ATPase subunits RPTs (Regulatory particle triple-A ATPase)
and 13 non-ATPase subunits RPNs (Regulatory particle non-ATPase), and caps
either or both sides of the CP (Tanaka, 2009). RPN10 and RPN13 are involved in
the recognition of ubiquitinated substrates and RPTs are thought to regulate the
entry of the ubiquitinated substrates into the CP by unfolding substrates via ATP
hydrolysis (Schreiner et al., 2008). In addition, RPN11 regulates deubiquitination
in an ATP-dependent manner (Verma et al., 2002). The removed ubiquitin

molecules can be re-used (Tanaka, 2009).

The CP subunit forms a cylindrical stack of 4 layers (Tanaka, 2009, Huang et al.,
2016) (Figure 1-9b). The 2 outer layers are composed of 7a subunits and the 2

inner layers 78 subunits: each of these has distinct protease activities. For
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example, B1 subunit functions as the caspase-like cysteine protease, B2
functions as the trypsin-like serine protease and B85 functions as the
chymotrypsin-like serine protease (Tanaka, 2009, Huang et al., 2016) (Figure 1-
9¢). As a result, ubiquitinated substrates are hydrolysed into oligo-peptides (2-8
amino acids). Antigenic peptides processed by the proteasome (mainly by the
immuno-proteasome) can be presented to the immune system on the major
histocompatibility complex (MHC) class | molecules (Rock et al., 2002). These
peptides are eventually degraded into a single amino acid by TPPIl (Tripeptidyl
peptidase Il) or other amino-peptidases (Glas et al., 1998, Geier et al., 1999).
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Figure 1-9: Structure and schematic model of 26S proteasome

(a) The regulatory particle (red), a subunits (green) and B subunits (blue). (b) Longitudinal
section of the core particle. Gate and catalytic core are indicated. (c) Transverse section of
B subunits and schematic model of B subunits. B1 subunit functions as caspase-like
cysteine protease, B2 functions as trypsin-like serine protease and B5 functions as
chymotrypsin-like serine protease. Structure data is obtained from Protein Data Bank
(5GJR) (Huang et al., 2016).
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It is generally thought that a ubiquitin chain of at least 4 ubiquitin subunits is
required to function as a "tag" for 26S proteasomal degradation (Thrower et al.,
2000). However, there are some exceptions, with evidence that mono-
ubiquitination can be sufficient for proteasome recognition (Lam et al., 1997,
Guterman and Glickman, 2004, Boutet et al., 2007). In fact, it has been
demonstrated that small proteins (composed of less than 150 amino acids) with
mono- or multiple-mono-ubiquitination can be degraded by 26S proteasome
(Shabek et al., 2012). Recent works suggest that at least 4 molecules of
ubiquitin, regardless of ubiquitination topology, are required for proteasomal
degradation (Kirkpatrick et al., 2006, Lu et al., 2015a, Lu et al., 2015b). These
studies demonstrated that cyclin B with a K48-linked tetra-ubiquitin chain, two
K48-linked di-ubiquitin chains, or one K48-linked di-ubiquitin chain plus two
mono-ubiquitinations showed no major differences in proteasome recognition
and degradation kinetics. Interestingly, cyclin B with four mono-ubiquitinations
can be recognised by 26S proteasome but not degraded. Thus, the results
indicate that the number of ubiquitin subunits (at least 4 molecules) is
important 26S proteasome recognition and the ubiquitin chain (at least one K48-
linked di-ubiquitin chain) is required for degradation. Furthermore, substrate
with K11-linked and, surprisingly, Ké3-linked ubiquitination can also be
recognised and degraded by 26S proteasome in some situation (Saeki et al., 2009,
Meyer and Rape, 2014, Kim et al., 2017). The structural stability of the substrate
protein may also influence proteasomal degradation. It has been suggested that
an unstructured region (20-30 amino acids) within the substrate is required to
initiate efficient proteasomal degradation (Prakash et al., 2004, Inobe and
Matouschek, 2014).

The proteasomes also play a critical role in the immune system. Pro-
inflammatory cytokines such as IFN-y (Interferon y) induce alternative B subunits
B1i, B2i and B5i, which substitute 81, B2 and B5 respectively, and an alternative
RP called PA28 (Proteasome activator 28) that does not contain RPTs, to form an
immuno-proteasome (Brown et al., 1991, Glynne et al., 1991, Kelly et al., 1991,
Ortiz-Navarrete et al., 1991). Antigenic peptides processed by this can be
transported into the endoplasmic reticulum (ER) by the transporter associated
with antigen processing proteins (TAEs) and then bound to MHC class | molecules

(Rock et al., 2002). In addition, there is a thymus-specific proteasome, which
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substitutes B85 with an alternative B subunit B5t (which preferentially
incorporates subunits B1i and B2i). This proteasome seems to be required to
develop mature CD8-positive T-cells (cytotoxic T lymphocyte) (Murata et al.,
2007, Kincaid and Murata, 2016).

1.1.1.4 Deubiquitination

It is also important to state that ubiquitination is a reversible process, and
deubiquitinases (DUBs) remove (cleave) ubiquitin from proteins to further
regulate their stability and function (Wilkinson, 1997, Reyes-Turcu et al., 2009,
Komander et al., 2009). The human genome encodes approximately 100 DUBs
that are classified as cysteine proteases or metalloproteases, which hydrolyse
the isopeptide bonds of substrate-ubiquitin or ubiquitin-ubiquitin substrates and
display both substrate and chain linkage specificities (Reyes-Turcu et al., 2009).
DUBs have 3 main roles. One is to process ubiquitin precursors as discussed in
Section 1.1.1.1. Second, DUBs can remove poly-ubiquitin chains from substrates
and rescue proteins from degradation or reverse ubiquitin signaling (reviewed in
(Komander et al., 2009)). Free poly-ubiquitin chains can also be deubiquitinated
by DUBs into a single ubiquitin molecule so that it can be re-used (reviewed in
(Komander et al., 2009)). And third, DUBs can edit the types of ubiquitin linkage
(reviewed in (Komander et al., 2009)). For example, A DUB Ataxin-3 has been
suggested to cleave K63 linkages in K48-K63 mixed linkage ubiquitin chains to
ensure efficient proteasomal degradation (Winborn et al., 2008). Interestingly,
DUBs can often be found in complexes with E3 ligases, which may contribute to
limiting auto-ubiquitination of E3 ligase itself for degradation (de Bie et al.,
2010, Xie et al., 2013, Sheng et al., 2006, Zou et al., 2014).

1.1.2 Ubiquitin-like proteins

In addition to ubiquitin itself, there are several ubiquitin-like proteins including
NEDD8 and SUMO (Small ubiquitin-like modifier, including 4 confirmed isoforms
SUMO-1, SUMO-2, SUMO-3 and SUMO-4) (reviewed in (Hochstrasser, 2009))
(Figure 1-10). These are structurally similar to ubiquitin, and like ubiquitin, they
are attached to target proteins via an isopeptide bond catalysed by a series of
enzymes in a reversible manner. Unlike ubiquitination, only one E2 and a limited

number of E3s have been identified to be specifically involved in NEDDS8
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conjugation (NEDDylation) and SUMO conjugation (SUMOylation) to the target
protein (reviewed in (Hochstrasser, 2009)). These modifications are thought to
function mainly as a monomeric conjugation (mono-NEDDylation and mono-
SUMOylation). However, in vitro results suggest that NEDD8 and SUMO proteins
can be conjugated polymerically (Ohki et al., 2009, Yang et al., 2006b, Tatham
et al., 2001).

Ubiquitin

Figure 1-10: Structure of ubiquitin, NEDD8 and SUMO-1

Structure data is obtained from Protein Data Bank (Ubiquitin: 1UBQ (Vijay-Kumar et al.,
1987), NEDD8: 1NDD (Whitby et al., 1998) and SUMO-1: 1A5R (Bayer et al., 1998)).

Modification with a UBLs begins with the action of a specific E1 activating
enzyme complex; NEDD8 activating enzyme (NAE, a heterodimer composed of
APPBP1 (Amyloid precursor protein-binding protein 1) and UBA3 (Ubiquitin like
modifier activating enzyme 3) subunits) and SUMO activating enzyme (SAE, a
heterodimer composed of SAE1 (SUMO-activating enzyme subunit 1) and UBA2
subunits), followed by an E2 conjugating enzyme (UBE2M (Ubc12) and UBE2F for
NEDD8 or UBE2I (Ubc9) for SUMO) and then an E3 ligase (Liakopoulos et al., 1998,
Huang et al., 2009, Johnson and Blobel, 1997). Several studies have
demonstrated that NEDDylation can be catalysed by Cullin-RING E3 ligases
containing RBX1 or RBX2 (Enchev et al., 2015) and SUMOylation can be catalysed

by several proteins including RanBP1 (RAS-related nuclear protein binding
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protein 1), SIZ1 (SAP (scaffold attachment factor, acinus, protein inhibitor of
activated signal transducer and activator of transcription) and MIZ1 (Msx2-
interacting zinc finger) 1), PIAS (Protein inhibitor of activated signal transducer
and activator of transcription) family and ZNF451 (Gareau and Lima, 2010,

Cappadocia et al., 2015).

Unlike ubiquitination, NEDDylation and SUMOylation do not directly target
proteins for degradation. They are believed to be involved in modulating the
interactions, localisation and activity of the target proteins, including the
activity of some ubiquitin ligases. For example, NEDDylation of the Cullin subunit
in the Cullin-RING E3 ligase complex stimulates binding of the E2 ubiquitin
conjugating enzyme and augments its ubiquitination activity (Amir et al., 2002,
Kawakami et al., 2001, Morimoto et al., 2000, Duda et al., 2008).

In general, the structure of the E2s (Ubc12 and Ubc9) is not compatible with
interaction with E3 ubiquitin ligases; therefore, although a number of papers
suggest that E3 ubiquitin ligases including MDM2 can catalyse SUMOylation and
NEDDylation, it is unlikely that E3 ubiquitin ligases can catalyse transfer of UBLs
under normal (physiological) condition (Professor Danny Huang pers. comm.,
March 2018). Importantly, it has been reported when NEDD8 is overexpressed in
cells it can be activated by the E1 ubiquitin activating enzyme UBA1, transferred
to E2 ubiquitin conjugating enzymes and subsequently to a substrate via E3
ubiquitin ligases (Kim et al., 2011b, Hjerpe et al., 2012). For example, it has
been reported that MDM2 catalyses NEDDylation of p53 under NEDDS8

overexpressing condition (Xirodimas et al., 2004).

There are also numerous other ubiquitin-like proteins such ATG8 (Autophagy-
related protein 8), ATG12, UFM1 (Ubiquitin-fold modifier 1), ISG15 (Interferon-
stimulated gene 15), URM1 (Ubiquitin-related modifier-1), HUB1 (Homologous to
ubiquitin-1) and FAT10 (HLA-F adjacent transcript 10). However, their E2s
and/or E3s are yet to be fully identified (reviewed in (Hochstrasser, 2009)).
Notably, ATG8 and ATG12 are activated by ATG7, which is an E1 activating

enzyme that appears to regulate p53 response (discussed in Section 1.2.3.5).
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1.1.3 Ubiquitin proteasome system and cancer

Each year, approximately 14.1 million people worldwide are diagnosed with
cancer and 8.8 million die of their disease. Predictions made by WHO
International Agency for Research on Cancer (IARC) suggest that the prevalence
is expected to increase to 24 million in 2035.

Cancer is the result of the abnormal proliferation of "damaged” cells that have
the ability to invade or spread throughout the body (Hanahan and Weinberg,
2011). In addition to general errors during DNA replication, accumulation of DNA
damage by multiple stresses can cause genetic alternations of the cell. These
may inactivate tumour suppressor genes or inappropriately activate proto-
oncogenes (to become oncogenes) and contribute to tumourigenesis (Hanahan
and Weinberg, 2011). Oncogenic mutations can be inherited or occur
sporadically in somatic tissues. Large scale sequencing studies have shown that
cancers are highly heterogeneous and subject to evolution over time, driving the
emergence of increasingly malignant sub-clones or therapy resistance (reviewed
in (Dagogo-Jack and Shaw, 2018)).

Tumour suppressor genes, such as TP53 (which encodes p53), are negative
regulators of cell proliferation (discussed in Section 1.2). They can be classified
as either "caretaker genes" or "gatekeeper genes”, or both (Pearson and Van der
Luijt, 1998). Caretaker genes, such as MSH2 (DNA mismatch repair mutator S
homologue 2), indirectly suppress growth by allowing for effective repair of DNA
damage or prevention of genomic instability (Mellon et al., 1996). On the other
hand, gatekeeper genes, such as RB (Retinoblastoma susceptibility gene, which
encodes pRB) and APC (Adenomatous polyposis coli), directly suppress tumour
growth by regulating cell cycle progression and cell division (Murphree and
Benedict, 1984, Nishisho et al., 1991). p53 has both caretaker and gatekeeper
functions (discussed in Section 1.2.3 and Section 1.2.4). In general, loss-of
function mutations within these genes are recessive, and therefore, alteration of
both alleles is required for complete loss of the tumour suppressor function.
Indeed, loss of heterozygosity (LOH), when one allele is mutated and the other is
lost through a bigger deletion of the whole locus or through gene conversion, is
frequently associated with the loss of tumour suppressor function (Cavenee et
al., 1983).
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Proto-oncogenes, such as MYC (v-myc avian myelocytomatosis viral oncogene
homologue, which encodes c-MYC) or JUN (v-jun avian sarcoma virus 17
oncogene homologue, which encodes c-JUN), are positive regulators of normal
cell growth (reviewed in (Croce, 2008)). They can become oncogenes by specific
mutations that often lead to a change in their protein structure to be over-
activated or by gene amplification, which increases protein levels (reviewed in
(Croce, 2008)). In addition, chromosomal translocation can contribute to
activate proto-oncogenes by hyper-expression of the gene or by producing hybrid
proteins. For example, the Philadelphia chromosome produces an ABL1 (Abelson
murine leukaemia viral oncogene homologue 1)-BCR (breakpoint cluster region
protein) hybrid protein (known as BCR-ABL) as a result of chromosomal
translocation between chromosomes 9 (where the ABL1 gene is located) and 22
(where the BCR gene is located). This hybrid protein functions as a
constitutively-active tyrosine kinase and therefore causes uncontrollable cell
division leading to the chronic myeloid leukaemia (CML) (reviewed in (Cilloni and
Saglio, 2012)).

In addition to genetic alternations, epigenetic modifications can also alter
expression of the genes and contribute to tumour development (reviewed in
(lacobuzio-Donahue, 2009)). Gene expression can also be regulated post-
transcriptionally by microRNAs, which are endogenous small non-coding RNA
(approximately 22 nucleotide-long), and amplification and deletion and
abnormal transcriptional control of microRNA genes are frequently found in
cancers (reviewed in (Peng and Croce, 2016)). Although these altered cells are
subject to elimination by body systems including the immune system, some
cancer cells can evade elimination and form tumours, invade surrounding tissues

and metastasise.

No cancers are identical between patients, but they share some common
features, called "The hallmarks of cancer" (Hanahan and Weinberg, 2011) (Table
1-1). Although some of these are common in benign tumours, presence of all of

them is thought to be required to form malignant tumours (Lazebnik, 2010).
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Table 1-1: The hallmarks of cancer and the ubiquitin proteasome system

Capability

Examples of the involvement of ubiquitin proteasome
system

Sustaining proliferative
signalling

Degradation of Epidermal growth factor receptors (EGFRs).

Evading growth suppressors

Degradation of cyclin dependent kinase (CDK) inhibitors.

Resisting cell death

Regulation of apoptosis including degradation of pro-
apoptotic Bcl-2 family members and death receptors.
Regulation of anoikis including degradation of Caveolin-1.

Enabling replicative
immortality

Degradation of the components of telomerase.

Inducing angiogenesis

Regulation of Vascular endothelial growth factor signalling.
Degradation of hypoxia induced factors

Activating invasion and
metastasis

Regulation of endothelial mesenchymal transition (EMT)
including degradation of E-cadherin.

Regulation of hepatocyte growth factor receptor (HGFR, also
known as c-MET) signalling.

Deregulating cellular energetics | Regulation of glycolysis pathway.

Regulation of AMP kinase (AMPK) activity.

Avoiding immune destruction Regulation of NF-kB signalling.

Activity of immunoproteasome.

The malfunction of the ubiquitin proteasome system is directly involved in the
progression of many types of cancer by de-stabilising tumour suppressors such as
p53, or by stabilising onco-proteins such as c-MYC (Ciechanover and Schwartz,
2004). For example, the overexpression of the RING E3 ligase MDM2, that
degrades and represses the tumour suppressor p53, is associated with many
tumours (discussed in Section 1.5). As the ubiquitin system controls the activity
of nearly every cellular process, including cell cycle regulation, NF-kB activation
and stress adaptation in hypoxia, it can also play a profound role in the control

of tumourigenesis.

1.1.3.1 Cell cycle regulation

The cell cycle consists a series of stages including gap 1 (G4) phase, DNA
synthesis (S) phase, gap 2 (G;) phase and mitosis (M) phase. This progress is
tightly regulated by several cyclins and cyclin dependent kinases (CDKs) (Nigg,
1995). The ubiquitin-proteasome system is involved in the degradation of cyclins
and CDK regulatory proteins. APC/C-type and SCF-type E3 ligase complexes are
the key players in this process (Figure 1-11).
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One important role of the ubiquitin-proteasome system in cell cycle regulation is
to ubiquitinate cyclin B1 at the end of M phase, responding to the resolution of
the spindle assembly checkpoint which ensures mitosis is completed before the
degradation of cyclin B allows progress into G; (Sartor et al., 1992). The APC/C-
CDC20 (cell-division cycle protein 20) complex is activated by CDK1 during this
checkpoint and promotes ubiquitination of cyclin B1 (Kramer et al., 2000). It had
been reported that increased expression of the SCF-SKP2 complex is associated
with prostate and breast cancers (Mao et al., 2016, Karra et al., 2014).
Deregulation of SCF-type E3 ligases is often found in cancers. The SCF-SKP2
complex degrades CDK inhibitor proteins including p27®' and p21 (p21¢P'/%a')
(Carrano et al., 1999, Carrano and Pagano, 2001, Bornstein et al., 2003).
Aberrant degradation of CDK inhibitors lead to deregulation of cell cycle
progression, resulting in uncontrolled proliferation. Amplification or
overexpression of this complex is associated with many types of cancer including
malignant melanoma, lymphoma, prostate and breast cancers (Rose et al., 2011,
Latres et al., 2001, Yang et al., 2002, Zhang et al., 2016). On the other hand,
some SCF-type E3 ligases appear to have tumour-suppressing function. In some
cancers, cyclin E is overexpressed and SCF-FBXW7 (F-box/WD repeat-containing
protein 7) complex ubiquitinates it for proteasomal degradation (Siu et al.,
2012). Deletion or loss-of-function mutation of SCF-FBXW7 complex results in
over-activation of cyclin E and shortening of G4 phase, leading to premature S-
phase entry, and is associated with cervical and gastric cancers (Ojesina et al.,
2014, Milne et al., 2010). Interestingly, the RING-between-RING E3 ligase Parkin
is also involved in cell cycle regulation by associating with CDC20 or CDH1
(DCD20-like protein 1) and deletion or loss-of-function mutation is associated
with glioblastoma (Lee et al., 2015, Veeriah et al., 2010).
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Figure 1-11: Cell cycle regulation by E3 ubiquitin ligases

The cell cycle is tightly regulated by ubiquitin proteasome system by regulating cyclins and
CDK inhibitors level. G, = gap 1 phase, S = DNA synthesis phase, G, = gap 2 phase, M =
mitosis phase, Ub = ubiquitin, SCF = SKP1, Cullin-1, FBP containing complex, SKP2 = S-
phase kinase-associated protein 2, FBXW7 = F-box/WD repeat-containing protein 7, APC/C =
Anaphase promoting complex/cyclosome and CDC20 = Cell-division cycle protein 20.

The transcription factor E2F1 is one of the most important regulators of the cell
cycle program, which is restricted by the tumour suppressor pRB (Johnson and
Schneider-Broussard, 1998) (Figure 1-12). Hypo-phosphorylated pRB binds to
E2F1 to inhibit its transcriptional activity and the G¢-to-S promoting complexes
cyclin D-CDK4/6 partially phosphorylate pRB and dissociate it from E2F1
(Resnitzky and Reed, 1995). E2F1 then binds to the transcriptional co-factor DP1
(Dimerisation partner 1), allowing the initiation of transcription to induce
various genes including cyclin E, cyclin A, DNA polymerases and thymidine
kinases (Ohtani et al., 1995). The cyclin E-CDK2 complex then hyper-
phosphorylates and fully inactivates pRB, which contributes to the progress of
cells into S phase (Resnitzky and Reed, 1995). In S phase, E2F1 is phosphorylated
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by the S-to G; promoting cyclin A-CDK2 complex and dissociated from DP1.
Phosphorylated E2F1 is then ubiquitinated by SCF-SKP2 (Marti et al., 1999, Meng
and Ghosh, 2014). Interestingly, SKP2 is one of the target genes for E2F1 (Zhang
and Wang, 2006). In addition, pRB associates with APC/C-CDH1 and promotes
SKP2 degradation (Binne et al., 2007). It has been reported that the decreased

expression of CDH1 is found in breast cancer with SKP2 over-activation (Fujita et

al., 2008).
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Figure 1-12: Regulation of E2F1 and SKP2 in cell cycle

pRB inhibits activity of E2F1 transcriptional factor. At the G, phase, pRB is hyper-
phosphorylated by the cyclin D-CDK4/6 complexes, followed by the cyclin E-CDK complex.
This allows E2F1/DP1 complex to transactivate cell cycle promoting factors and SKP2. At
the S-phase, E2F1 is phosphorylated by cyclin A-CDK2 and DP1 is dissociated.
Phosphorylated E2F1 is then ubiquitinated by SCF-SKP2 for degradation. SKP2 is also
ubiquitinated by APC/C-CDH1 for degradation. G, = gap 1 phase, S = DNA synthesis phase,
G, = gap 2 phase, P = phosphorylation and Ub = ubiquitin. Figure is adapted from Meng and
Ghosh (2014).
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1.1.3.2 NF-kB activation

NF-kB contributes to cell survival as well as to modulate the immune response.
NF-kB is a transcription factor and there are two classes of NF-kB subunits: class
| NF-kB (NF-kB1 and NF-kB2) and class Il NF-kB (RelA, RelB and c-Rel) (reviewed
in (Hayden and Ghosh, 2004)). NF-kB1 and NF-kB2 proteins are synthesised as
large precursors, p105, and p100, which undergo selective degradation by the
ubiquitin proteasome system to generate the mature NF-kB subunits, p50 and
p52, respectively (reviewed in (Hayden and Ghosh, 2004)). NF-kB functions by
forming homo- or hetero-dimers of class | NF-kB and class Il NF-kB subunits - so
far, dimeric complexes p50/RelA (the most abundant), RelA/RelA, RelA/c-Rel,
RelA/p52, RelB/50, RelB/p52 c-Rel/c-Rel, p50/c-Rel, p52/c-Rel and p50/p50
have been described (reviewed in (Hayden and Ghosh, 2004)). NF-kB dimers are
retained in the cytoplasm through interactions with IkB (Inhibitor of NF-kB).
Upon stimulation, IkB dissociates from NF-kB dimers and NF-kB dimers enter the
nucleus and subsequently transactivate target genes (reviewed in (Hayden and
Ghosh, 2004)). This activation is tightly regulated by the ubiquitin proteasome
system and many forms of ubiquitin chains are involved (reviewed in (Chen,
2005)) (Figure 1-13). NF-kB activation is mainly regulated by cytokine receptors
including tumour necrosis factor receptors (TNFRs) and interleukin receptors (IL-
Rs). The precursors of both cytokines TNFa and IL-18 are produced by
macrophage and proteolytically activated by TNFa converting enzyme and
caspase 1 respectively (Black et al., 1997, Raupach et al., 2006). These are then
secreted in response to inflammatory stimuli. Upon IL-18 binding to the IL-Rs,
IRAK1 (Interleukin-1 receptor-associated kinase 1) is ubiquitinated (K63-linked)
by RING E3 ligase TRAF6 (TNF receptor associated factor 6) (Janssens and
Beyaert, 2003). Similarly, upon TNFa binding to the TNFRs, RIP (Receptor-
interacting serine/threonine-protein) kinases are ubiquitinated (Ké63-linked and
K11-linked) by RING ubiquitin ligase TRAF2 and clAP1/2 (Cellular inhibitor of
apoptosis 1/2) (Devin et al., 2000). These ubiquitin chains may play an
important role in activating the IKK (IkB kinase) complex composed of IKK1, IKK2
and NEMO (NF-kB essential modulator). The linear ubiquitin chain assembly
complex (LUBAC), which is an E3 ubiquitin ligase complex composed of SHARPIN
(SH3/Ankyrin domain gene-associated RH domain-interacting protein), RBCK1
(RanBP-type and C;3;H-C4-type zinc finger-containing protein 1, also known as

HOIL-1) and the catalytic component RING-between-RING E3 ligase RNF31 (also
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known as HOIP) ubiquitinates NEMO (M1-linked), which leads IKK2
phosphorylation (lwai and Tokunaga, 2009). The IKK complex then
phosphorylates IkB and it is ubiquitinated (K48-linked) by SCF-B-TRCP for
proteasomal degradation (Winston et al., 1999). This allows NF-kB to enter the

nucleus and transactivates target genes.
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Figure 1-13: The canonical NF-kB activation pathway

K63-linked (and K11-linked) ubiquitination of IRAK1 and RIP1 leads to activate IKK complex.
M1-linked ubiquitination of NEMO leads to IKK2 phosphorylation and phosphorylation of
IkB. Phosphorylated IkB is then ubiquitinated (K48-linked) for proteasomal degradation,
allowing NF-kB to enter nucleus. P = phosphorylation and Ub = ubiquitination (types of
ubiquitination chains are indicated). Figure is adapted from Chen (2005).

Over-activation of NF-kB is frequently found in many types of cancers, with a
clear contribution of the ubiquitin proteasome system. For example, increased
expression of RNF31, a component of LUBAC, is observed in prostate cancer
promoting abnormal cell proliferation, migration and invasion (Guo et al., 2015).

Furthermore, several studies demonstrated that overexpression of clAP1/2 is
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involved in initiation of prostate, pancreatic and colorectal cancers (Krajewska
et al., 2003, Esposito et al., 2007, Miura et al., 2009).

1.1.3.3 Stress adaptive regulation under hypoxia

The ubiquitin proteasome system plays fundamental role in stress adaptation.
HIF1a (Hypoxia-inducible factor 1-alpha) is a subunit of the transcriptional factor
HIF1 that plays an important role in response to systemic oxygen levels in cells.
HIF1 transactivates more than 60 genes, including VEGF (Vascular endothelial
growth factor) that is involved in angiogenesis, in order to promote oxygen
delivery to hypoxic regions (reviewed in (Lee et al., 2004)). In addition, HIF1
regulates glucose metabolism by inducing most of the enzymes and receptors
involve in the glycolytic pathway (reviewed in (Lee et al., 2004) also refer
Section 1.2.3.4). Although HIF1A gene (which encodes HIF1a) is continuously
expressed, HIF1a protein level is regulated by the tumour suppressor pVHL (von
Hippel-Lindau tumour suppressor) that functions as an ubiquitin E3 ligase (as a
part of Cullin-RING E3 ligase containing Elongin B, Elongin C, Cullin-2 and RBX1)
under normoxic conditions (Tanimoto et al., 2000). Interaction of HIF1a with
pVHL is regulated by prolyl-hydroxylation (the formation of hydroxyproline) of
HIF1a catalysed by an oxygen sensor Procollagen-proline dioxygenase in an
oxygen level dependent manner (Jewell et al., 2001). In response to hypoxia,
the interaction with pVHL is disrupted, allowing the stabilisation of HIF1a, which
hetero-dimerise with the other HIF1 subunit HIF18 and activates a
transcriptional programme that regulates angiogenesis and glucose metabolism.
This regulation is vital under hypoxic conditions, but may help tumour cells to
survive. In fact, germline mutation of VHL (which encodes pVHL) causes von
Hippel-Lindau syndrome, which is associated with tumours arising in multiple
organs particularly in kidney (73 % of cases were renal angiomatosis (Ong et al.,
2007)). In addition to VHL, SCF-FBXW7 also ubiquitinates HIF1a promoting
proteasomal degradation, involving in a tumour suppression (Cassavaugh et al.,
2011).
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1.2 p53

p53, commonly referred to as "the guardian of the genome” (Lane, 1992), is one
of the best studied tumour suppressing gene. It was first identified in 1979 as a
cellular protein binding to the SV40 (simian virus 40) large tumour antigen (T-
antigen) and was initially believed to be an "oncogene” as it was observed to be
overexpressed and accumulated in the nuclei of tumour cells (Lane and Crawford,
1979, Linzer and Levine, 1979, Dippold et al., 1981). It has also been reported
that p53 can form complexes with various proteins including the adenovirus E1B
(Early region 1B), HSP70 (70 kDa heat shock protein) and the human
papillomavirus types 16 and 18 E6 proteins (Sarnow et al., 1982, Pinhasi-Kimhi et
al., 1986, Werness et al., 1990). However, in 1988, it has been confirmed that
originally cloned mouse p53 was a tumour associated mutant version of p53
(Eliyahu et al., 1988, Finlay et al., 1988). 10 years after first discovery, p53 was
finally recognised as a tumour suppressor that could suppress adenovirus E1A and
RAS mediated transformation (Finlay et al., 1989). In addition, a series of studies
in early 1990s has been demonstrated that p53 is required to induce cell cycle
arrest or apoptosis in response to DNA damage (Kastan et al., 1991, Kastan and
Kuerbitz, 1993, Lowe et al., 1993). Since then, p53 has been shown to be the
most commonly mutated gene in cancers across a wide variety of tissues, with
estimates of TP53 alterations in up to 70 % of all cancers (Surget et al., 2013).
Li-Fraumeni Syndrome, which is a cancer predisposition syndrome, was found to
be due to germline mutations of TP53 (Li and Fraumeni, 1969, Malkin et al.,
1990, Malkin, 1993). Trp53 (which encodes mouse p53) knockout mice are viable
and appearing normal at birth but develop spontaneous neoplasms (mainly T-cell
lymphoma) as early as 10 weeks of age (Donehower et al., 1992, Jacks et al.,
1994). However, later studies revealed that Trp53 knockout mice show some
development abnormalities including neural tube-closure defects in female mice,
depending on the strain (Armstrong et al., 1995, Sah et al., 1995, Choi and
Donehower, 1999). It has been demonstrated that p53 can protect from
radiation-induced birth defects and teratogenesis in utero (Baatout et al., 2002,
Norimura et al., 1996). "Super p53" mice, carrying a p53 transgenic allele in
addition to the endogenous alleles, display an increased DNA damage response
and enhanced tumour resistance with normal ageing (Garcia-Cao et al., 2002).

Similarly, "Super Arf/p53" mice, carrying an additional copy of p19** (discussed
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in Section 1.3.4) and p53 alleles, showed delayed onset of ageing in addition to
enhanced tumour resistance (Matheu et al., 2007). On the other hand,
augmentation of wild type p53 by deleting exons 1-6 from 1 allele (Trp53*/4exons’-
%), which cannot be negatively regulated by MDM2, enhances tumour resistance
but accelerates ageing and shortens longevity (Tyner et al., 2002). In addition, it
has been reported that inappropriate activation of p53 results in developmental
disorders (Van Nostrand et al., 2014). Therefore, p53 is also referred to as a

"double edged sword".

Under normal conditions, p53 is a short-lived protein that is continuously
repressed and degraded by the action of MDM2. MDM2 can hetero-dimerise with
MDMX, which is a related protein that does not have intrinsic E3 activity
(discussed in Section 1.3.1). Although MDM2 homo-dimer can ubiquitinate p53, it
is believed that MDM2 functions as a heterodimer with MDMX in vivo (Hock and
Vousden, 2014). A wide variety of stresses, including oncogene activation,
genotoxic damage, nutrient deficiencies and telomere erosion result in the
stabilisation and activation of p53. Importantly, p53 can promote both cell death
and cell survival. Depending on the stress, active p53 then induces target genes
and microRNAs that can mediate a multitude of responses including cell cycle
arrest, DNA repair, cell growth inhibition, metabolism and ROS regulation,
senescence, ferroptosis, autophagy or apoptosis (Sullivan et al., 2012, Riley et
al., 2008, Vousden and Lane, 2007, Hermeking, 2012, Bieging et al., 2014)
(Figure 1-14).
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Figure 1-14: Functions of the tumour suppressor p53

Examples of p53 target genes are shown in boxes. Black arrows indicate the outcomes of
p53 activation upon repairable stress and red arrows indicate the outcome of p53 activation
upon non-repairable or oncogenic stimuli. Figure is adapted from Bieging et al. (2014).

In addition to its tumour suppression function, p53 has also been implicated in
the development of various disorders including obesity, diabetes, ischaemia, and
many forms of neurodegenerative diseases as it can induce cell death and

regulate redox stress (Vousden and Lane, 2007, Vousden and Ryan, 2009).

1.2.1 Structure of p53

The human gene encoding p53 (TP53) is located on the short arm of chromosome
17 (locus 17p13.1) and contains 11 exons (of which 10 encode protein). Human
p53 comprises 393 amino acid residues and functions as a transcriptional factor
by forming a homo-tetramer. At the N-terminal, there are two distinct
transactivation domains (TADI and TADII), followed by a proline rich domain (PD)
and the core DNA-binding domain (DBD). At the C-terminal, there is a bipartite
nuclear localisation signal (NLS), a nuclear export signal (NES) an oligomerisation
(tetramerisation) domain (OD), and a lysine rich regulatory domain (RD) (Figure
1-15).
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Figure 1-15: Functional domains of the p53 protein

TAD = transactivation domain, PD = proline rich domain, OD = oligomerisation domain, RD =
Regulatory domain, NLS = nuclear localisation signal and NES = nuclear export signal.
Generated from UniProt database (https://www.uniprot.org).

TADI and TAD Il are responsible for the recruitment of proteins that are required
for p53-mediated transcriptional activation, such as TAF9 (Transcription
initiation factor TFIID subunit 9, also known as TAFII-31 (TATA-binding
polypeptide associated factor)) (Lu and Levine, 1995). Although TADI is sufficient
to induce some p53 target genes, both TADI and TADII are required to respond
upon oncogenic stimuli such as acute DNA damage (Brady et al., 2011). The PD
seems to be required for apoptotic signalling but not growth arrest (Sakamuro et
al., 1997). Although the central core DNA-binding domain is required for
sequence specific DNA binding, it is also strongly influenced by DNA topology
(Kern et al., 1991, Jagelska et al., 2010, Jagelska et al., 2008). This region is
highly conserved, containing 4 of the 5 conserved boxes that have been
identified in p53 (the other, box I, is located in TADI). Numerous structural
studies have shown that the integrity of these conserved boxes are crucial for
DNA interaction (Pavletich et al., 1993, Cho et al., 1994, Kitayner et al., 2006,
Gorina and Pavletich, 1996, Derbyshire et al., 2002, Joo et al., 2002). The
oligomerisation domain is required to form a p53 homo-tetramer - the fully

functional form of p53 (Jeffrey et al., 1995).

In addition to p53 motifs, the overall structural conformation and the DNA
binding cooperativity of p53 may influence the selection of its target genes (Goh
and Lane, 2012, Schlereth et al., 2010). These are regulated by several post-
translational modifications of p53 (discussed in Section 1.2.5). Indeed, lysine

residues in the DNA-binding domain seem to be important for the induction of
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cell cycle arrest, senescence and apoptosis but not metabolic adaptation or
ferroptosis (Li et al., 2012, Bieging et al., 2014).

1.2.2 p53 dysfunction

Loss of p53 function contributes to development of many types of cancer. There
are mutations in the TP53 gene in approximately 50 % of cancers which lead to
the expression of mutant p53 or loss of p53 expression (Bullock and Fersht,
2001). Mutation rates of TP53 in somatic cancers vary depending on the primary
site of tumour (Figure 1-16) but in some cancers, such as high grade ovarian or

triple negative breast, virtually all the tumours contain p53 mutations.

i no p53 mutation
i p53 mutation
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'n=984
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Figure 1-16: TP53 mutation rates in somatic cancers at the primary site

n = number of cancers. Generated from the IARC TP53 database. Version R18, April 2016
(http://p53.iarc.fr).
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According to the IARC TP53 database (version R18, April 2016), 73.2 % of somatic
mutations in TP53 are missense mutations. There are 6 most common "hotspot”
missense point mutations of p53 in cancer; R175H, G245S, R248W/Q, R249S,
R273C/H and R282W, all of which are located within the most conserved region
of the DNA-binding domain (Figure 1-17).
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Figure 1-17: p53 mutation hotspots

The codon number of the 6 most common mutations (more than 2 % frequency) is given and
their location in the p53 DNA-binding domain shown. TAD = transactivation domain, PD =
proline rich domain, OD = oligomerisation domain, RD = Regulatory domain, NLS = nuclear
localisation signal, NES = nuclear export signal. Generated from IARC TP53 database.
Version R18, April 2016 (http://p53.iarc.fr).

R175H, G245S, R249S and R282W are classified as conformational mutants, which
alter the structure of p53. R248W/Q and R273C/H are classified as contact site
mutants, which involve a substitution of an amino acid that is critical for DNA
contact. As a result, these mutants inhibit the tumour suppressive function of
wild type p53 (loss-of-function) and/or potentiate oncogenic properties such as
increased metastatic potential through an array of mutant specific activities
including aberrant protein interactions or altered gene regulation (gain-of-
function) (Lang et al., 2004, Olive et al., 2004). Interestingly, some of these

mutants (R175H, R248W and R273H) exhibit a dominant negative effect over wild
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type p53; suggesting that a mutation in one allele of TP53 could be a trigger to
initiate cancer (Willis et al., 2004).

1.2.3 Cell survival and repair functions of p53

In response to low levels of stress or damage, cells may primarily undergo cell
cycle arrest to allow time for repair of damaged DNA prior to re-entry into the
cell cycle. Once that has happened, p53 is deactivated and cells can resume
proliferation. If the damage is too severe or the cell cannot adapt, p53 can
trigger responses that eliminate the irreparably damaged cell. Examples of the
functions of p53 upon repairable stress include cell cycle arrest, cell growth

inhibition, DNA repair, metabolism and antioxidant and induction of autophagy.

1.2.3.1 Cell cycle arrest

p53 can inhibit cell cycle progression in multiple ways by transactivating cyclin
dependent kinase inhibitors such as p21, GADD45a (Growth arrest and DNA
damage 45a) and 14-3-3c (Espinosa and Emerson, 2001) (Figure 1-18). This

allows the affected cells to resolve the stress (Agarwal et al., 1995).
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Figure 1-18: Role of p53 in cell cycle regulation

p53 transactivates target genes that inhibit activity of several cyclin-CDK complexes. G, =
gap 1 phase, S = DNA synthesis phase, G, = gap 2 phase, M = mitosis phase and CDK =
cyclin dependent kinase.

CDKN1A (cyclin-dependent kinase inhibitor 1A, which encodes p21P"/"a") was
one of the first discovered and best-studied p53 target genes. p21 directly
inhibits the activity of the G4-to-S promoting complex cyclin E-CDK2 so that cells
cannot progress to S phase, because pRB remains hypo-phosphorylated and
inhibits E2F1. Interestingly, however, p21 could promote tumourigenesis by
promoting the assembly of the cyclin D-CDK4/6 complexes without inhibiting
their kinase activity (LaBaer et al., 1997). In addition to G arrest, p21 can also
inhibit the S-to-G; promoting complex cyclin A-CDK2 and the G;-to-M promoting
complexes cyclin B-CDK1 and cyclin A-CDK1. Other p53 target gene products
GADD45a and 14-3-3c can also contribute to cell cycle arrest at the G;

checkpoint by interfering with cyclin B-CDK1 complex formation and
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sequestering cyclin B-CDK1 complex outside the nucleus, respectively (Zhan et
al., 1999, Maeda et al., 2002, Laronga et al., 2000, Chan et al., 1999).

1.2.3.2 Cell growth inhibition

Cell growth is regulated through a number of cell signalling pathways such as the
MAP (mitogen-activated protein) kinase signalling the PI3K (Phosphatidylinositol-
4,5-bisphosphate 3-kinase), AKT (Protein kinase B) and mTOR (mammalian target
of rapamycin) signalling pathways (Figure 1-19). These signalling pathways also
regulate the activity of transcriptional factors FOXO (Forkhead box O) that are
important regulators of cell death (Roy et al., 2010) (Figure 1-19). Deregulations
leading to hyper-activation of these pathways are frequently involved in tumour
development. Two mTOR complexes, mTORC1 and mTORC2, play distinct roles;
mTORC1 acts as nutrient, energy and redox sensor and promotes protein
synthesis while mTORC2 phosphorylates and activates AKT (Sabatini, 2017)
(Figure 1-19). The activity of mTORC1 is monitored by AMPK (5’ adenosine
monophosphate-activated protein kinase) and is responsible for the autophagy
regulation (Kim et al., 2011a) (Figure 1-19, also discussed in Section 1.2.3.5).
p53 regulates cell growth by inducing the expression of proteins such as PHLDA3
(Pleckstrin homology-like domain family A member 3) and Sestrins. Sestrins are
involved in lowering ROS levels to limit DNA damage and resulting genomic
instability (Budanov et al., 2004, Sablina et al., 2005). AKT can be activated by
PDPK1 (3-phosphoinositide-dependent protein kinase 1), a downstream effector
of PI3K, and promotes cell growth in numerous ways. PHLDA3 attenuates this
AKT activity and halts cell growth (Kawase et al., 2009) (Figure 1-19). Sestrins
can attenuate mTORC1 activity through AMPK activation (p53 also directly
activates expression of AMPK) and subsequently inhibit cell growth (Budanov and
Karin, 2008) (Figure 1-19). In addition, it has been reported that p53 directly
transactivates the tumour suppressor PTEN (Phosphatase and tensin homologue)
that negatively regulates AKT pathway and the FOXO transcriptional factors to
attenuate cell growth pathways (Figure 1-19).

38



Chapter 1 Introduction

naanaonmnnimn IRINIRIRIRIRINIRIBIRIRIRINIRIRINIE narnn | i | | |
uuuyuyuyl Jyuuuyuy jyuuyuuuyuy JUuuy JUyygyyl JUyyuyyl yuyuuuuuyuyuyuyl

6606066666060 66666666EEE66666660

p

» — M

/ I— PTEN = | PHLDA3 | DRAM Sestrins |
[ FOXO

mTOR
C2

Y =t

/ y
Cell growth Autophagy <— —_ AMPK )
Proliferation

Figure 1-19: Example of the regulation of cell growth and autophagy by p53

Cyan: p53 target genes. RTKs = receptor tyrosine kinases, RAS = rat sarcoma protein, PI3K
= phosphatidylinositol-4,5-bisphosphate 3-kinase, AKT = protein kinase B, mTORC =
mammalian target of rapamycin complex, FOXO = forkhead box O, AMPK = 5’ adenosine
monophosphate-activated protein kinase, PTEN = phosphatase and tensin homologue,
PHLDA3 = pleckstrin homology-like domain family A member 3 and DRAM = damage-
regulated autophagy modulator.

1.2.3.3 DNA repair

The p53 target gene products p53R2 (also known as RRM2B, Ribonucleoside-
diphosphate reductase subunit M2 B) and XPC (Xeroderma pigmentosum group C)
are induced after DNA damage to promote DNA repair and maintain genomic
stability. p53R2 encodes a subunit of ribonucleotide reductase and XPC encodes
a component of the nucleotide excision repair (NER). In addition, p53 can
activates PARP1 (Poly [ADP-ribose] polymerase 1), which detects and promotes
the repair of single-strand DNA breaks, in response to ROS-induced DNA damage.
GADD45a is also involved in DNA repair by acting as an adaptor between
chromatin and repair factors (Niehrs and Schafer, 2012).
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1.2.3.4 Metabolism and antioxidant

Nutritional stresses trigger p53 activation through activation of AMPK, MDH1
(malate dehydrogenase 1) and ribosomal proteins, for example. As a result, p53
plays a critical role in regulating energy metabolism to conserve energy by
lowering rates of glycolysis and supporting mitochondrial respiration (reviewed
in (Kruiswijk et al., 2015)) (Figure 1-20).

p53 suppresses transcription of SLC2A1 (Solute carrier family 2 member 1, also
known as GLUT1, glucose transporter type 1) to downregulate cellular glucose
uptake (Zhang et al., 2013). In addition, p53 indirectly suppresses another
glucose transporter SLC2A3 (also known as GLUT3) by attenuating NF-kB
(Kawauchi et al., 2008) (Figure 1-20).

p53 induces the expression of TIGAR (TP53-inducible glycolysis and apoptosis
regulator), an enzyme involved in reducing fructose-2,6-bisphosphate levels so
limiting glycolysis and rechanneling glucose derived carbons into the oxidative
pentose phosphate pathway (oxPPP) (Bensaad et al., 2006) (Figure 1-20). The
oxPPP is a major source of nicotinamide adenine dinucleotide phosphate
(NADPH) that contributes to the limitation of cellular reactive oxygen species
(ROS) by recycling reduced glutathione (GSH). In addition, p53 can directly
inhibit expression of another enzyme called PGM (phosphoglycerate mutase) to
limit glycolysis (Kondoh et al., 2005) (Figure 1-20). Furthermore, p53 indirectly
downregulates enzymes involving in glycolysis through induction of a number of
microRNAs such as miR-34a that represses the hexokinase1, the hexokinase 2 and
the glucose-6-phosphate isomerase (Kim et al., 2013). Therefore, activation of
p53 results in lowering both glucose flux to pyruvate (as a result of limiting
glycolysis) and ROS.

Acetyl-coenzyme A (Acetyl CoA), which is generated from pyruvate by PDH
(Pyruvate dehydrogenase), can enter the tricarboxylic acid (TCA) cycle and
promote mitochondrial respiration. p53 indirectly promotes Acetyl CoA
production by inhibiting expression of PDK2 (PDH kinase 2) which negatively
regulates PDH (Contractor and Harris, 2012) (Figure 1-20). In addition, p53 can

induce Parkin, which augments the expression of an important PDH subunit
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PDHA1 (Pyruvate Dehydrogenase E1 Alpha 1 Subunit) and promotes the formation
of PDH (Zhang et al., 2011) (Figure 1-20).

Furthermore, p53 promotes catabolic reactions such as fatty acid oxidation
(FAO) while blocking anabolic reactions such as fatty acid synthesis. p53
transactivates CPT1C (Carnitine palmitoyltransferase 1C), an important
transporter of fatty acids into mitochondria upon nutrient deprivation (Sanchez-
Macedo et al., 2013) (Figure 1-20). Enzymes involving FAO including MCD
(Malonyl-CoA decarboxylase), LPIN1 (Lipin 1) and PANK1 (Pantothenate kinase 1)
are also transactivated by p53 upon nutrient deprivation (Liu et al., 2014, Assaily
et al., 2011, Wang et al., 2013) (Figure 1-20). Elevated FAO results in increased
oxidative phosphorylation, which sustains ATP levels and promotes cell survival

during nutrient deprivation (Sanchez-Macedo et al., 2013).

Overall, in response to nutrient stress, p53 helps conserve energy while
mobilising alternative fuel sources in addition to promoting autophagy (discussed
in Section 1.2.3.5).
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Figure 1-20: Examples of the involvement of p53 in glycolysis and metabolism

Blue: proteins that are downregulated by p53. Red: proteins that are upregulated by p53.
NF-kB = nuclear factor-kB, HK = hexokinases, G6PDH = glucose-6-phosphate (G-6-P)
dehydrogenase, PFK1 = phosphofructokinase 1, TIGAR = TP53-inducible glycolysis and
apoptosis regulator, PGM = phosphoglycerate mutase, PDH = pyruvate dehydrogenase,
PDHK2 = PDH kinase 2, CPT1C = carnitine palmitoyltransferase 1C, MCD = malonyl-
coenzyme A decarboxylase, LPIN1 = lipin1, PANK1 = pantothenate kinase 1, oxPPP =
oxidative pentose phosphate pathway and FAO = fatty acid oxidation. Figure is adapted

from Kruiswijk et al. (2015).
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1.2.3.5 Autophagy

Autophagy is a regulated cellular process that involves degradation of
cytoplasmic components (reviewed in (Parzych and Klionsky, 2014)). Autophagy
contributes to the recycling of cellular components through a formation of
double-layer structure called autophagosome followed by lysosomal degradation
to provide cells with nutrients such as essential amino acid, nucleotides and
fatty acids. Autophagy also functions as a quality control mechanism, allowing
for the removal of damaged organelles such as mitochondria (through a specific
form of autophagy called mitophagy) (reviewed in (Parzych and Klionsky, 2014)).
Autophagy is negatively regulated by mTOR (Jung et al., 2010) (Figure 1-19).
DRAM (Damage-regulated autophagy modulator), which is transactivated by p53
and promotes autophagy, can replenish nutrients to the cells, which may
contribute to cell survival (Amaravadi et al., 2007) (Figure 1-19). On the other
hand, it has also been reported that DRAM-induced autophagy promotes Type Il
programmed cell death (Crighton et al., 2006). Another autophagy protein ATG7,
which is an E1 ubiquitin-like modifier-activating enzyme, appears to regulate
p53 response. In the presence of ATG7, it binds to p53 and induces p21 to induce
cell cycle arrest, whereas p53 induces apoptosis in the absence of ATG7 (Lee et
al., 2012b).

However, autophagy can help cancer cells to survive. For example, tumours with
activated RAS require autophagy for tumour progression (Yang and Klionsky,
2010). In fact, antioxidant function of p53 attenuates autophagy (Bensaad et al.,
2009). Furthermore, cytoplasmic p53 inhibits autophagy; knockout, knockdown
and pharmacological inhibition of p53 enhances autophagy, which could result in
promoting survival of p53-deficient cancer cells, and inhibition of p53
degradation (by inhibiting its E3 ligases including MDM2) prevents autophagy and

inhibits cancer cell survival (Tasdemir et al., 2008).

1.2.3.6 Other functions

p53 may be involved in numerous other functions including the regulation of
tumour microenvironment signalling (reviewed in (Bieging et al., 2014)). Notably,
p53 can attenuate angiogenesis by promoting degradation of HIF1a indirectly

(Ravi et al., 2000). p53 can also activate secretion of growth inhibitors and
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exosomes (Komarova et al., 1998, Yu et al., 2006). Furthermore, p53
transactivates several microRNAs that regulate gene expression of several
targets in order to attenuate tumour development. For example, miR-34a is one
of the many p53 target genes and attenuates gene expression of several
oncogenes post-transcriptionally including c-MYC, HGFR (c-MET) and BCL-2 (Zhao
et al., 2013, Zhang et al., 2014a, Yang et al., 2014).

Based on the meta-analysis data aimed at identifying p53 target genes many p53
target genes are identified only in a small number of studies and have a higher
likelihood of being false positives, although well-known p53 target genes were
identified in majority of datasets, only CDKN1A and RRM2B were identified in all
16 data sets (Fischer, 2017). This implies that primary function of p53 is to
arrest cell cycle and repair DNA. Notably, FBXW7 is also p53 target gene and
supports the tumour suppressing effects of p53 (Mao et al., 2004, Fischer, 2017).

1.2.4 Cell elimination functions of p53

If the stress persists or the damage is too severe, p53 can help to eliminate cells
from the proliferative compartment.

One of the best-understood mechanisms of cell elimination by p53 is apoptosis
(Type | programmed cell death) (Nakano and Vousden, 2001, Oda et al., 2000).
p53 promotes both intrinsic and extrinsic apoptosis pathway by inducing proteins
such as PUMA (p53 upregulated modulator of apoptosis), NOXA (also known as
PMAIP1, Phorbol-12-myristate-13-acetate-induced protein 1), BAX (BCL-2-
associated X protein), BAK (BCL-2 homologous antagonist killer), PIG3 (p53-
inducible gene 3) and FAS (First apoptosis signal receptor, also known as CD95)
(Figure 1-21).
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Figure 1-21: Role of p53 in apoptosis

p53 transactivates target genes to promote both intrinsic and extrinsic apoptosis pathways.
ROS = reactive oxygen species.

PUMA, NOXA, BAX and BAK belong to pro-apoptotic BCL-2 (B-cell lymphoma 2)
family and are transactivated by p53 upon non-repairable or oncogenic stimuli.
PUMA and NOXA bind to and inhibit the anti-apoptotic BCL-2 family proteins that
prevent BAX- and BAK-promoted apoptotic activity (Yu et al., 2001, Oda et al.,
2000). BAX, BAK and also PUMA localise to and open the outer membrane of
mitochondria in order to release cytochrome c¢ and initiate the caspase-9
dependent intrinsic apoptosis cascade (Chipuk et al., 2004). PIG3 is also induced
by p53 and increases intracellular ROS, and subsequent initiation of intrinsic
apoptosis cascade. Interestingly, p53 has transcriptionally independent apoptotic
functions; cytoplasmic p53 is sequestered by anti-apoptotic BCL-2 family
proteins such as BCL-XL, and after genotoxic stress, PUMA (transcribed by
nuclear p53) displaces p53 from them to allow p53 to induce mitochondrial
permeabilisation and intrinsic apoptosis cascade (Chipuk et al., 2005). In
addition, it has also reported that p53 is accumulated in the mitochondrial
matrix upon oxidative stress and interact with cyclophilin D that regulates
mitochondrial permeability transition pore (PTP) opening to induce cell death
(Vaseva et al., 2012).
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p53 potentiates the expression of several trans-membrane death receptors
including FAS (Munsch et al., 2000).

dependent extrinsic apoptosis pathway is initiated.

Following ligand binding, caspase-8

In addition to apoptosis and autophagy-induced cell death, p53 has been
implicated in mediating other forms of cell death including anoikis, necroptosis,
paraptosis, pyroptosis and ferroptosis (Ravid et al., 2005, Tu et al., 2009,

Ohlsson et al., 1998, Gupta et al., 2001, Jiang et al., 2015a) (Table 1-2).

Table 1-2: Examples of p53-mediated cell death

Mode of cell death

Definition

Role of p53

Anoikis

Cell death induced when cells detach
from the surrounding extracellular
matrix (ECM)

p53-dependent cell death

Necroptosis

Programmed necrotic cell death

p53 transactivates the lysosomal
protease cathepsin Q

Paraptosis Programmed cell death induced by IGF- | p53 isoform (A40p53 (p44) that
IR lacks N-terminal region)
(swelling of mitochondria or upregulates IGF-IR (insulin-like
endoplasmic reticulum (ER) and growth factor 1 receptor)
cytoplasmic vacuolisation)

Pyroptosis Inflammatory form of regulated cell p53 transactivates caspase-1

death

Ferroptosis

Iron-dependent regulated cell death

p53 represses transcription of

the cysteine/ glutamate
transporter SLC7A11

p53 may also promote irreversible cell cycle arrest or senescence by inducing
PAI-1 (Plasminogen activator inhibitor 1) (Kortlever et al., 2006). In addition,
prolonged p21-mediated cell cycle arrest leads to senescence by up-regulating
another CDK inhibitor p16™**® (encoded by CDKN2A4) (Stein et al., 1999).
Activation of senescence, however, can trigger the release of the senescence-
associated secretory phenotypes (SASP) that may promote cancer and other age-
related diseases (Coppe et al., 2008).

Interestingly, p53 retains tumour suppressing functions even in the absence of
p21, PUMA and NOXA (Jiang et al., 2011a, Valente et al., 2013). Although cells
from deficient mice (Trp53*'*, Cdkn1a’", Puma’™ and Noxa’") were completely
deficient in p53-dependent apoptosis, these mice did not develop spontaneous

tumour in contrast to Trp53 knockout mice (Valente et al., 2013).
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1.2.5 Transcription and post translational regulation of p53

p53 can be a potent inhibitor of cell viability and p53 function must be kept
tightly controlled to allow cell and organismal survival. The activity and stability
of p53 is regulated through a variety of transcriptional and post-translational
events including phosphorylation, acetylation, methylation, NEDDylation,
SUMOylation and ubiquitination (reviewed in (Gu and Zhu, 2012)). In addition,
p53 expression can also be negatively regulated by several microRNAs such as
miR-125b and miR-504 (Le et al., 2009, Hu et al., 2010).

1.2.5.1 Transcription regulation

Although p53 is constitutively expressed, transcription of p53 is influenced by
several transcriptional factors and co-transcriptional factors. Transcriptional
factors, such as c-MYC/MAX (MYC-associated factor X) heterodimer and C/EBPB
(CCAAT-enhancer-binding proteins), bind to the TP53 promoter and regulate its
transcription (Roy et al., 1994, Reisman et al., 2012). Co-transcriptional factors
either enhance (such as E1A) or repress (such as PAX (paired box) gene family)
transcription of p53 (Stuart et al., 1995). In addition, translation of p53 is also
regulated, by such as ribosomal protein RPL26 and nucleolin (Takagi et al., 2005).
CHD8 (Chromodomain helicase DNA-binding 8) appears to be negatively
regulating p53 transcriptional activity through histone H1 recruitment
(Nishiyama et al., 2009).

1.2.5.2 Ubiquitination

p53 levels are predominantly regulated through its rapid turnover via the
proteasome (Lopes et al., 1997). Therefore, the ubiquitination of p53 is a
critical in keeping p53 in check under normal conditions. Target residues for
ubiquitination are shown in Figure 1-22. While several proteins are involved in
controlling p53 localisation and activity, many studies have highlighted the
importance of MDM2 as a core component of p53 regulation (discussed in Section
1.3). It has also been suggested that other E3 ligases, such as PIRH2 (p53-
induced RING-H2 domain protein), COP1 (Constitutively photomorphogenic 1),
TRIM24 (Tripartite motif-containing 24), MKRN1, ARF-BP1 (also known as HUWET1,
HECT, UBA and WWE domain containing 1 or MULE, MCL-1 ubiquitin ligase E3),

E4F1 (E4F transcription factor 1) and MSL2 (Male specific lethal 2) are also
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involved in p53 ubiquitination. Details of these mechanisms of regulation will be
discussed in Section 1.4. Stabilisation of p53 is achieved by inactivating these E3
ligases in response to various stimuli including hypoxia, nutrient depletion,
telomere erosion, oncogene activation and ribosomal stress. A number of E4
ubiquitin elongation factors are also suggested to contribute to the poly-
ubiquitination of p53, including CBP (CREB-Binding protein)-p300, UBE4B and
Gankyrin (Shi et al., 2009, Wu et al., 2011, Higashitsuji et al., 2005).

In addition to poly-ubiquitination of p53, mono-ubiquitination of p53 may be
involved in mediating its nuclear export and translocation to the mitochondria
upon stress, resulting in the induction of apoptosis by interacting with BCL2
family members in mitochondria (Marchenko et al., 2000, Marchenko et al., 2007,
Carter et al., 2007).

There are numbers of DUBs involve in the deubiquitination of p53, resulting in
further levels of regulation of p53 stability. These include HAUSP (Herpesvirus-
associated ubiquitin-specific protease, also known as USP7, Ubiquitin-specific-
processing protease 7), USP10, USP29 and USP42 (Cummins et al., 2004, Yuan et
al., 2010, Liu et al., 2011, Hock et al., 2011).

1.2.5.3 NEDDylation

It has been reported that SCF-FBXO11 is involved in the NEDDylation of p53,
resulting in attenuation of p53 activity without affecting its stability (Abida et
al., 2007). Target residues for NEDDylation are shown in Figure 1-22. Although a
number of papers have suggested that MDM2 is involved in NEDDylation of p53,
structurally, the NEDD8 E2 enzyme (Ubc12) is not compatible with MDM2 RING
domain. Therefore, under normal condition, it is unlikely that MDM2 catalyses
NEDDylation of p53. However, there is a possibility that MDM2 may be able to
conjugate NEDD8 to p53 if NEDDS8 is activated by E1 ubiquitin activating enzyme

under NEDD8 overexpressing condition as reported (Xirodimas et al., 2004).

1.2.5.4 SUMOylation

SUMOylation can modify p53 function (Figure 1-22). Some studies have reported
that SUMOylation regulates relocation of p53 from nucleus to the cytoplasm,

resulting in attenuation of its transcriptional activity (Pichler and Melchior,
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2002). On the other hand, other studies have suggested that SUMOylation of p53
enhances its transcriptional activity (Melchior and Hengst, 2002). SUMOylation of
p53 could be regulated by SUMO E3 ligases including TOPORS (DNA
topoisomerase 1 binding arginine/serine rich protein) and PIAS family members
(Weger et al., 2005, Schmidt and Muller, 2002). It is also suggested that MDM2
can catalyse p53 SUMOylation, but again, SUMO E2 enzyme (Ubc9) is not
structurally compatible with MDM2 RING domain.

K370
K101 K372
K120 K373
K132 K319 K381
K139 K320 K351 K382
K164 K321 K357 K386
p53
Ub Ub Ub Ub
‘ ~
NH,-| | TADI TADII PD DNA-binding domain oD —COOH
N N S
K320 K370 K386
K321 K372
K373

Figure 1-22: Post-translational modifications by ubiquitin-like proteins

TAD = transactivation domain, PD = proline rich domain, OD = oligomerisation domain, RD =
Regulatory domain, NLS = nuclear localisation signal, NES = nuclear export signal, Ub =
ubiquitination, N = NEDDylation and S = SUMOylation. Target residues are indicated. Bold:
Both ubiquitination and NEDDylation (or SUMOylation) target.

1.2.5.5 Phosphorylation

Phosphorylation of p53 is mediated by various protein kinases at multiple
phosphorylation sites (Figure 1-23). ATM (ataxia-telangiectasia mutated), a
serine/threonine kinase, directly phosphorylates serine 15 (515) and S46 of p53
upon DNA damage (Canman et al., 1998, Saito et al., 2002). In addition, ATM can
indirectly promote phosphorylation of p53 through CHK2 (Checkpoint kinase 2),
which phosphorylates S20 of p53 (Hirao et al., 2000, Matsuoka et al., 2000).
Patients with inactive CHK2 mutants show Li-Fraumeni like syndromes
(Vahteristo et al., 2001, Lee et al., 2001). Other kinases that target p53 include
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ATR (Ataxia telangiectasia and Rad3 related) and DNA-PK (DNA-dependent
protein kinase), which phosphorylate $15 and S37, and casein kinases (CK19,
CK1¢g), which phosphorylates S6 and S9 and threonine 18 (T18) (Tibbetts et al.,
1999, Shieh et al., 1997, Knippschild et al., 1997). In addition, AMPK is involved
in $S15 phosphorylation (Jones et al., 2005), although this may not be direct.
Phosphorylation of the N-terminal of p53 is believed to be involved in MDM2-p53
dissociation, allowing p53 stabilisation and activation. Interestingly, some of
these kinases also phosphorylate MDM2, which may also modulate p53

stabilisation and activation (discussed in Section 1.3.3.2).

1.2.5.6 Acetylation

Acetylation is also a powerful mechanism for activating p53 function by
enhancing its DNA binding and transcriptional activity. This can also occurs as a
result of cellular stress. Multiple sites in p53 including in the DBD and C-terminal
can be acetylated (Figure 1-23). This is regulated by several acetyltransferases
such as, PCAF (P300/CBP-associated factor), KAT5 (lysine acetyltransferase 5)
and hMOF (human males absent on the first) (Sykes et al., 2006, Allis et al.,
2007). In addition, CBP-p300 is also known to promote acetylation of p53 (lto et
al., 2001). As acetylation occurs on the lysine residues (Figure 1-23), acetylation
can prevent ubiquitination and vice versa, depending on the stress. As well as
promoting p53 stabilisation by preventing ubiquitination, the acetylation can
inhibit the formation of MDM2/MDMX complexes on target gene promoters and
recruit co-factors for the promoter specific activation of p53 transcriptional
activity (Barlev et al., 2001).

1.2.5.7 Methylation

Methylation of p53 is regulated by methyltransferases SMYD2 (SET and MYND
domain containing 2), SET7/9, SET8, G9A/GLP and PRIMT5 (Protein arginine N-
methyltransferase 5) (reviewed in (West and Gozani, 2011)). Interestingly,
mono-methylation of p53 at K370 and K382 represses p53 transcriptional activity,
while di-methylation of these sites can activate p53 (Huang et al., 2006, Shi et
al., 2007, Huang et al., 2007).
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Figure 1-23: Phosphorylation, acetylation and methylation of p53

TAD = transactivation domain, PD = proline rich domain, OD = oligomerisation domain, RD =
Regulatory domain, NLS = nuclear localisation signal, NES = nuclear export signal, P =
phosphorylation, Ac = acetylation and Me = methylation. Target residues are indicated.
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1.3 MDM2 and MDMX

1.3.1 Structure of MDM2 and MDMX

MDM2 was first discovered on the "double minutes” which are products of gene
amplification (small fragments of extrachromosomal DNA) found in mouse cell
line 3T3DM, with other co-amplified proteins MDM1 and MDM3 (Fakharzadeh et
al., 1991). Therefore, human MDM proteins are also referred as HDM (Human
double minutes) proteins. Functions of MDM1 and MDM3 are yet to be elucidated,
although it has been suggested that MDM1 binds to microtubules and could
contributes to cell cycle regulation by regulating centrosome duplication (Van de
Mark et al., 2015). On the other hand, MDM2 is one of the best studied proteins

as is a main negative regulator of p53.

The human MDM2 gene is located on the long arm of chromosome 12 (locus
12q15) and contains 12 exons (of which the first 2 are untranslated regions (5’
UTR)). The full-length human MDM2 protein has 491 amino acids and consists of
several conserved functional domains, including the N-terminal p53-binding
domain, a nuclear export signal (NES), nuclear localisation signal (NLS), the
central acidic domain, RanBP2 (RAS-related nuclear protein binding protein 2)-
type zinc finger domain, nucleolar localisation domain (NoLS) and the C-terminal
RING domain (Figure 1-24).

MDMX (also known as MDM4) is a close homologue to MDM2 (90 % homologous)
that can bind and inhibit p53 transcriptional activity (Shvarts et al., 1996, Parant
et al., 2001b, Migliorini et al., 2002a). The human MDMX gene is located on the
long arm of chromosome 1 (locus 1g32) and contains 11 exons and an additional
exon 1B (exon 1 is a 5’ UTR). Human MDMX comprises 490 amino acid residues
and contains same domains as MDM2, except it lacks NLS, NES and NoLS (Figure
1-24). Interestingly, although MDMX contains RING domain, it is catalytically

inactive.
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Figure 1-24: Functional domains of MDM2 and MDMX

p53 BD = p53-binding domain, RanBP2 = RAS-related nuclear protein binding protein 2-type
zinc finger domain, NLS = nuclear localisation signal, NES = nuclear export signal and NoLS
= nucleolar localisation signal. Generated from UniProt database (https://www.uniprot.org).

1.3.1.1 N-terminal p53-binding domain

The p53-binding domain of MDM2 forms a hydrophobic cleft into which the p53
N-terminal a-helix (phenylalanine 19 (F19), tryptophan 23 (W23) and leucine 26
(L26)) binds (Kussie et al., 1996). Mutation within this region, for example in
residues glycine 58 (G58), glutamine 68 (Q68), valine 75 (V75) or cysteine 77
(C77) of MDM2, result in the loss of p53 binding (Freedman et al., 1997). MDM2
contains NLS and NES, which are not found in MDMX. MDM2 is primary localised
in the nucleus while MDMX is primary localised in cytoplasm. The NLS and NES
allow MDM2 to shuttle between cytoplasm (where it binds to MDMX and can
relocate MDMX to the nucleus) and nucleus (where it binds to p53) (Roth et al.,
1998, Freedman and Levine, 1998).

1.3.1.2 The central domain

The central part of both MDM2 and MDMX includes aspartic acid- and glutamic
acid- rich region, often referred as the acidic domain, and RanBP2-type zinc
finger domain. Although the acidic domain seems to have some critical role for

MDM2/MDMX activity towards p53, the details of this are not yet fully understood
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(Argentini et al., 2001). Some studies have suggested that this region serves as
an additional binding site for p53 to regulate its transcriptional activity, and
others have suggested that it regulates p53 ubiquitination (Wallace et al., 2006,
Ma et al., 2006, Argentini et al., 2001). The RanBP2-type zinc finger domain
seems to have a role in mediating interaction of MDM2 with ribosomal proteins
(Lindstrom et al., 2007). The RanBP2-type zinc finger domain of MDMX interacts
with CK1a, which phosphorylates MDMX at $289 to enhance its ability to inhibit
p53 activity (Chen et al., 2005b).

1.3.1.3 C-terminal RING domain

The RING domains of MDM2 and MDMX are classified as C;H;-C4 type (first zinc is
co-ordinated by 2 cysteines and 2 histidines and second zinc is co-ordinated by 4
cysteines), which is a slightly unusual form, as many other RING domains are co-
ordinated by C4-C4 or CsH-C4 motifs (Tan et al., 2017). The RING domain of MDM2
has intrinsic ubiquitin E3 ligase activity, which is lacking in the MDMX RING

domain.

The MDM2 RING domain interacts with the E2-ubiquitin complex and transfers
ubiquitin to its target proteins, which include p53, MDMX and MDM2 itself (Fuchs
et al., 1998, Pan and Chen, 2003, Fang et al., 2000). The MDM2 RING domain
interacts with another MDM2- or MDMX- RING domain in order to form homo- and
hetero- dimer, respectively. This dimerisation is critical for its E3 ligase activity
and its ability to attenuate p53 transcriptional activity (discussed in Section
1.3.2). The MDMX RING domain cannot form homo-dimer and only functions as an
E3 when dimerising with MDM2. The MDM2 RING domain (but not the MDMX RING
domain) also contains a nucleolar localisation signal (NoLS), which may be

required for its (and p14“%") re-localisation to nucleolus (Lohrum et al., 2000b).

1.3.2 Functions of MDM2 and MDMX

MDM2 and MDMX are the major negative regulators of p53. Mouse models have
shown that MDM2 has a fundamental role in keeping p53 in check: deletion of
Mdm2 in mice result in early embryonic lethality due to uncontrolled p53
activation (Montes de Oca Luna et al., 1995, Jones et al., 1995) (Figure 1-25,
Table 1-3). Similarly, loss of Mdm2 in adult mice results in 100 % lethality; they
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became moribund within a few days after induction (Zhang et al., 2014b).
Haploinsufficiency of Mdm2 (Mdm2"") seems to be sufficient to control p53
under normal condition and is viable (Montes de Oca Luna et al., 1995) (Figure 1-
25). Although Mdm2'~ mice live normal life spans and have no Vvisible
phenotypes, they are radiosensitive and show delayed tumour formation (Terzian
et al., 2007). Mice with a hypomorphic allele of Mdm2 (Mdm2™PomerPhic’-) " which
expresses approximately 30 % of wild type MDM2 protein, were viable but very
small, lymphopenic and radiosensitive due to uncontrolled p53 (Mendrysa et al.,
2003) (Figure 1-25).

MDM2 p53
400%
Tumour prone

200%
100% (+/+) Normal

|

||
50% (+/-) ‘\ J Appear normal, Radiosensitive

| |

||
30% H Small, Lymphopenic, Radiosensitive

I
0% (/) | Embryonic Lethal

Figure 1-25: Levels of wild type MDM2 protein and mice phenotypes

Approximate MDM2 protein expression levels (%) are indicated. Figure is adapted from Wu
and Prives (2018).

Similar to Mdm2, loss of Mdmx expression in mice results in p53-mediated early
embryonic lethality (Parant et al., 2001a, Finch et al., 2002, Migliorini et al.,
2002b). In both cases, the embryonic lethality can be rescued by deletion of
Trp53 (Table 1-3).
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1.3.2.1 The p53-dependent functions

In healthy viable cells, MDM2 is primary localised in the nucleus where it binds
and inhibits p53 activation. It has been reported that AKT promotes nuclear
localisation of MDM2 (Mayo and Donner, 2001). On the other hand, MDMX is
primarily localised in the cytoplasm, but is shuttled to nucleus by binding to
MDM2 to promote the nuclear accumulation of MDMX (Stad et al., 2001, Li et al.,
2002, Migliorini et al., 2002a), although MDM2-independent nuclear localisation
of MDMX is also seen in response to DNA damage (Li et al., 2002, LeBron et al.,
2006). MDM2 and MDMX interact with p53 through their N-terminal p53-binding
domains in the nucleus and directly inhibit the ability of p53 to function as a
transcription factor, by altering the interaction with other components of the
transcriptional machinery (Shi and Gu, 2012, Momand et al., 1992, Oliner et al.,
1993). This was the first functional role of MDM2 reported against p53, and is
independent of the ubiquitin E3 ligase activity. The RING domain at the C-
terminal of MDM2 functions to bind the E2 ubiquitin-conjugating enzyme
including UbcH5B and UbcH5C, and facilitate ubiquitination of p53 and targeting
it to the proteasome via K48 interlinked poly-ubiquitination (Moll and Petrenko,
2003, Saville et al., 2004). MDM2 ubiquitinates the C-terminal of p53 at any of
the 6 lysines (K370, K372, K373, K381, K382, and K386) and mutation of these
lysines decrease p53 ubiquitination (Gu and Zhu, 2012). However, MDM2 can also
ubiquitinates other regions of p53, including the DNA-binding domain, in certain
conditions. Mutation of MDM2 C464 residue (which is involved Zn** co-ordination
of the RING domain) to alanine (C464A) results in the loss of E3 ligase activity
and the enhanced p53 stability (Honda et al., 1997, Geyer et al., 2000).

Corresponding mutation in mice (Mdm2“%*)

results in the early embryonic
lethality similar to that seen in complete Mdm2 knockout (Itahana et al., 2007)
(Table 1-3). This mutant cannot dimerise due to destruction of RING domain and
has also lost ability to limit the p53 transcriptional activity (Itahana et al.,
2007). Other domains of MDM2, such as central acidic domain and C-terminal
tail, are also important for the ubiquitination of p53 (Argentini et al., 2001,
Kawai et al., 2003b, Meulmeester et al., 2003, Uldrijan et al., 2007).
Furthermore, it has been reported that MDM2 shuttles p53 to the 26S
proteasome and acts as a bridging molecule between p53 and 26S proteasome as
MDM2 can directly interact with several components of the 26S proteasome and

enhances association of p53 (Kulikov et al., 2010). Low levels of MDM2 appear to
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promote mono-ubiquitination of p53, which is sufficient to prevent its
transcriptional activity and mediate its nuclear export, although this may

contribute to the activation of cytoplasmic activities of p53 (Li et al., 2003).

Although MDMX has a putative RING domain that is important for the interaction
with MDM2, it cannot homo-dimerise and possesses no intrinsic E3 activity in
cells (Jackson and Berberich, 2000, Stad et al., 2001). In cell free systems,
however, MDMX has been shown to homo-dimerise at a high (micro-molar)
concentration. A recent study has suggested that a single gain-of-function
mutation from asparagine 448 to alanine in the MDMX protein (MDMX N448C)
allows for homo-dimerisation, which is sufficient to re-activate its E3 activity
(lyappan et al., 2010). The ability of MDMX to interact with MDM2 through the
RING domains has been described to both inhibit or enhance MDM2 E3 ligase
activity, depending on MDMX abundance (Linares et al., 2003, Jackson and
Berberich, 2000, Stad et al., 2000). However, it now seems clear that MDMX is
an important binding partner of MDM2, contributing to the E3 ligase activity of
the hetero-dimeric complex. For example, an important function of the C-
terminal tail of MDM2 could be contributed by the corresponding region of MDMX
(Uldrijan et al., 2007, Poyurovsky et al., 2007). Similar to Mdm2““* mice,
deletion or destruction of MDMX RING domain in mice (Mdmx*®™® and Mdmx“**,
respectively) results in a p53-dependent embryonic lethal phenotype (Huang et
al., 2011b, Pant et al., 2011) (Table 1-3). Mdm2 C-terminal tail mutant mice
retain the ability to control p53 activity, despite accumulation of p53 (Tollini et
al., 2014). Unlike Mdm2“* mice, these mice are viable and can respond
oncogenic stimuli quickly. These results suggest that hetero-dimerisation is
crucial to regulate p53 transcriptional activity, especially during embryonic
development (Table 1-3). In addition, although Mdm2'’~ or Mdmx*’~ mice are
viable, double-haploinsufficiency mice are in general not viable - occasionally
born but die within 20 days of birth (Grier et al., 2006, Terzian et al., 2007).
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Table 1-3: Examples of global knockout/knock-in mouse models

Genotype Model Fate With
Trp53"
Trp53" MDM2 Develop normally N/A
TR e Early tumour development
pS\SEindirgdorrén RING
MDMX
Mdm2" 5 Embryonic lethal Viable
\ (E4.5~E7.5)
p53Binaing doman HLIE Increased apoptosis
MDMX
Mdmx"” MDM2 Embryonic lethal Viable
p53 Binding domain RING (E7.5~E8'5)
Decreased cellular
(8 proliferation
Mdm2%% | mom2 Embryonic lethal (~E8.5) Viable
pSEindkgdonay e Decreased cellular
proliferation
p53
ps\zsmmngdom/an RING
MDMX
Mdm2 MDM2 Viable N/A
C-terminal 53 Binding doman ring ¢ | Rapid induction of p53
mutant N CING target genes upon
R oncogenic stimulation
MDMX
Mdmx“*%#A | mom2 Embryonic lethal (~E9.5) Viable
e slecionst RING Decreased cellular
proliferation
pS3 Increased apoptosis
pgﬂmdlr\gdowﬁn RING
MDMX
MDMX™RING | mDMm2 Embryonic lethal (~E9.5) Viable
p53 Binding domain RING
p53
MDMX

In addition to the global knockout/knock-in models, several tissue or cell type
specific effects of MDM2 or MDMX have also been investigated in mice using
tissue-type or cell-type specific Cre strains (Table 1-4). One strategy is to use
floxed Mdm2 or Mdmx and delete them in the specific tissues or cells, and the
other strategy is to use the loxP-stop-loxP (LSL) p53 (Trp53-""") in the Mdm2”’ or
Mdmx’" background mice and express p53 in the specific tissues or cells.
Interestingly, Mdm2 and Mdmx display different phenotypic defects and, in
general, loss of Mdmx is tolerated by many types of tissue or cell (Table 1-4).

For example, both Mdm2 and Mdmx seem to be required for the brain
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development whereas Mdm2 but not Mdmx is required for the heart

development (Table 1-4). Smooth muscle specific deletion of Mdm2 but not

Mdmx in adult stage, using Sm22 promoter driven Cre-ER™ system (Kuhbandner

et al., 2000), results in 100 % lethality; they quickly lost their weight and

became moribund between 8 - 11 days after induction (Boesten et al., 2006).

Although all of these phenotypes are linked to uncontrolled p53 activity, the

degree of its effect seems to be highly tissue/cell type specific upon the loss of

Mdm2 or Mdmx.

Table 1-4: Examples of tissue or cell type specific deletion of Mdm2 or Mdmx in mice

Targeted Driver Expression Mdm2 Mdmx Reference
Tissue/Cell initiation floxed mice floxed mice
Brain Nestin E10.5 Embryonic Embryonic (Grier et al.,
(CNS and PNS) (Nes-Cre) (Graus- lethal lethal 2006, Xiong
Porta et (occasionally et al., 2006)
al., 2001) viable but die
within a few
_______ days) | .
Embryonic Viable (Francoz et
lethal (p53- al., 2006)
(p53-+"- Mdmx")
Mdm2")
Heart a-myosin E8.5 Embryonic Viable (Xiong et al.,
(Cardiomyocyte) | heavy chain (Agah et lethal (~E13.5) (die within a | 2007)
(aMyHC-Cre) | al., 1997) year)
Intestine Villin 1 E9 Viable Viable (Valentin-
(Epithelial cells) | (Villin-Cre) | (Madison et (lower body Vega et al.,
al., 2002) weights) 2008,
Valentin-
Vega et al.,
2009)
Eye Paxé E9 Viable Viable (Zhang et al.,
(Retinal cells) (Le-Cre) (Ashery- (eye-less (eye-less 2014b)
Padan et phenotype, phenotype)
al., 2000) neonatal
lethality)
Kidney Homeobox E9.5 Viable Viable (Hilliard et
(Ureteric bud) B7 (Zhao et (neonatal al., 2011, El-
(aHoxb-Cre) al., 2004) lethality) Dahr et al.,
2017)
Liver Albumin E10.5 Viable Not tested (Kodama et
(Hepatocyte) (Alb-Cre) (Postic et al., 2011)
al., 1999)
Endothelial cells Tek RTK E9 Embryonic Not tested (Zhang et al.,
(Tek-Cre) (Kisanuki et | lethal (~E10.5) 2012a)
al., 2001)
Oocytes Zona Before first Viable Viable (Livera et al.,
Pellucida 3 meiotic (decreased (no decreased | 2016)
(Zp3-Cre) division fertility) fertility)
(de Vries et
al., 2000)
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1.3.2.2 The p53-independent functions

Overexpression of Mdm2 in mice accelerates spontaneous tumourigenesis and
mortality in a p53-independent manner (Jones et al., 1998). Furthermore,
overexpressed MDM2 also shows p53-independent oncogenic functions including
elevation of VEGF, which contributes tumour growth and metastasis (Ganguli and
Wasylyk, 2003). Overexpression of Mdmx also leads to spontaneous
tumourigenesis in mice (Xiong et al., 2010). Therefore, it is clear that MDM2 and

MDMX can function in a p53-independent manner.

The best known p53-independent function of MDM2 and MDMX is to inhibit DNA
double strand break repair, which is normally recognised by the DNA repair
complex called MRN (MRE11, RAD50 and NBS1). MRN initiates the DNA repair
process by activating ATM serine/threonine kinase, and depending on the
phosphorylation events, cells undergo DNA repair such as non-homologous end
joining (NHEJ) and homologous recombination. MDM2 and MDMX directly inhibit
the DNA repair complex MRN in an E3-ligase independent manner and promote
genomic instability (Eischen, 2017). Similarly, MDM2 interacts with pRB (to
inhibit pRB binding to E2F1) and E2F1/DP1 (to stimulate transcription) and
disrupts regulation of restriction point in Gy phase (Martin et al., 1995). On the
other hand, MDM2 promotes degradation of E2F1/DP1 in S phase and inhibits
E2F-mediated apoptosis (Lundgren et al., 1997).

MDM2 can ubiquitinate other proteins, including CHK2 and ribosomal proteins as
well as the transcriptional factor FOXO3A, which is one of an important
regulator of cell death (Fu et al., 2009, Kass et al., 2009, Xiong et al., 2011,
Ofir-Rosenfeld et al., 2008).

MDM2 may also be involved in epithelial-mesenchymal transition (EMT)
regulation; EMT is essential for cell differentiation during embryogenesis but this
could help tumour cells to gain ability to metastasis. Loss of the adhesion
molecule epithelial cadherin (E-cadherin) is considered to be a key process in
EMT. SNAI1 (Snail family zinc finger 1, also known as Snail) and SNAI2 (also
known as Slug) are the transcriptional repressor of E-cadherin and thus promote
EMT (Batlle et al., 2000, Vesuna et al., 2008). MDM2 can ubiquitinate E-cadherin

and upregulate SNAI1 expression, but paradoxically, MDM2 can also ubiquitinate
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SNAI2 for proteasomal degradation (Yang et al., 2006a, Lu et al., 2016, Wang et
al., 2009).

Moreover, MDM2 can modulate telomerase regulation; there is a hypothesis that
the cell life is determined by the length of telomeres that are located at the end
of each chromosomes and get shorter and shorter after each cell division. Once
telomeres become depleted, called Hayflick limit, cells undergo senescence.
Telomerase elongates telomeres and up-regulation of telomerase activity is
frequently found in many types of cancer. One of the most important
components of telomerase is TRET (Telomerase reverse transcriptase) and MDM2
has been reported to ubiquitinate TERT and attenuate telomere elongation (Oh
et al., 2010).

MDMX can interact with and inhibit the E2F and SMADs (Small mothers against
decapentaplegic) transcription factors to modulate their transcriptional activity
(Kadakia et al., 2002, Wunderlich et al., 2004). MDM2 may also be involved in
epigenetic reprogramming as well as genomic instability and tumourigenesis,
through its interaction with the histone methyl-transferase SUV39H1 (Suppressor
of variegation 3-9 homologue 1) (Chen et al., 2010, Onder et al., 2012, Peters et
al., 2001).

1.3.3 Transcription and Post translational regulation of MDM2 and
MDMX

As both MDM2 and MDMX are main regulators of p53, their expression and
activity must be tightly regulated. Under cellular stress conditions such as DNA
damage, MDM2 and MDMX are post-translationally modified and inhibited so that

p53 becomes stabilised and active.

1.3.3.1 Transcriptional regulation

MDM2 has 2 promoters: P1 is located upstream of exon 1 and P2 is located
between exon 1 and exon 2) (Figure 1-26). Interestingly, MDM2 contains 2 start
codons (ATG). Full length MDM2 (90 kDa) is translated from the first ATG in exon
3 and a short form of MDM2 (76 kDa), which lacks the first 49 amino acids, is
translated from the second ATG in exon 4. The short form seems to lack ability
to bind p53 and have a dominant negative effect towards full length MDM2
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(Perry et al., 2000). MDMX also has 2 promoters; P1 is located upstream of exon
1 and P2 is located between exon 1 and exon 18) (Figure 1-26). Similar to MDM2,
MDMX also contains 2 start codons. Full length MDMX is translated from the ATG
in exon 2 and a long form of MDMX (MDMX-L, 18 amino acid longer) is translated
from an alternative ATG in exon 18 (Phillips et al., 2010). MDMX-L seems to have
less ability to limit p53 activity. Interestingly, p53 induces the transcription of
MDM2 (and MDMX-L in certain conditions) and establishes a negative feedback
loop; thereby allowing for a quick recovery by degrading p53 following stress
resolution (Barak et al., 1993, Picksley and Lane, 1993, Khoo et al., 2014)
(Figure 1-26). Mice lack Mdm2 P2 promoter (Mdm2??’"?), which abolishes
negative feedback loop, show normal basal p53 levels but radiosensitive. MDM2
transcription is also regulated by various other factors including oncogenic
stimuli and immune responses (Figure 1-26). For example, the ETS (E26
transformation-specific) transcription factor family including FLI1 (Friend
leukemia integration 1 transcription factor) and ELF4 (E74 like ETS transcription
factor 4), which are associated with over-activation of RAS signalling pathway in
response to mitogens, can upregulate both MDM2 and MDMX expression (Gilkes
et al., 2008, Ries et al., 2000). In fact, over-activation of RAS and over-
expression of MDM2 and MDMX are frequently found in melanoma and colorectal
cancer. Overexpression of FLI1 and ELF4 indirectly inactivates p53 through
increased MDM2 expression and has been implicated in tumourigenesis (Truong
et al., 2005, Sashida et al., 2009). TGFB signalling upregulates MDM2 through
SMAD3 and high levels of activated SMAD3 and MDM2 are found in late-stage of
breast cancer (Araki et al., 2010). The NFAT1 (Nuclear factor of activated T-
cells) transcription factor can also upregulate MDM2 and both NFAT1 and MDM2
are highly expressed in hepatocellular cancer (Zhang et al., 2012b). N-MYC (MYC
neuroblastoma homologue) is a member of the MYC family and stimulates MDM2
expression to avoid p53-mediated apoptosis (Slack et al., 2005a, Slack et al.,
2005b). NF-kB can also regulate MDM2 transcription, which may be important for
survival of activated T cells (Busuttil et al., 2010). IRF8 (Interferon regulatory
factor 8) also induces transcription of MDM2 to allow B cell proliferation in
germinal centre (Zhou et al., 2009). E2F1 seems to attenuate p53-mediated
transactivation of MDM2 upon DNA damage (Tian et al., 2011). The tumour
suppressor PTEN down-regulates MDM2 but which transcription factor is involved
is still unknown (Chang et al., 2004).
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MDM2
Immune Mitogens
Immune signalling N-MYC
signalling IRF8 ETS Stress
P1 P2
NF-kB |—> NFAT1 SP1 SMAD3/4 | p53| —>»
I ~a
- | - ’ ’
& SNP309 | |
PTEN E2F1 ATG ATG
(alternative)
MDMX
Mitogens Stress
P1 P2
ETS | —> p53
— | ’ '
ATG ATG
(alternative)

Figure 1-26: Transcriptional regulation of MDM2 and MDMX

Positive modulators (bold) and negative regulators (italic) of the expression of MDM2 and
MDMX. P1 = first promoter, P2 = second promoter, ATG = start codon, PTEN = Phosphate
and tensin homologue, IRF8 = Interferon regulatory factor 8, NFAT1 = Nuclear factor of
activated T-cells 1, SP1 = specificity protein 1 transcriptional factor, N-MYC = MYC
neuroblastoma homologue, ETS = E26 transformation-specific and SMAD = Small mothers
against decapentaplegic.

1.3.3.2 Phosphorylation

Kinases that are activated in response to DNA damage include ATM and DNA-PK,
which phosphorylate MDM2 at residues between RanBP2 zinc finger and RING
domains (S386, S395, S407, T419, S425 and S429) and in N-terminal (517),
respectively, thereby inactivating MDM2 towards p53 (Maya et al., 2001) (Figure
1-27). Corresponding phosphorylation site mutant mice (Mdm2¥7%/53%44) are
radiation resistant and show accelerated spontaneous tumour development
(Gannon et al., 2012). ATM also phosphorylates MDMX at residue 5403 while ABL1
(Abelson murine leukaemia viral oncogene homologue 1) phosphorylates MDMX
Y99. Both of these phosphorylation events lead to the dissociation of p53-MDMX

binding (Chen et al., 2005b, Zuckerman et al., 2009). MDM2 proteins carrying
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serine to aspartic acid mutations to mimic phosphorylation (6D;5386, S395, S407,
T419, S425 and 5429 or the single substation S429D) show attenuated E3 ligase
activity due to decreased dimerisation, while mutations of these serine residues
to alanine, to prevent phosphorylation, enhance E3 activity due to increased
dimerisation (Cheng et al., 2011). On the other hand, AKT phosphorylates MDM2
S166 and $186 and MDMX S367, and enhances their activity against p53 (Mayo
and Donner, 2001, Lopez-Pajares et al., 2008).

5386
Y394
5240 5395
5242 5407
5166 5246 T419
MDM2 5186 $254 5425
s17 7216 5269 5429
P P P P
NH,- 553 BD ﬁilﬂli iﬁiili RanBP2 RING domain | -COOH
NS NES NoLS
5342
596 5367
Y99 5289 5403
MDMX
P P P

NHz'M RanBP2 RING domain | |-COOH

Figure 1-27: Phosphorylation sites of MDM2 and MDMX

p53 BD = p53-binding domain, RanBP2 = RAS-related nuclear protein binding protein 2-type
zinc finger domain, NLS = nuclear localisation signal, NES = nuclear export signal, NoLS =
nucleolar localisation signal and P = phosphorylation. Target residues are indicated. Bold:
increased activity, Italic: decreased activity.

1.3.3.3 Ubiquitination

As discussed, MDM2 can function as an E3 ligase as a homo-dimer or hetero-
dimer with MDMX, and through these interactions MDM2 can auto-ubiquitinate
and target MDMX for proteasomal degradation. In normal unstressed cell, MDMX
is fairly stable but it is degraded by MDM2 upon stress (Kawai et al., 2003a).
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Some studies have suggested that the E3 activity of MDM2 can be toggled
between the control of the MDM2/MDMX complex and the control of p53. For
example, DNA damage induced phosphorylation of MDMX enhances the
degradation of MDMX by MDM2, allowing for the stabilisation of p53 (Chen et al.,
2005b). MDM2 can be ubiquitinated by SCF-B8-TRCP and NEDD4 upon DNA damage
(Wang et al., 2012, Xu et al., 2015). However, this degradation phenotype of
MDM2 after phosphorylation can be due to the specificity of antibody. For
example, MDM2 antibody SMP14, which recognises the epitope including AKT
phosphorylation show reduced binding affinity to MDM2 compared to other MDM2
antibodies (Cheng and Chen, 2011)

HAUSP deubiquitinates MDM2 and MDMX as well as p53. It has been reported that
knockdown or knockout of HAUSP stabilises of p53 due to de-stabilisation of
MDM2 and MDMX (Meulmeester et al., 2005, Li et al., 2004). In fact, HAUSP binds
to MDM2 with a higher affinity compared with p53 under normal condition (Hu et
al., 2006). This interaction allows more efficient stabilisation of p53 upon stress.
The activity of HAUSP towards MDM2 and MDMX is disrupted upon stress, when is
can switch to targeting p53 to allow efficient activation of p53 (Meulmeester et
al., 2005).

1.3.3.4 Other post-translational modifications

Acetylation of MDM2 within the RING domain is mediated by CBP-p300 and
results in decreased E3 activity (Wang et al., 2004). TRIM27 and the onco-protein
SKI (named after Sloan-Kettering Institute) promote SUMOylation of MDM2 to
support its stabilisation (Chu and Yang, 2011, Ding et al., 2012). Similarly, MDMX
can be SUMOylated, although the consequences of this modification are unknown
(Pan and Chen, 2005). In addition, expression of MDM2 and MDMX are also
negatively regulated by several microRNAs. Interestingly, some of them are p53
target genes. For example, miR-192, miR-194 and miR-215 can attenuate MDM2
expression and miR-199a-3p and miR-34a can attenuate MDMX expression, all of
them are transactivated by p53 (Khella et al., 2013, Mandke et al., 2012).
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1.3.4 Additional mechanisms to inhibit MDM2 and MDMX

In addition to the post-translational modifications, there are several additional
mechanisms to inhibit MDM2 and MDMX.

The tumour suppressor p14*%" (Alternate open reading frame of CDKN2A4, p19*%*

in mice), which is induced by transcription factors E2F1 and c-MYC, interacts
with and inhibits the ability of MDM2 to ubiquitinate and degrade p53 (Eischen et
al., 1999, Abida and Gu, 2008). Importantly, p14*% is not required to activate
p53 in response to DNA damage (Kamijo et al., 1999). p14*f mainly accumulates
in the nucleolus where it binds to MDM2. This MDM2-p14“% interaction prevents
MDM2 from shuttling between the nucleus and cytoplasm (Lohrum et al., 2000a).

4ARF

In addition, p1 appears to be involved in blocking the interaction between

MDM2 and 26S proteasome. Furthermore, overexpression of p14*%" potentiates

SUMOylation of MDM2 and inhibits MDM2 functions (Xirodimas et al., 2002).

Similarly, several 60S ribosomal proteins including RPL5, RPL11 and RPL23 have
been shown to bind to the central acidic domain of MDM2 to attenuate its
activities in response to ribosomal stress (Dai et al., 2004). The 40S ribosomal
proteins RPS14, RPS25, RPS27 and RPS27-Like also inhibit MDM2. Furthermore,
40S ribosomal proteins RPS3, RPS7 and RPS25, bind to both p53 and MDM2 to
stabilise p53. Mice expressing an Mdm2 mutant that cannot interact with the

ribosomal proteins ( Mdm2C305F/ C305F

) show accelerated c-MYC-induced lymphoma
development (Macias et al., 2010). It has also been reported that PML
(Promyelocytic leukaemia protein) stabilises p53 by sequestering MDM2 to the

nucleolus, which is potentiated by RPL11 (Bernardi et al., 2004).

It is important to note that p14°%f

and the ribosomal proteins bind MDM2
independently of the p53-binding domain (there are also endogenous MDM2
inhibitors that directly inhibit p53-binding domain including DHCR24 (24-
Dehydrocholesterol reductase, also known as Seladin-1) that is activated upon
oxidative stress (Wu et al., 2004)), and that the details of how p53 is protected

from MDM2 regulation can vary depending on the type of stress.
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1.4 Other regulators of p53

Although MDM2 is widely recognised as a critical negative regulator of p53, other
E3 ubiquitin ligases can regulate p53 stability (Table 1-5). For example, PIRH2,
COP1 and TRIM24 are additional RING domain E3 ligases that have been reported
to mediate p53 ubiquitination (Leng et al., 2003, Dornan et al., 2004b, Allton et
al., 2009). Interestingly, they all are p53 target gene as well (Leng et al., 2003,
Dornan et al., 2004b, Jain et al., 2014). Overexpression of PIRH2 and COP1 in
cells decreases p53-mediated apoptosis and cell arrest and depletion of TRIM24
results in a corresponding increase in p53 level. Their importance in human
disease has also been recognised, as PIRH2 was reported to be overexpressed in
lung and prostate cancers, COP1 in ovarian and breast cancers and TRIM24 in
breast cancer, whilst retaining wild type alleles of p53 (Duan et al., 2004, Logan
et al., 2006, Dornan et al., 2004a, Tsai et al., 2010). Although Pirh2 and Trim24
knockout mice are viable, Cop7 knockout mice are embryonic lethal phenotype
(Jung et al., 2011, Jiang et al., 2015b, Migliorini et al., 2011). Importantly, this
embryonic lethality was not rescued by the loss of Trp53, suggesting that COP1
plays a critical role in regulating other proteins in addition to p53 (Migliorini et
al., 2011). Paradoxically, decreased expression of COP1 was also found in several
cancers including gastric cancer (Sawada et al., 2013). In fact, Migliorini et al.
(2011) suggested that COP1 functions as a tumour suppressor by regulating the
stability of JUN onco-protein. Therefore, further investigation will be required
to assess the specific contribution of COP1 in tumourigenesis. MKRN1 (Makorin
RING finger protein 1) ubiquitinates a component of death receptor such as FADD
(Fas-associated protein with death domain) and p21 as well as p53 but Mkrnt
deficient mice are viable with no apparent developmental deficits (Gray et al.,
2006, Lee et al., 2009, Lee et al., 2012a). Other E3 ligases include the HECT E3
ligase ARF-BP1, which has also been shown to directly bind to and ubiquitinate
p53 for proteasomal degradation (Chen et al., 2005a). Arf-bp1 knockout mice
are embryonic lethal phenotype and pancreatic B-cells specific deletion of Arf-
bp1 resulted in diabetes, which was partially rescued by the deletion of Trp53
(Kon et al., 2012). Upregulation of ARF-BP1 was found in breast and lung cancers,
whereas downregulation was found in glioblastoma and thyroid cancer (Adhikary
et al., 2005, Zhao et al., 2009, Ma et al., 2016). The activity of ARF-BP1 and

MDM2 is strongly attenuated by p14°¥.
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Ubiquitination of p53 by E4F1 and MSL2 seems to play a role independent of
proteasomal degradation. E4F1 is an atypical E3 ligase as this is a transcriptional
factor and contains neither RING domain nor HECT domain. E4F1 promotes
mono- di- or tri- ubiquitination of p53 and regulates its localisation (Le Cam et
al., 2006). MSL2 specifically mono-ubiquitinate K351 and K357 of p53 and targets

it for nuclear export (Kruse and Gu, 2009).

Table 1-5: E3 ligases involved in p53 ubiquitination

E3 ligase Other substrates Knockout mice Malfunction in cancer*
MDM2 E2F1/DP1 Embryonic lethal Tumours of diverse tissue of
FOXO03A Rescued by Trp53" origin
CHK2 (Montes de Oca Luna et | (discussed in Section 1.3)
Ribosomal proteins al., 1995, Jones et al.,
E-cadherin 1995)
Snail
TERT
PIRH2 p27XP! Viable Lung cancer
p73 (Jung et al., 2011) Prostate cancer
c-Myc
COP1 JUN Embryonic lethal Breast cancer
p27%P! Not rescued by Trp53’" | Ovarian cancer

(Migliorini et al., 2011) | Bladder cancer
Gastric cancer

TRIM24 None identified Viable Testis cancer
(Jiang et al., 2015b)

MKRN1 FADD Viable Testis cancer
p21Cip1/Waft (Gray et al., 2006)
TERT

ARF-BP1 N-MYC Embryonic lethal Breast cancer
MCL1 (Kon et al., 2012) Lung cancer
B-catenin Glioblastoma

* Bold: upregulation, Italic: downregulation

Interestingly, conformational mutants of p53 are highly poly-ubiquitinated
through a mechanism that is not mediated by MDM2 or other known E3 ligases
for p53 (Lukashchuk and Vousden, 2007). This poly-ubiquitination appears to be
predominantly mediated by the U-box-type E3 (or E4) ligase CHIP and can be
observed without proteasome inhibitors. Therefore, it is possible that
ubiquitination of these p53 mutants may comprise Ké63-linked or other mixed
chain forms. Consistently, CHIP mediates various form of ubiquitination
including Ké63-linked depending on the E2 (Windheim et al., 2008). This suggests

that gain-of-function of mutant p53 may be linked to the ubiquitin signalling.
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1.5 Targeting ubiquitin proteasome system for cancer
treatment

Although loss-of-function mutations in TP53 have been frequently identified in
many types of cancers, malignant tumours that retain wild type p53 genes are
often compromised in signals upstream of p53 that prevent p53 accumulation
and activation (Cho et al., 1994, Kastan, 2007). Therefore, stabilising and
reactivating p53 in malignancies that retain an intact p53 locus could be a

potential target for anti-cancer therapy.

Cancers that retain wild type p53 often have defects in the pathway that allow
for stress-induced inhibition of MDM2. For example, gene amplification and
protein overexpression of MDM2 is frequently observed in at least 19 tumour
types including soft tissue tumours, osteosarcomas, liposarcomas and
oesophageal carcinomas (Momand et al., 1998) (Figure 1-28). Importantly, p53
mutation and MDM2 amplification tend to be mutually exclusive within a tumour

sample.

|| wild type p53 < with MDM2 ampilification
[ Mutant p53 ] without MDM2 amplification
Osteosarcoma/Soft tissue tumours Oesophageal tumours

\ \

12% 21%

W 90% 40% 60%

R @ =

Urothelial Tumours Liposarcomas
— —
6%
34% 66% 31% 69% 89%

O . @ =

Figure 1-28: Wild type p53 and MDM2 amplification in human cancer patients

n = 94 (osteosarcomas, soft tissue tumours), n = 72 (oesophageal tumours), n = 50
(urothelial tumours) and n = 13 (liposarcomas). Generated from Momand et al. (1998).
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In addition, many tumours exhibit high MDM2 protein levels without MDM2 gene
amplification, including melanoma, breast cancer, retinoblastoma and Ewing’s
sarcoma (Gembarska et al., 2012, Lam et al., 2010, McEvoy et al., 2012, Pishas
et al., 2011). This overexpression could be due to increased transcription and
translation, or single nucleotide polymorphism (SNP) 309 T>G that increases
MDM2 mRNA and protein about 2-4 fold by recruiting the transcriptional factor
Sp1 (Bond et al., 2004). A mouse model has shown that mice with SNP309 (Mdm2
SNP309G/G) increased Mdm2 expression and accelerated spontaneous
tumourigenesis (Post et al., 2010). Therefore, the contribution of MDM2
overexpression in carcinogenesis could be much higher than that estimated by

MDM2 gene amplification.

Although MDMX is constitutively expressed in healthy tissues, MDMX is
overexpressed in several types of cancers including retinoblastomas, breast
cancers, melanomas and colon carcinomas. Again, these cancers retain wild type
p53, suggesting an importance of MDMX in controlling cancer development
(McEvoy et al., 2012, Lam et al., 2010, Gembarska et al., 2012, Gilkes et al.,
2008).

In addition to MDM2 or MDMX overexpression, the p53 pathway can also be
inactivated by other mechanisms, including loss of MDM2/MDMX negative

regulators such as p14*%" along with p16™¢*,

1.5.1 Targeting MDM2 and MDMX

Inhibition of MDM2 or MDMX can be achieved by inhibiting the p53-MDMX or the
p53-MDMX interactions, the MDM2 E3 ligase activity or the DUBs for MDM2 or
MDMX. Importantly, this approach will only be applicable for patients with wild
type p53 containing tumour. Therefore, analysis of p53 status of tumour will be

required to apply these compounds.

1.5.1.1 Inhibitors of the interactions between p53 and MDM2/MDMX

Most activity has focused in targeting the N-terminal of MDM2 and MDMX, where
p53 binds into a deep hydrophobic pocket (Chi et al., 2005). Nutlin-3 and its
derivative RG7112 and ldasanutlin (RG7388) are cis-imidazoline compounds and

they bind to MDM2 within this region (Poyurovsky et al., 2010, Ding et al., 2013)
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(Figure 1-29). These compounds disrupt the interaction between MDM2 and p53
resulting in the stabilisation and activation of p53. Although on-target toxicities
including thrombocytopaenia and neutropaenia appear to be limiting the
efficacy and utility of these compounds, Idasanutlin is currently progressing
through clinical trials (Phase Ill) in treatment for acute myeloid leukaemia (AML)
(Clinical Trials Identifier: NCT02545283). Interestingly, these compounds appear
not to disrupt the interaction between MDMX and p53, although MDM2 and MDMX

share more than 50 % of amino acid sequence in their p53-binding domain.

HO CH;

CH
o— 3

Nutlin 3 RG7388

Figure 1-29: Example of inhibitors of the p53-MDM2 interaction

Chemical structure is obtained from PubChem database (https://pubchem.ncbi.nim.nih.gov).

A number of additional compounds targeting the N-terminal of MDM2 are being
developed. For example, MI-219 (Spiro-oxinadole compounds) was designed
based on the crystal structure of p53 and mimics residues F19, W23 and L26 in
the MDM2 binding site (Ding et al., 2005). Another example is the bound stapled
peptides SAH-p53 (Stabilised alpha-helix of p53) series that covers the p53
binding pocket on MDM2 (Bernal et al., 2007, Baek et al., 2012). WK298
(Imidazo-indoles compound) seems to interact both MDM2 and MDMX and inhibit
their activity (Popowicz et al., 2010).
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While most of these compounds bind MDM2, RITA (Reactivation of p53 and
induction of tumour cell apoptosis) is a thiophene compound that was thought to
bind to transactivation domain of p53, where MDM2 binds (Issaeva et al., 2004).
However, a later study failed to confirm that RITA binds to p53 to disrupt the
p53-MDM2 interaction (Krajewski et al., 2005).

1.5.1.2 Inhibitors of the E3 ligase activity of MDM2

HLI98 (HDM2 ligase inhibitor 98 class) and HLI373 were identified in a screen for
inhibitors of MDM2 auto-ubiquitination. HLI98 is relatively insoluble but HLI373 is
water-soluble. These compounds also inhibit the ubiquitination of p53 and are
believed to attenuate the E3 ligase activity of MDM2; although HLI98 can inhibit
E2 ubiquitin conjugation enzyme UbcH5B and other unrelated RING and HECT E3
ligases (Yang et al., 2005). Similar results were obtained using further derivative
compounds (Roxburgh et al., 2012). In addition, Sempervirine attenuates auto-
ubiquitination of MDM2 and ubiquitination of p53 (Sasiela et al., 2008). Notably,
although these compounds do not target the p53/MDM2 interaction, they appear
to fully activate p53, suggesting they do not allow for the retention of binding.
This hypothesises that these compounds alter the structure of MDM2 RING
domain and so function analogously to the MDM2 C464A mutant.

1.5.1.3 Inhibitor of DUBs

HAUSP (USP7) efficiently de-ubiquitinates MDM2 and MDMX to stabilise them,
making in an attractive therapeutic target as its knockdown causes severe MDM2
depletion and leads to G; cell cycle arrest in colon cancer cells. Several pre-
clinical chemicals (such as P5091 and HBX19,818) have been developed to inhibit
HAUSP in order to promote MDM2 degradation and stabilise p53 (Meulmeester et
al., 2005). Recently, additional specific small molecule inhibitors of HAUSP
(including FT671 and GNE-6640) are introduced (Turnbull et al., 2017, Kategaya
et al., 2017). Indeed, FT671 elevated p53 level in the melanoma cell (MM.1S)
xenograft model and attenuated tumour growth in a dose dependent manner

with no obvious adverse effects (Turnbull et al., 2017).
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1.5.2 Targeting other E3 ligases and DUBs

Alterations of the ubiquitin-proteasome system are involved in progression of
many types of cancer, as discussed above. In addition to compounds targeting
p53 reactivation, many compounds targeting other specific E3 ligases have been
discovered, including inhibitors of SCF-SKP2, APC/C-CDC20 and SCF-B-TRCP and
enhancers of SCF-FBXW?7.

SCF-SKP2 is one of a main tumour-promoting complex affecting many pathways
including cell cycle regulation and EMT. Notably, some natural compounds
including vitamin D3, curcumin (as in turmeric and some gingers), lycopene (as in
tomatoes) and quercetin (as in many fruits and vegetables) have been reported
to attenuate the expression of SKP2 and show some anti-tumour effects (Yang
and Burnstein, 2003, Huang et al., 2011a).

APC/C-CDC20 mediates cell cycle regulation mainly at the end of M phase
(spindle checkpoint) by degrading cyclin B1 and several CDK inhibitors.
Therefore, unlike APC/C-CDH1, over-activation of APC/C-CDC20 promotes
tumourigenesis. Compounds from some medicinal mushrooms seem to attenuate
the expression of CDC20 but detailed mechanisms are largely unknown (Jiang
and Sliva, 2010, Jiang et al., 2011b).

SCF-B-TRCP plays both tumour promoting and tumour suppressing roles. However,
as overexpression of B-TRCP is often observed in many types of cancer,
inhibition of SCF-B-TRCP would be beneficial. Erioflorin (from common woolly
sunflower) has been shown to be an SCF-B-TRCP inhibitor, by inhibiting the
binding of its substrate (Blees et al., 2012).

SCF-FBXW7 is a tumour supressing E3 ligase and FBXW7 is a p53 target gene.
Some plant extracts, including Oridonin (from medicinal herbs including
Rabdosia rubescens, Isodon japonicus and | trichocarpus) and Genistein (from
soybean) seem to upregulate FBXW7 expression and promote c-MYC degradation

and apoptosis (Huang et al., 2012, Ma et al., 2013).

In addition, there are many other E3 ligases that are believed in involved in the

pathogenesis of cancer (Table 1-6).
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Table 1-6: Example of deregulated ubiquitin E3 ligases in cancer

E3 ligases Tumour Substrates Affected pathways Malfunction in cancer*
APC/C-CDC20 | Promoting Cyclin A Cell cycle Prostate cancer
Cyclin B1 Apoptosis Breast cancer
p21Cip1/Waf1
MCL1
SCF-SKP2 Promoting 27" Cell cycle Malignant melanoma
p21Cip1/Waft PI3K signalling Lymphoma
AKT EMT Prostate cancer
FOXO
E-cadherin
APC/C-CDH1 Suppressing | SKP2 Cell cycle Breast cancer
SCF-FBXW7 Suppressing | Cyclin E Cell cycle Cervical carcinoma
XRCC4 DNA repair Gastric cancer
mTOR Apoptosis Endometrial cancer
c-Myc PI3K signalling Colorectal cancer
c-Jun Notch signalling
MCL1 Stress adaptation
Notch Angiogenesis
HIF1a
Parkin Suppressing | Cyclin E Cell cycle Glioblastoma
Cyclin D Apoptosis Non-small cell lung cancer
Cyclin B1
MCL1
BRCA1 Suppressing | Histones DNA repair Breast cancer
Gene expression Ovarian cancer
FANCL Suppressing | FANCD2 DNA repair Fanconi anaemia-
associated cancers
NEDD4 Promoting RAS RTK signalling Colorectal cancer
AKT Notch signalling Breast cancer
PTEN Gastric cancer
Notch Glioma
TRAF2 Promoting GBL PI3K signalling Epithelial cancer
RIP kinases NF-kB activation
TRAF6 Promoting mTOR PI3K signalling Urothelial bladder cancer
IRAK1 NF-kB activation
STAT3 JAK-STAT signalling
c-Chl Promoting EGFR RTK signalling Lymphoma
or HGFR (c-MET) | Wnt signalling Colorectal cancer
Suppressing | B-catenin Myeloid neoplasms
SCF- Promoting B-catenin Wnt signalling Colorectal cancer
B-TRCP or VEGFR2 NF-kB activation Pancreatic cancer
Suppressing | IkB Angiogenesis Ovarian cancer
TWIST1 EMT Breast cancer
SMURF1 Promoting SMAD1 TGFB signalling Colorectal cancer
SMAD5 Pancreatic cancer
SMURF2 Suppressing | SMAD2 TGFB signalling Pancreatic cancer
SMAD3 EMT
TRIM62 Suppressing | SMAD3 TGFB signalling Breast cancer
EMT Non-small cell lung cancer
clAP1/2 Promoting RIP kinases NF-kB activation Breast cancer
LUBAC Promoting NEMO NF-kB activation Breast cancer
pVHL Suppressing | HIF1a Stress adaptation von Hippel-Lindau
Angiogenesis syndrome
MKRN1 Suppressing | TRET Telomere Testis cancer
or FADD elongation
promoting | p21<P!/Weaft Apoptosis
Cell cycle
ZNRF1 Suppressing | Caveolin-1 Anoikis Leukaemia
SCF-FBXO11 Suppressing | SNAI1 EMT Lymphoma

* Bold: upregulation, Italic: downregulation
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Since E3 ligases have relatively high substrate specificity, targeting E3 ligases

could be a valuable approach to treat cancer.

1.5.3 Proteasome inhibitors

Pre-clinical studies indicate that proteasome inhibitors are cytotoxic to cancer-
derived cells, and induce p53-dependent apoptosis in colon cancer, melanoma
and multiple myeloma cells (Almond and Cohen, 2002, Ding et al., 2007, Qin et
al., 2005). Proteasome inhibitors are currently the only compounds targeted
ubiquitin proteasome system that approved by FDA. These include Bortezomib
(Velcade, approved in 2008) and Carfilzomib (Kyprolis, approved in 2012) and

currently used for treatment of multiple myeloma (Figure 1-30).

Bortezomib (a boronated MG132) is a reversible, potent and selective
proteasome inhibitor that mainly inhibits the B5 chymotrypsin-like serine
protease subunit (Boccadoro et al., 2005, Dicato et al., 2006, Orlowski and Kuhn,
2008). Carfilzomib is an irreversible proteasome inhibitor derived from
epoxomicin and showed enhanced anti-multiple myeloma activity compared with
Bortezomib (Kuhn et al., 2007). Other proteasome inhibitors (such as CEP-18770,
NPI-0052 and ONYX0912) are in clinical trials.
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Figure 1-30: Example of proteasome inhibitors

MG132, Bortezomib and Carfilzomib inhibit activity of 5 chymotrypsin-like serine protease
subunit of 26S proteasome. Chemical structure is obtained from PubChem database
(https://pubchem.ncbi.nim.nih.gov).

Although these inhibitors have been developed with the view of stabilising the
pool of tumour suppressors, including p53, they are extremely non-selective and
different mechanisms seem to be involved in different cell types (Almond and
Cohen, 2002). For example, this class of inhibitors have been shown to cause
endoplasmic reticulum stress, inhibition of NF-kB, and activation of stress-
activated protein kinases such as JNK (c-Jun N-terminal kinase) (Fribley et al.,
2006, Nemeth et al., 2004, Meriin et al., 1998). They may also be involved in
attenuating cell cycle by potentiating CDK inhibitors. Importantly, some studies
have suggested that, unlike inhibiting MDM2-p53 interaction, cells can still limit
p53 activity in the presence of proteasome inhibitors in normal unstressed cells
(Siliciano et al., 1997, Stommel and Wahl, 2004, Zhu et al., 2007).
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1.5.4 Targeting the E1 activating enzymes

Several E1 inhibitors have been identified including PYR-41 (4[4-(5-nitro-furan-2-
ylmethylene)-3,5-dioxo-pyrazolidin-1-yl]-benzoic acid ethyl ester) and another
compound (5"-O-sulfamoyl-N6-[(1S)-2,3-dihydro-1H-inden-1-yl]-adenosine) (Yang
et al., 2007, Chen et al., 2011). These compounds block ATP-PPi exchanging and
stabilises proteins including p53 and IkB. Recently, a potent mechanism-based
small-molecule E1 inhibitor TAK-243 (previously known as MLN7243) was
identified (Hyer et al., 2018) (Figure 1-31). This compound forms a covalent
bond with the C-terminal of ubiquitin and occupies ATP and ubiquitin binding

sites on E1.
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Figure 1-31: Mechanism of the E1 inhibitor TAK-243

Covalent

TAK-243 forms covalent bond with the C-terminal of ubiquitin and occupies ATP and
ubiquitin binding sites on E1. Ub = ubiquitin and E1 = ubiquitin activating enzyme. Chemical
structure is obtained from PubChem database (https://pubchem.ncbi.nim.nih.gov).
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Interestingly, inhibition of the ubiquitin E1 appears to potentiate NEDDylation
and SUMOylation in the cells. In addition to the attenuation of proteasomal
degradation of ubiquitinated proteins, inhibition of E1 could also lead disruption
of the degradation-independent functions of ubiquitination (discussed in Section
1.3.2.2 for example).

Another interesting approach is the inhibition of the NEDD8 activating enzyme
(NAE) as activities of SCF-type ubiquitin E3 ligases are partly mediated by
NEDDylation. MLN4924 is the NAE inhibitor and has been shown to attenuate

various SCF-type E3 ligase activities.

1.5.5 Targeting the E2 conjugating enzymes

As E2s are involved in determining types of ubiquitin conjugation, it is possible
to block specific ubiquitin chains formation by targeting specific E2. For example,
CC0651 inhibits the E2 conjugate enzyme UbcH3, so inhibits K48-linked
ubiquitination and degradation of SCF-SKP2 substrate p27X" and suppresses cell
growth. On the other hand, Leucettamol A and Manadosterols A and B inhibit the
formation of the E2 conjugating enzyme complex Ubc13-UEVA, thus blocking
some Ké63-linked ubiquitination but no other forms, including K48-linked

ubiquitination.

1.5.6 Other approaches

The ubiquitin proteasome system can be harnessed to facilitate the degradation
of proteins using the proteolysis targeting chimera (PROTAC) technology. This
strategy forces protein to be targeted by E3 ligases for ubiquitination. PROTAC
consists 2 ligands (one for binding to the target protein and another for binding
to an E3 ligase) and a bridging linker. Ligands can be either peptide or small
molecule. Indeed, a hetero-bifunctional all-small-molecule PROTAC has
advantages in terms of cell permeability and stability. One example is
ubiquitination and degradation of the androgen receptor by MDM2 (Schneekloth
et al., 2008). This PROTAC uses a small molecule non-steroid selective androgen
receptor ligand modulator and nutlin-3 (as a ligand for MDM2) to allow

degradation of the androgen receptor by MDM2 (Figure 1-32).
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Figure 1-32: Example of PROTAC

PROTAC contains the ligand for target protein, linker and ligand for E3 ligase. Chemical
structure is obtained from PubChem database.

Several PROTACs based on other E3s such as pVHL Cullin-RING E3 ligase and clAP
have been developed, based on small molecules that bind with affinity without
affecting their E3 activity (Itoh et al., 2010, Bondeson et al., 2015). Although
there are several technical difficulties, it may be possible to selectively degrade
disease-causing proteins using PROTAC technology. For example, degradation of
mutant p53 ubiquitinated by E3 ligases (other than MDM2) could be of potential

interest.
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1.6 Aims and Objectives

As discussed, it is clear that inhibition of the MDM2 RING domain (which need not
prevent the interaction of MDM2 with p53) would lead to different outcomes
than inhibition of the MDM2-p53 interaction (which does not impact E3 activity
of MDM2). The aim of this study was to explore the potential of targeting the E3
ligase function of MDM2 as a novel therapeutic strategy. This has been addressed

in 3 main sections:

1. Characterisation of MDM2 point mutations that do not dimerise or do not
interact with the E2-ubiquitin complex without altering RING-domain

conformation, guided by our novel structure (Chapter 3)

2. Cellular evaluation of these mutants in terms of regulation of p53 activity

under normal and stress condition (Chapter 4)

3. Evaluation of these mutants in mouse primary cells and discussion of our

novel mouse models (Chapter 5)
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2.1 Animals

All animal work was carried out under the UK Home Office guidelines in line with
Animal (Scientific Procedures) Act 1986 and the EU Directive 2010. Experimental
cohorts and breeding stocks were maintained for defined periods of time and the
health of animals was checked at least twice weekly. Maintenance and breeding
strategies are discussed monthly with Dr Karen Blyth (Cancer Research UK
Beatson Institute). Animals were euthanised by carbon dioxide (CO,)
asphyxiation or by cervical dislocation. Mouse ear notching, tail clipping and
general husbandry (such as food, water and housing) were carried out by the
Cancer Research UK Beatson Institute - Biological Services Unit. Genotyping was

carried out by Transnetyx, Inc. (Cordova, TN, US).

2.2 Cell culture and treatment

2.2.1 Materials

Reagents used for cell culture are listed in Table 2-1, solutions and buffers used
for cell culture are listed in Table 2-2 and other reagents used for treatment of
cells are listed in Table 2-3.

Table 2-1: Reagents for cell culture

Reagent Source
Dulbecco’s modified Eagle medium (DMEM) Life Technologies
Foetal bovine serum (FBS) Life Technologies
L-glutamine Life Technologies
Penicillin/ Streptomycin Life Technologies
Gentamycin Sigma-Aldrich
Insulin-Transferrin-Selenium (ITS) Sigma-Aldrich
Life Technologies
Collagenase/Dispase Sigma-Aldrich

Table 2-2: Solutions and buffers for cell culture

Solution Composition

Phosphate Buffered Saline (PBS) pH 7.4 170 mM NaCl (Fisher Scientific)
3.3 mM KCl (Fisher Scientific)

1.8 mM Na;HPO, (Fisher Scientific)
10.6 mM KH,PQ, (Fisher Scientific)

Trypsin-EDTA PBS
0.25 % Trypsin (Life Technologies)
1 mM EDTA (Sigma-Aldrich)

82




Chapter 2 Materials and methods

Table 2-3: Reagents for cell culture treatment

Reagent Source

Doxycycline Sigma-Aldrich
(Z)-4-hydroxytamoxifen (4-OHT) Sigma-Aldrich
Dimethyl sulphoxide (DMSO) Sigma-Aldrich

Nutlin-3 Sigma-Aldrich
Doxorubicin Sigma-Aldrich
Actinomycin D Beatson Cancer Centre

2.2.2 Methods

Human osteosarcoma U20S or human embryonic kidney HEK293 (including 293T
and 293T Phoenix Ecotropic) cells were obtained from the American Type
Culture Collection (ATCC) and cultured in DMEM supplemented with 10 % FBS and
2 mM L-Glutamine. All cell lines were mycoplasma negative and were
authenticated by the short tandem repeats (STR) multiplex assay. Baby mouse
kidney (BMK) primary cells (below) were cultured in DMEM supplemented with 5
% FBS, 2 mM L-Glutamine, penicillin/streptomycin, gentamycin and ITS. Mouse
embryonic fibroblast (MEF) primary cells (below) were cultured in DMEM
supplemented with 10 % FBS, 2 mM L-Glutamine, penicillin/streptomycin and
gentamycin. All cells were maintained in a controlled humidified atmosphere
containing 5 % CO; at 37 °C.

Where indicated, cells were treated with indicated reagents. Concentrations

used and treatment periods are defined in each figure legend or in the main text.

2.2.2.1 Isolation of BMK primary cells

BMK primary cells are isolated from 4-5 days old baby mice. Baby mice were
sacrificed by cervical dislocation and both kidneys are isolated. Both kidneys
were placed on 100 mm dish with 1.5 ml of collagenase (0.1 U/ml)/dispase (0.8
U/ml) solution, minced by scalpel and incubated at 37 °C for 40 minutes. After
incubation, minced kidneys were titurated and single cells were isolated. Cells
were then seeded in 150 mm dishes and cultured in DMEM supplemented with 5

% FBS, 2 mM L-glutamine, penicillin/streptomycin, gentamycin and ITS.
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2.2.2.2 Isolation of MEF primary cells

Pregnant female mice 13-14 days after copulation confirmed by plug detection
(E13.5-E14.5) were sacrificed for MEFs by cervical dislocation. Fur was sprayed
with 70 % ethanol and the intact uterus containing embryos was extracted. The
uterus was then sectioned between each embryo and the membranes and
umbilical cord were removed. Embryos were decapitated and their abdominal
wall was incised to remove haematopoietic tissue and tubular intestine. Each
embryo body was then placed on 100 mm dish with 1.5 ml of trypsin-EDTA,
minced by scalpel and incubated at 37 °C for 40 minutes. After incubation,
minced embryo was titurated and single cells were isolated. Cells were then
seeded in 150 mm dishes and cultured in DMEM supplemented with 10 % FBS, 2

mM L-Glutamine, penicillin/streptomycin and gentamycin.

2.3 PCR and DNA preparation

2.3.1 Materials

Reagents used for PCR and DNA preparation are listed in Table 2-4, solutions and
buffers used for PCR and DNA preparation are listed in Table 2-5, plasmids used
for over-expression are listed in Table 2-6 and plasmids used for knockout /

knockdown used for treatment are listed in Table 2-7.

Table 2-4: Reagents for PCR and DNA preparation

Reagent / Kit Source

In-Fusion HD EcoDry cloning kit Clontech

KOD Hot Start PCR master mix Novagen

Agarose Melford Laboratories
Ethidium Bromide Sigma-Aldrich
Restriction enzymes New England BioLabs
Ampicillin Sigma-Aldrich
Kanamycin Sigma-Aldrich

RNase A Qiagen

QIAGEN-tip 50 Qiagen

Isopropanol Fisher Scientific
Ethanol Sigma-Aldrich

84




Chapter 2 Materials and methods

Table 2-5: Solutions and buffers for PCR and DNA preparation

Solution

Composition

TAE buffer

40 mM Tris-HCL (pH 8.0) (Sigma-Aldrich)
20 mM Acetic acid (Fisher Scientific)
1 mM EDTA (Sigma-Aldrich)

(6x) DNA sample buffer

30 % Glycerol (v/v) (Sigma-Aldrich)
0.5 % Orange G (w/v) (Sigma-Aldrich)

Lysogeny broth (LB)

1 % Bacto-tryptone (Fisher Scientific)
86 mM NaCl (Fisher Scientific)

0.5 % Yeast extract (Sigma-Aldrich)
1.5 % agar (Fluka)

Bacteria re-suspension buffer (Qiagen)

50 mM Tris-HCL (pH 8.0)
10 mM EDTA
100 pg/ml RNase A

Bacteria lysis buffer (Qiagen)

200 mM NaOH
1% SDS (w/v)

Neutralisation buffer (Qiagen)

3.0 M Potassium acetate (pH 5.5)

Equilibration buffer (Qiagen)

750 mM NacCl

50 mM MOPS (pH 7.0)

15 % Isopropanol (v/v)
0.15 % Triton X-100 (v/v)

Washing buffer (Qiagen)

1.0 M NaCl
50 mM MOPS (pH 7.0)
15 % Isopropanol (v/v)

Elution buffer (Qiagen)

1.25 M NaCl
50 mM Tris-HCL (pH 8.5)
15 % Isopropanol (v/v)

Table 2-6: Plasmids for over-expression

Encode Plasmid Tag Assays Reference
p53 pCB6 N/A Degradation assay (Chen et al., 1995)
Ubiquitination assay
Co-IP
MDM2 pCMV N/A Degradation assay (Kawai et al.,
Ubiquitination assay 2003b)
Co-IP
Immunofluorescence
MDMX pcDNA3.1 Myc Degradation assay (Weber et al.,
Ubiquitination assay 2005)
Co-IP
MDMX pEGFP-C1 GFP Immunofluorescence (Uldrijan et al.,
2007)
MDM2-MDMX pCMV FLAG Degradation assay (Sharp et al., 1999)
chimera Ubiquitination assay
(1-421: MDM2, Co-IP
422-490: MDMX)
p14*%F PcDNA3. 1 FLAG Degradation assay
Ubiquitination assay
Ubiquitin pDG268 His Ubiquitination assay (Tsirigotis et al.,
GFP 2001)
mCherry pmCherry-C1 | N/A Degradation assay (Werner et al.,
Ubiquitination assay 1996)
Co-IP
MDM2 (murine) pcDNA3.1 N/A Degradation assay
p53 (murine) pcDNA3.1 N/A Degradation assay
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Table 2-7: Plasmids for knockout / knockdown

Plasmid Target Purpose Reference
Tet-pLKO-puro p53 Inducible knockdown (Wiederschain et

al., 2009)
pX335-U6-Chimeric_BB- MDM2 CRISPR knockout (Cong et al., 2013)
CBh-hSpCas9n(D10A)

Target sequences

p53 (shRNA): GAC TCC AGT GGT AAT CTAC

MDM2 knockout (CRISPR guide A): ATC GTT TAG TCA TAA TAT AC TGG (PAM¥)
MDM2 knockout (CRISPR guide B): TAT TGT TCA AAT GAT CTT CT AGG (PAM*)
MDM2 ARING (CRISPR guide A): ACA AGG TTC AAT GGC ATT AA GGG (PAM*)
MDM2 ARING (CRISPR guide B): TGT CAA GGT CGA CCT AAA AA TGG (PAM¥)

* PAM = Protospacer adjacent motif (NGG)

CRISPR guides were designed based on the Optimized CRISPR design tool
(http://crispr.mit.edu).

2.3.2 Methods
2.3.2.1 Plasmid cloning and agarose gel electrophoresis

Plasmid DNA cloning was carried out using In-Fusion HD EcoDry cloning kit
(Clontech). The linearised DNA vector was prepared by appropriate restriction
enzyme digestion, or by PCR using KOD hot start PCR master mix as described
above with an optimised PCR program (95 °C for 2 minutes (polymerase
activation), 40 cycles of 95 °C for 20 seconds (denature), 55 °C for 10 seconds
(annealing) and 70 °C for 25 seconds/kbp (extension)). Digested DNA vector or
PCR product was then separated by agarose gel electrophoresis. The gel is
prepared by dissolving the 1 - 2 % agarose (w/v) in TAE buffer, depending on the
size of the product. Ethidium bromide (250 nM final concentrations) was then
added to the melted agarose before pouring it into a cast. A comb is placed in
the cast to create wells for loading samples. DNA sample buffer was added to
the digested DNA vector or PCR product. Samples were loaded into the gel slab
in TAE buffer and ran electrophoresis at 80 V. Under UV light, a gel piece
containing linearised plasmid DNA was removed and purified using spin column

(Macherey-Nagel).

The gene of interest with 15 bp extensions complementary to both vector ends

was prepaid by PCR using the same procedure described above (for more than

200 bp insert) or purchased as a double strand DNA (for less than 200 bp insert).
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Approximately 200 ng of linearised and 200 ng of insert in 10 pl of dH,0 were
then applied into In-Fusion HD EcoDry and cloning incubated the reaction at 37

°C for 15 minutes and at 50 °C for 15 minutes.

2.3.2.2 Mutagenesis PCR

All mutations in plasmid DNA were generated by site-directed mutagenesis PCR
using KOD hot start PCR master mix and verified by DNA sequencing. Primers for
site-directed mutagenesis PCR were deigned and mutagenesis codon was
selected based on the Graphical Codon Usage Analyser (GCUA) tool
(http://gcua.schoedl.de). Primers contain mutagenesis codon in the centre with
melting temperature (T,;) of 58-60 °C both arm containing approximately 25 bp
each. 0.3 pM each of Sense (5’) and anti-sense (3’) primers and 0.2 ng/pl of
template DNA were added to the PCR mix and ran PCR with an optimised PCR
program (95 °C for 2 minutes (polymerase activation), 20 cycles of 95 °C for 20
seconds (denature), 55 °C for 10 seconds (annealing) and 70 °C for 25
seconds/kbp (extension)). After PCR reaction, 0.02 unit/pl of Dpnl restriction
enzyme was added and mixtures were incubated at 37 °C for 3 hours in order to

digest methylated template DNA.

2.3.2.3 Plasmid DNA preparation and sequencing

Products from DNA cloning or mutagenesis PCR were then expanded and purified
by DNA preparation. The competent bacteria cells including the Escherichia coli
DH5a competent cells (Cancer Research UK Beatson Institute - Molecular
Technology Services), Stellar competent cells (Clontech) or Stbl3 competent
cells (Thermo Fisher Scientific) were thawed on ice. 0.5 pg of DNA plasmid was
added to 50 pl of bacteria, mixed and incubated on ice for 20 minutes. After a
heat shock of 45 seconds at 42 °C, the cells were incubated in 0.5 ml of LB for 1
hour at 37 °C with shaking at 200 rpm. Cells were spread on agar plates with
ampicillin or kanamycin and grown upside down at 37 °C overnight. The next day
the colonies were inoculated in 5 ml of LB with ampicillin or kanamycin and
grown overnight at 37 °C whilst shaking at 200 rpm. Bacteria culture was
harvested by centrifugation at 4000 rpm for 10 minutes at room temperature.
Small scale plasmid DNA preparations (Miniprep) using an alkaline lysis method

of DNA isolation were performed by Cancer Research UK Beatson Institute -
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Molecular Technology Services Unit with the QlAgen BioRobot 9600 according to

the manufacturer’s instructions, followed by DNA sequence.

Large scale DNA preparations (Maxiprep) were then performed using the same
method as Minipreps until the colony formation step. Colonies were incubated in
300 ml of LB with ampicillin or kanamycin and grown overnight at 37 °C whilst
shaking at 180 rpm. Bacteria culture was harvested by centrifugation at 4000
rpm for 10 minutes at room temperature. Bacteria pellet was re-suspended in 10
ml of the bacteria re-suspension buffer. 10 ml of bacteria lysis buffer was then
added and mixed gently but thoroughly by inverting 4-6 times, and incubated at
room temperature for 5 minutes. In this alkaline condition, proteins and
chromosomal DNA are denatured but plasmid DNA remains stable. 10 ml of the
neutralisation buffer was then mixed immediately but gently by inverting 4-6
times, and incubated on ice for 20 minutes. This allows proteins and
chromosomal DNA precipitate but plasmid DNA remains in solution. Mixture was
then centrifuged at 20,000 rcf for 30 minutes at 4 °C. Supernatant containing
plasmid DNA promptly was then removed for gravity flow. QIAGEN-tip 50 was
equilibrated by applying 10 ml of the equilibration. Supernatant was then
applied to the QIAGEN-tip 50 and allow it to enter the resin by gravity flow.
QIAGEN-tip 50 was washed twice with 30 ml of the washing buffer and plasmid
DNA was then eluted by 15 ml of elution buffer followed by DNA precipitation by
adding 10.5 ml of isopropanol. Mixture was immediately centrifuged at 15,000
rcf for 30 minutes at 4 °C, and DNA pellet was washed with 5ml of 70 % ethanol
and centrifuged at at 15,000 rcf for 15 minutes at 4 °C. Pellet was dried and re-
suspended in 400 pl of dH;0. Maxi Preps were also performed by Cancer

Research UK Beatson Institute - Molecular Technology Services Unit.

2.4 Genomic DNA isolation and Genomic PCR /
Genotyping

2.4.1 Materials

Reagents used for Genomic DNA isolation and Genomic PCR / Genotyping are
listed in Table 2-8, solutions and buffers used for Genomic DNA isolation and

Genomic PCR / Genotyping are listed in Table 2-9, primers used for genomic PCR
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(for sequencing) are listed in Table 2-10 and primers used for genotyping are
listed in Table 2-11.

Table 2-8: Reagents for Genomic DNA isolation and Genomic PCR / Genotyping

Reagent Source

KOD Hot Start PCR master mix Novagen

Isopropanol Fisher Scientific
Ethanol Sigma-Aldrich
Agarose Melford Laboratories
Ethidium Bromide Sigma-Aldrich

Table 2-9: Solutions and buffers for Genomic DNA isolation and Genomic PCR / Genotyping

Solution Composition

DNA isolation buffer 100 mM Tris-HCL (pH 8.8) (Sigma-Aldrich)

5 mM EDTA (Sigma-Aldrich)

0.2 % SDS (Fisher Scientific)

200 mM NaCl (Fisher Scientific)

100 pg/ml Proteinase K (Melford Laboratories)

DNA elution buffer 5 mM Tris-HCl (pH 8.5) (Sigma-Aldrich)

TAE buffer 40 mM Tris-HCL (pH 8.0) (Sigma-Aldrich)
20 mM Acetic acid (Fisher Scientific)
1 mM EDTA (Sigma-Aldrich)

(6x) DNA sample buffer 30 % Glycerol (v/v) (Sigma-Aldrich)
0.5 % Orange G (w/v) (Sigma-Aldrich)

Table 2-10: Primers for genomic PCR (for sequencing)

Target Primers (5’-3’)

MDM2 p53-binding domain For: TCC TGG TTG TTT ACC CCT ATT CAG
Rev: GCC AGA GCT CAG GTT CTC AAATA

MDM2 RING domain For: ACA CAA GCT TCA CAA TCA CAA GAA
Rev: TTC AGG TTG TCT AAATTC CTAGGG T

Table 2-11: Primers for genotyping

Target Primers (5’-3’) Expected band size
Mdm2 1438K For: TTT CCT GCT TGC CTT GAA CTG 1034 bp (Wild type)
targeted allele Rev: ATG CAG CCATTT TTA GGC CG 675 bp (Targeted allele)
Cre recombinase For: AGC AAC ATT TGG GCC AGC TA 353 bp

Rev: GGT GCT AAC CAG CGT TTT CG

2.4.2 Methods

Genomic DNA is isolated from cells or mouse tissues (tail, liver or kidney).
Briefly, cells or tissues were incubated in 500 pl of DNA isolation buffer
overnight at 50 °C. 500 pl of 100 % isopropanol was then added to it and mixed.

Mixture was centrifuged at 16,100 rcf for 5 minutes. Supernatant was removed
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and pellet was washed with 70 % ethanol. Pellet was dried at 55 °C for 10

minutes and re-suspended in DNA elution buffer.

PCR primers were designed using Primer Blast tool (NCBI). 0.3 uM each of sense
(5’) and anti-sense (3’) primers and 0.2 ng/pl of template DNA were added to
the KOD hot start PCR master mix and ran PCR with an optimised PCR program
(95 °C for 2 minutes (polymerase activation), 40 cycles of 95 °C for 20 seconds
(denature), 55 °C for 10 seconds (annealing) and 70 °C for 25 seconds/kbp

(extension)).

For genotyping, agarose gel electrophoresis was performed with 2 % agarose in

TAE buffer as described above. Images are captured by GelDoc-It imager (UVP).

2.5 Transfection, infection and cell cloning

2.5.1 Materials

Reagents and kits used for transfection, infection and cell cloning are listed in
Table 2-12.

Table 2-12: Reagents and kits for transfection, infection and cell cloning

Reagent / Kit Source

Geneluice Novagen

Lipofectamine 2000 Life Technologies
jetPRIME Polyplus Transfection
Lullaby OZ Biosciences
Nucleofection Kit V Lonza

OptiMEM Life Technologies
Polybrene Sigma-Aldrich
Puromycin Sigma-Aldrich
Blasticidine Thermo Fisher Scientific
G418 Geneticin (Neomycin) Invivogen

Hygromycin B Thermo Fisher Scientific

2.5.2 Methods
2.5.2.1 Chemical-based transfection

Cells were transfected with GenelJuice, Lipofectamine 2000, jetPRIME or Lullaby

(for siRNA) transfection reagent, according to the manufacturer’s instructions.
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Briefly, a mixture of DNA plasmid (or siRNA) and transfection reagent (in
OptiMEM or manufacturer’s provided solution) was added to plates drop-wise.
Cells were incubated for 24 hours. Cell number, medium, transfection reagent

volumes and amount of DNA were scaled depending on plate size.
Transfected cells were selected with the selective agent, where necessary.

2.5.2.2 Electroporation-based transfection

Cells were also transfected with Nucleofection Kit V according to the
manufacturer’s instructions. Briefly, Approximately 5 x 10° cells were mixed
with 5 pg of plasmid DNA in the nucleofector solution and were transfer to the
nucleofector cuvette. Cells were then electroporated with the cell-type specific
program and were then transferred into cell culture plate. Cells were incubated

for 24 hours.

2.5.2.3 Virus infection

HEK293T (for lentivirus infection) or HEK293T Phoenix Ecotropic (for retrovirus
infection) cells were transfected with retroviral plasmid or lentiviral plasmid
(with psPAX2 (packaging plasmid) and pCMV-VSV-G (enveloping plasmid)) with
GenelJuice transfection reagent overnight. Media were replaced and incubated
for further 48 hours. This virus-containing media were filtered with 0.45 pm
filter unit and added to the target cells with polybrene (10 pg/ml). After 24-48

hours, media were replaced and selected with the selective agent.

Purified adenovirus particles (Ad5CMV-Cre or Ad5CMV-EV) were gifted from
University of lowa - GTVC and directly added to the cell culture according to the

manufacturer’s instructions.

2.5.2.4 Cell cloning

Approximately 500 cells were seeded in 150 mm dishes and allowed colony
formation. Colonies were then isolated using cell cloning cylinders (VWR)

according to the manufacturer’s instructions.
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2.6 SDS-PAGE and Immunoblotting

2.6.1 Materials

Reagents and kits used for SDS-PAGE and immunoblotting are listed in Table 2-13,
Solutions and buffers used for SDS-PAGE and immunoblotting are listed in Table
2-14, Gels used for SDS-PAGE are listed in Table 2-15 and antibodies used for

immunoblotting are listed in Table 2-16.

Table 2-13: Reagents and kits for SDS-PAGE and immunoblotting

Reagent / Kit Source

NuPAGE Bis-Tris (10 % or 4-12 %) gels Life Technologies
NuPAGE MOPS running buffer Life Technologies
Nitrocellulose membrane (0.2 ym) GE Healthcare

Odyssey Blocking buffer LI-COR

Pierce BCA Protein Assay Kit Thermo Fisher Scientific
Odyssey stripping buffer LI-COR

Table 2-14: Solutions and buffers for SDS-PAGE and immunoblotting

Solution Composition

Cell lysis buffer (1 % Triton X-100) 1 % Triton X-100 (Sigma-Aldrich)
150 mM NaCl (Fisher Scientific)
50 mM Tris-HCL (pH 8.0) (Sigma Aldrich)

3x SDS Sample Buffer 188 mM Tris-HCL (pH 6.8) (Sigma Aldrich)
9 % SDS (Fisher Scientific)

15 % B-mercaptoethanol (Sigma-Aldrich)
30 % Glycerol (Sigma-Aldrich)

0.1 % Orange G (Sigma-Aldrich)

SDS-PAGE running buffer 0.1 % SDS (Fisher Scientific)
192 mM Glycine (Sigma-Aldrich)
25 mM Tris-HCl (pH 8.3) (Sigma-Aldrich)

Electroblotting buffer 192 mM Glycine (Sigma-Aldrich)
25 mM Tris-HCL (pH 8.3) (Sigma-Aldrich)
20 % Methanol (VWR)

Tris-Buffered Saline (TBS) 25 mM Tris-HCL (pH 7.4) (Sigma-Aldrich)
137 mM NaCl (Fisher Scientific)
5 mM KCI (Fisher Scientific)

TBS-T (TBS-Tween) TBS
0.1 % Tween-20 (Sigma-Aldrich)
Blocking buffer TBS-T

5 % Skimmed milk powder (Marvel)

Table 2-15: Gels for SDS-PAGE

Gel Composition

Resolving gel 8-12 % Acrylamide (National diagnostics)
375 mM Tris-HCL (pH 8.8) (Sigma-Aldrich)
0.1 % SDS (Fisher Scientific)

0.1 % APS (Sigma-Aldrich)

50 mM TEMED (Sigma-Aldrich)

Stacking gel 5 % Acrylamide (National diagnostics)
500 mM Tris-HCL (pH 6.8) (Sigma-Aldrich)
0.4 % SDS (Fisher Scientific)
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Table 2-16: Antibodies for immunoblotting

Primary Antibody Description Supplier Dilution Species
used used

p53 mouse monoclonal Santa Cruz Biotechnology | 1:1000 Human
(DO-1)

p53 rabbit polyclonal Santa Cruz Biotechnology | 1:1000 Human
(FL-393)

p53 mouse monoclonal Cell Signaling Technology | 1:1000 Mouse
(1C12)

MDM2 mouse monoclonal Calbiochem 1:1000 Human
(Ab-1)

MDM2 mouse monoclonal Calbiochem 1:1000 Human
(Ab-2) Mouse

MDMX rabbit polyclonal Bethyl Laboratories 1:1000 Human
(A300-287A)

MDMX mouse monoclonal EMD Millipore 1:1000 Human
(8C6)

p21 rabbit or goat Santa Cruz Biotechnology | 1:1000 Human
polyclonal (C-19) Mouse

PIG3 rabbit polyclonal Calbiochem 1:1000 Human
(PC268)

TIGAR mouse monoclonal Santa Cruz Biotechnology | 1:1000 Human
(F-3)

BAX mouse monoclonal Santa Cruz Biotechnology | 1:1000 Human
(D2D)

phospho-p53 (515) rabbit polyclonal Cell Signaling Technology | 1:1000 Human
(9284)

phospho-p53 (S20) rabbit polyclonal Cell Signaling Technology | 1:1000 Human
(9287)

Actin rabbit or goat Santa Cruz Biotechnology | 1:1000 Human
polyclonal (I-19) Mouse

a-Tubulin mouse monoclonal Santa Cruz Biotechnology | 1:1000 Human
(DM1A)

mCherry goat polyclonal Acris Antibodies 1:2500 Human
(AB0040) Mouse

Secondary antibody

IRDye 680LT-conjugated secondary antibody LI-COR 1:10000

IRDye 800CW- conjugated secondary antibody LI-COR 1:10000

2.6.2 Methods

Cells were washed with PBS and proteins were extracted with cell lysis buffer
supplemented with or without the protease inhibitor cocktail (cOmplete Tablets
Mini EDTA-free, Roche Diagnostics) and/or the phosphatase inhibitor cocktail
(PhosSTOP, Roche Diagnostics), which were then centrifuged at 16,100 rcf at 4
°C for 10 minutes. Where appropriate, protein concentration in cellular lysate
was determined using the BCA protein assay, with concentrations normalised to
the lowest-concentration sample. Samples were heated to 99 °C for 10 minutes
with sample buffer whilst shaking at 1,000 rpm before separation by SDS-PAGE.
Samples were loaded on appropriate SDS-polyacrylamide gels (8 %, 10 % or 12 %
acrylamide content) or precast NuPAGE Bis-Tris (10 % or 4-12 %) gels.
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Electrophoresis was performed in SDS-PAGE running buffer or NuUPAGE MOPS
running buffer at 140 V on Hoefer Mighty Small vertical units SE250 (Amersham)
or NUPAGE Mini Gel Tank (Life Technologies). Protein was then transferred to
nitrocellulose membrane using the Hoefer TE22 Mini transfer tank (Amersham) at
200 mA for 2 hours. After the transfer, the membrane was blocked with 5 %
skimmed milk blocking buffer or Odyssey blocking buffer for 1 hour, and was

then incubated with primary antibodies overnight at 4 °C.

After this incubation time, the membrane was washed with TBS-T and incubated
with appropriate IRDye 680LT-conjugated or IRDye 800CW-conjugated secondary
antibodies for 1 hour, then washed with TBS-T and TBS, and membrane-bound
secondary antibodies were detected using Odyssey scanner (LI-COR). Images
were analysed by Image Studio (LI-COR) and data were normalised to actin or a-

tubulin expression, as appropriate.

Where necessary, membrane-bound antibodies were removed with stripping

buffer according to the manufacturer’s instructions and re-probed.

2.7 Immunoprecipitation

2.7.1 Materials

Reagents and kits used for immunoprecipitation are listed in Table 2-17,
solutions and buffers used for immunoprecipitation are listed in Table 2-18 and

antibodies used for immunoprecipitation are listed in Table 2-19.

Table 2-17: Reagents and kits for immunoprecipitation

Reagent / Kit Source
Dynabeads Protein G magnetic beads Life Technologies
Pierce BCA Protein Assay Kit Thermo Fisher Scientific
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Table 2-18: Solutions and buffers for immunoprecipitation

Solution Composition

Cell lysis buffer (1 % Triton X-100) 1 % Triton X-100 (Sigma-Aldrich)
150 mM NaCl (Fisher Scientific)
50 mM Tris-HCL (pH 8.0) (Sigma-Aldrich)

Phosphate Buffered Saline (PBS) pH 7.4 170 mM NaCl (Fisher Scientific)
3.3 mM KCl (Fisher Scientific)

1.8 mM Na;HPO, (Fisher Scientific)
10.6 mM KH,PO, (Fisher Scientific)

3x SDS Sample Buffer 188 mM Tris-HCL (pH 6.8) (Sigma-Aldrich)
9 % SDS (Fisher Scientific)

15 % pB-mercaptoethanol (Sigma-Aldrich)
30 % Glycerol (Sigma-Aldrich)

0.1 % Orange G (Sigma-Aldrich)

Table 2-19: Antibodies for immunoprecipitation

Primary Antibody Description Supplier

p53 mouse monoclonal (DO-1) Santa Cruz Biotechnology
p53 rabbit polyclonal (FL-393) Santa Cruz Biotechnology
MDM2 mouse monoclonal (Ab-1) Calbiochem

MDMX rabbit polyclonal (A300-287A) Bethyl Laboratories

2.7.2 Methods

Proteins were extracted from the cells with the cell lysis buffer supplemented
with the protease inhibitor cocktail (cOmplete Tablets Mini EDTA-free, Roche
Diagnostics) and normalised as described in immunoblotting section. Cellular
lysates containing 250 pg proteins were incubated with 2 pg of anti-p53 DO-1 or
FL-393, anti-MDM2 Ab-1, anti-MDMX A300-287A or mouse or rabbit control IgG for
1 hour at 4 °C, and then incubated with Dynabeads protein G magnetic beads
overnight at 4 °C on the rotator. The immunoprecipitates were washed 3 times
with PBS and heated to 99 °C for 10 minutes with sample buffer whilst shaking at
1,000 rpm. After removing magnetic beads, SDS-PAGE and immunoblotting were

performed as described in immunoblotting section.

2.8 Ubiquitination assay

2.8.1 Materials

Reagents used for ubiquitination assay are listed in table 2-20 and solutions and

buffers used for ubiquitination assay are listed in Table 2-21.
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Table 2-20: Reagents for ubiquitination assay

Reagent Source
Dynabeads His-Tag Isolation & Pull down magnetic beads Life Technologies
N-Ethylmaleimide (NEM) Sigma-Aldrich
MG132 (Z-Leu-Leu-Leu-al) Sigma-Aldrich

Table 2-21: Solutions and buffers for ubiquitination assay

Solution Composition

Phosphate Buffered Saline (PBS) pH 7.4 170 mM NaCl (Fisher Scientific)
3.3 mM KCl (Fisher Scientific)

1.8 mM Na;HPO, (Fisher Scientific)
10.6 mM KH,POQ, (Fisher Scientific)

Ubiquitination assay buffer A (UBA) 6 M Guanidine hydrochloride (Sigma-Aldrich)
300 mM NacCl (Fisher Scientific)

50 mM Phosphate (pH 8.0) (Sigma-Aldrich)
100 pg/ml N-Ethylmaleimide (Sigma-Aldrich)

Ubiquitination assay buffer C (UBC) 300 mM NacCl (Fisher Scientific)

50 mM Phosphate (pH 8.0) (Sigma-Aldrich)
Ubiquitination assay buffer B (UBB) UBA:UBC = 1:1
3x SDS Sample Buffer 188 mM Tris-HCL (pH 6.8) (Sigma-Aldrich)

9 % SDS (Fisher Scientific)

15 % B-mercaptoethanol (Sigma-Aldrich)
30 % Glycerol (Sigma-Aldrich)

0.1 % Orange G (Sigma-Aldrich)

2.8.2 Methods

U20S cells grown in 100 mm dishes were transiently transfected with 2 pg of
pCB6 p53, 3.9 ug of pCMV MDM2, FLAG-tagged MDM2/X chimera, pcDNA3.1 myc-
tagged MDMX or derived mutants, 3.9 pg of pDG268, 6x His-tagged Ubiquitin GFP
and 0.2 pg of pmCherry-C1 using GenelJuice transfection reagent and cultivated
for further 24 hours. Cells were treated for 5 hours with proteasome inhibitor
MG132 (10 mM) and 10 minutes with NEM (100 pg/ml). After treatment, cells
were harvested in PBS, preserved some as an input sample, and then lysed in
UBA buffer supplemented with the protease inhibitor cocktail (cOmplete Tablets
Mini EDTA-free, Roche Diagnostics). Lysates were boiled at 99 °C for 20 minutes
with 1,000 rpm shake. His-tag pull-down was performed using 50 pl of Dynabeads
His-Tag Isolation & Pull down Beads overnight and beads were washed with UBA,
UBB, UBC then PBS and heated to 99 °C for 10 minutes with sample buffer whilst
shaking at 1,000 rpm. After removing magnetic beads, SDS-PAGE and
immunoblotting were performed as described in immunoblotting section.
Ubiquitinated p53 was detected using anti-p53 FL-393 or DO-1 antibodies; p53,
MDM2 (and MDM2/MDMX chimera), MDMX, actin and mCherry levels in the input

were detected using antibodies describes in immunoblotting section.
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2.9 Immunofluorescence
2.9.1 Materials

Reagents and kits used for immunofluorescence are listed in Table 2-22,
solutions and buffers used for immunofluorescence are listed in Table 2-23 and

antibodies used for immunofluorescence are listed in Table 2-24.

Table 2-22: Reagents and Kits for immunofluorescence

Reagent / Kit Source
Paraformaldehyde (PFA) Sigma-Aldrich
VECTASHIELD Mounting Medium with DAPI Vector laboratories
Glycine Sigma-Aldrich

Table 2-23: Solutions and buffers for immunofluorescence

Solution Composition

Phosphate Buffered Saline (PBS) pH 7.4 170 mM NaCl (Fisher Scientific)
3.3 mM KCl (Fisher Scientific)

1.8 mM Na;HPO, (Fisher Scientific)
10.6 mM KH,PQ, (Fisher Scientific)

PBS-T (PBS-Tween) PBS

0.1 % Tween-20 (Sigma-Aldrich)
Cell permeabilisation buffer PBS

0.2 % Triton X-100 (Sigma-Aldrich)
Blocking buffer PBS

0.5 % Bovine serum albumin (BSA) (Sigma-Aldrich)

Table 2-24: Antibodies for immunofluorescence

Primary Antibody Description Supplier

MDM2 mouse monoclonal (Ab-1) Calbiochem
Secondary Antibody

Alexa568-conjugated donkey anti mouse | Life Technologies

2.9.2 Methods

Cells were grown on 13 mm glass-coverslips (VWR) placed into 6 well plates.
Cells were transfected with MDM2 wild type or mutants and GFP-tagged MDMX
overnight then washed and fixed with 4 % PFA in PBS for 20 minutes at room
temperature and PFA was quenched with 30 mM glycine in PBS. Cells were
washed and permeabilised with the cell permeabilisation buffer for 10 minutes
at room temperature. Cells were then washed with PBS and blocked with the
blocking buffer for 3 hours at room temperature and were then incubated with
anti-MDM2 Ab-1 antibody (1:100) overnight at 4 °C. After this incubation time,
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cells were washed with PBS-T and incubated with secondary antibody (1:200) for
2 hours, then washed with PBS-T and then PBS. Coverslips were washed with
double-distilled water to remove any salt residues and then mounted with
VECTASHIELD Mounting Medium with DAPI. Images were taken using confocal

microscope Fluoview FV1000 (Olympus).

2.10 RNA Extraction and Quantitative Real-Time PCR
(gPCR)

2.101 Materials

Reagents and kits used for RNA extraction and gPCR are listed in Table 2-25 and
primers used for gPCR are listed in Table 2-26.

Table 2-25: Reagents and Kits for RNA extraction and qPCR

Reagent / Kit Source
RNeasy Mini Kit Qiagen
RNase-Free DNase Set Qiagen

High-Capacity RNA-to-cDNA Kit

Life Technologies

Fast SYBR green master mix

Life Technologies

Table 2-26: Primers for gPCR

Human (5’-3’)
B-2 microglobulin For: | GTG CTC GCG CTACTC TCT C
(B2M) Rev: | GTC AAC TTC AAT GTCGGA T
CDKN1A (p21) For: | TGG GAG CGG ATA GAC ACA TC
Rev: | GGC TCT CTG CTT GTC ATC CTT
TIGAR For: | CGC GTG GAG AAA CAAGAT TT
Rev: | CCG TAT TTC CTT TCC CGA AG
FAS For: | GTA CGG AGT TGG GGA AGC TC
Rev: | AGG GCT TAT GGC AGA ATT GG
PUMA For: | GAA TCC ACG GCT TTG GAA AA
Rev: | TGG CCA CAC TCA CCA CAA AT
PHLDA3 For: | GAC CCT CGT GTC CTA AAC CA
Rev: | CTC GTC CAT TCC TTC AGC TC
PIG3 For: | TCT CTG AAG CAA CGC TGA AAT TC
Rev: | ACG TTC TTC TCC CAG TAG GAT CC
SESTRIN1 For: | TTG AAG CCC TCA TGG AAA AG
Rev: | AGT CCT GGA CAC GAA ATG TTG
SESTRIN2 For: | ACT CTG GGG GCT TTG AGT CT
Rev: | GTC TTC CAC AAA GCA CAG CA
GADD45a For: | CAG AAG ACC GAA AGG ATG GA
Rev: | ATC TCT GTC GTC GTC CTC GT
GADD458 For: | CGC TGG AAG AGC TCG TGG CG
Rev: | ACC ACG CTG TCT GGG TCC ACAT
DRAM For: | GGG AAC AAC ACC TCC AGA GA
Rev: | TGA ACC ACT GGC ACA GCT AA
XPC For: | ACC CGG CTG GTATTG TCT CT
Rev: | GTT CCT CTT CCC TTT GGC AC
14.3.30 For: | AGC CGG GTC TTC TAC CTG AA
Rev: | GTT GGC GAT CTC GTA GTG GA
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BAX For: | ATG GAC GGG TCC GGG GAG
Rev: | ATC CAG CCC AAC AGC CGC
Mouse (5’-3’)
B-2 microglobulin For: | CGG CCT GTA TGC TAT CCA GA
(B2m) Rev: | GGG TGA ATT CAG TGT GAG CC
Cdknia (p21) For: | CCT GGT GAT GTC CGA CCT G
Rev: | CCA TGA GCG CAT CGC AAT C
Mdm2 For: | CCA ACC ATC GAC TTC CAG CAG CATT
Rev: | GAT TGG CTG TCT GCA CAC TGG G
Bax For: | GGA CAG CAA TAT GGA GCT GCA GAG G
Rev: | GGA GGA AGT CCA GTG TCC AGC C

2.10.2 Methods

RNA was extracted using RNeasy Mini Kit and RNase-Free DNase Set according to
the manufacturer’s instructions. RNA concentration was determined using a
Nanodrop 2000c (Thermo Scientific). The complementary DNA (cDNA) was
synthesised through reverse transcription from 1 pg RNA using High-capacity
RNA-to-cDNA Kit. The quantitative real-time PCR (qPCR) reaction was performed
with 10 ng of cDNA using Fast SYBR green master mix. The amount of fluorescent
PCR product accumulating during the PCR programme (20 seconds at 95 °C hot
start, 40 «cycles of 3 seconds denaturing at 95 °C, 30 seconds
annealing/elongation at 60 °C) was detected by the ABI 7500 Fast System
(Thermo Scientific). Gene expression was quantified relative to the

housekeeping gene B2M according to the comparative AACt method.

2.11 Chromatin Immunoprecipitation (ChlP)

2111 Materials

Reagents used for ChIP are listed in Table 2-27, solutions and buffers used for
ChIP are listed in Table 2-28, antibodies used for ChIP are listed in Table 2-29

and primers used for ChIP are listed in Table 2-30.

Table 2-27: Reagents for ChIP

Reagent Source

Glycine Sigma-Aldrich
Dynabeads Protein G Life Technologies
phenol-chloroform-isoamylalcohol (PCl) Sigma-Aldrich
Glycogen Life Technologies
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Table 2-28: Solutions and buffers for ChIP

Solution

Composition

Phosphate Buffered Saline (PBS) pH 7.4

170 mM NaCl (Fisher Scientific)
3.3 mM KCl (Fisher Scientific)

1.8 mM Na;HPO, (Fisher Scientific)
10.6 mM KH,POQ, (Fisher Scientific)

X-linking solution

1 % Formaldehyde (Sigma-Aldrich)
100 mM HEPES-KOH (Fisher Scientific)
50 mM NaCl (Fisher Scientific)

1 mM EDTA (Sigma-Aldrich)

0.5 mM EGTA (Sigma-Aldrich)

ChlIP cell lysis buffer (CLB)

10 mM Tris-HCL (pH 8.0) (Sigma-Aldrich)
10 mM NacCl (Fisher Scientific)

0.2 % IGEPAL CA-630 (Sigma-Aldrich)

10 mM NaBu (Sigma-Aldrich)

50 pg/ml PMSF (Sigma-Aldrich)

1 ug/ml Leopeptin (Sigma-Aldrich)

Nuclei lysis buffer (NLB)

50 mM Tris-HCL (pH 8.0) (Sigma-Aldrich)
10 mM EDTA (Sigma-Aldrich)

1 % SDS (Fisher Scientific)

10 mM NaBu (Sigma-Aldrich)

50 pg/ml PMSF (Sigma-Aldrich)

1 ug/ml Leopeptin (Sigma-Aldrich)

IP dilution buffer (IPDB)

20 mM Tris-HCL (pH 8.0) (Sigma-Aldrich)
150 mM NaCl (Fisher Scientific)

2 mM EDTA (Sigma-Aldrich)

1 % Triton X-100 (Sigma-Aldrich)

0.01 % SDS (Fisher Scientific)

10 mM NaBu (Sigma-Aldrich)

50 pg/ml PMSF (Sigma-Aldrich)

1 ug/ml Leopeptin (Sigma-Aldrich)

Modified IPDB (IPDBmod)

NLB:IPDB = 1:4

IP wash buffer 1 (IPWB1)

20 mM Tris-HCL (pH 8.0) (Sigma-Aldrich)
50 mM NaCl (Fisher Scientific)

2 mM EDTA (Sigma-Aldrich)

1 % Triton X-100 (Sigma-Aldrich)

0.01 % SDS (Fisher Scientific)

IP wash buffer 2 (IPWB2)

10 mM Tris-HCL (pH 8.0) (Sigma-Aldrich)
250 mM LiCl (Sigma-Aldrich)

1 mM EDTA (Sigma-Aldrich)

1 % IGEPAL CA-630 (Sigma-Aldrich)

1 % Sodium deoxycholate (Sigma-Aldrich)

IP elution buffer (IPEB)

100 mM NaHCO; (Sigma-Aldrich)
1 % SDS (Fisher Scientific)

Tris-EDTA (TE)

10 mM Tris-HCL (pH 8.0) (Sigma-Aldrich)
1 mM EDTA (Sigma-Aldrich)

Table 2-29: Antibodies for ChIP

Primary Antibody Description Supplier
p53 mouse monoclonal (DO-1) Santa Cruz Biotechnology
MDM2 mouse monoclonal (SMP14) Santa Cruz Biotechnology
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Table 2-30: Primers for ChIP

Target (5’-3’)

p21 -2350 bp For: | CTG GAC TGG GCA CTC TTG TC
(promoter) Rev: | CCC CTT CCT CAC CTG AAA AC
p21 +50 bp For: | GGC ACT CAG AGG AGG TGA GA
(non-specific) Rev: | ACC CGC GCA CTT AGA GAC AC

2.11.2 Methods

Approximately 5 x 107 cells were seeded on 150 mm dish. After 2 days, cells
were washed and fixed in 1 % formaldehyde in serum-free DMEM for 10 min.
Cross-linking reaction was stopped by adding glycine (final concentration 125
mM) for 5 minutes. Media was completely aspirated and cells were washed 4
times with ice cold PBS. Cells were then harvested in 5 ml of ChIP cell lysis
buffer and incubated for 10 minutes on ice. Cells were then centrifuged at 2,500
rpm for 5 minutes at 4 °C and nuclei was re-suspended and incubated in 1.2 ml
of NEB for 10 minutes on ice. 0.72 ml of IPDB and samples were sonicated using
the Bioruptor sonicator (high setting, 30 seconds on/30 seconds off) for 30
minutes (replaced ice every 10 minutes). 4.1 ml of IPDB was added and
chromatin was precleared by 20 ul of normal mouse IgG and 50 pl of Dynabeads
protein G for 4 hours on a rotating wheel at 4 °C. IPDBmod was made by
combining 1:4 NLB:IPDM. Supernatant was transferred to new Eppendorf tubes
and set up in necessary conditions for ChIP with p53 and MDM2. Samples were

incubated on a rotating wheel overnight at 4 °C.

ChIP Target conditions

p53: 0.675 ml chromatin + 0.675 ml IPDBmod + 7.5 pg p53 antibody (DO1)
MDM2: 0.675 ml chromatin + 0.675 ml IPDBmod + 7.5 yg MDM2 antibody (SMP14)
Negative control: 0.675 ml chromatin + 0.675 ml IPDBmod + 7.5 pg 1gG

50 pl of Dynabeads protein G was added to the samples and they were incubated
for 3 hours on a rotating wheel overnight at 4 °C. Beads were washed twice with
IP wash buffer 1, once with IP wash buffer 2, then twice with TE buffer. ChIP
materials were eluted in 300 pl of ChIP elution buffer on a Thermomixer heat
block (Eppendorf) at 900 rpm overnight for 65 °C. Input samples were similarly

processed.

Following this, 200 pl of samples were transferred to fresh Eppendorf tubes and
200 pl of TE buffer. 400 pl of PCl was added to the samples and they were
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transferred to the phase-lock tubes (5 Prime) for DNA isolation. Samples were
spun at 14,000 rcf for 5 minutes at room temperature and upper phase was
transferred to Eppendorf tubes. 16 pl of 5 M NaCl and 8 pl of glycogen (5 mg/ml)
was added and vortexed. 1 ml of ice cold 100 % ethanol was then added to the
samples, vortexed and stored at -80 °C for 30 minutes. Following this, samples
were spun at 16,100 rcf for 15 minutes at 4 °C, and the supernatant was
discarded. Pellets were washed with 1 ml ice cold 80 % ethanol and spun at
16,100 rcf for 10 min at 4 °C. The supernatant was discarded and pellets were
dried at room temperature then DNA was eluted in 50 pl of 10 mM Tris-HCl and
heated on a Thermomixer heat block for 10 minutes at 50 °C in order to dissolve
the pellet. Samples were then analysed via qPCR as described above with a
modified PCR programme (20 seconds at 95 °C hot start, 45 cycles of 3 seconds
denaturing at 95 °C, 30 seconds annealing/elongation at 60 °C). Values were

calculated as % input.

2.12 Cell growth assay and cell staining

2121 Materials

Reagents used for cell growth assay and cell staining are listed in Table 2-31 and
solutions and buffers used for cell growth assay and cell staining are listed in
Table 2-32.

Table 2-31: Reagents for cell growth assay and cell staining

Reagent Source
Foetal bovine serum (FBS) Life technologies
CASYton OMNI Life Science

Table 2-32: Solutions and buffers for cell growth assay and cell staining

Solution Composition

Phosphate Buffered Saline (PBS) pH 7.4 | 170 mM NaCl (Fisher Scientific)
3.3 mM KCl (Fisher Scientific)

1.8 mM Na;HPO, (Fisher Scientific)
10.6 mM KH,PQ, (Fisher Scientific)

Trypsin-EDTA PBS
0.25 % Trypsin (Life Technologies)
1 mM EDTA (Sigma-Aldrich)

Cell staining buffer PBS
0.04 % Sulphorhodamine B (SRB) (Sigma-Aldrich)
1 % Acetic acid (Fisher Scientific)
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2.12.2 Methods

Cells were harvested with trypsin-EDTA and stopped trypsinisation by ice cold
2 % FBS in PBS. 200 pl of them were mixed with 19.8 ml of CASYton and the

number of viable cells was counted using CASY cell counter.

For cell staining, cells were fixed with ice-cold 100 % methanol and stained with
cell staining buffer.

2.13 Cell cycle analysis

2131 Materials

Reagents used for cell cycle analysis are listed in Table 2-33 and solutions and

buffers used for cell cycle analysis are listed in Table 2-34.

Table 2-33: Reagents for cell cycle analysis

Reagent Source
Propidium iodide (PIl) Sigma-Aldrich
Foetal bovine serum (FBS) Life technologies
RNase A Qiagen

Table 2-34: Solutions and buffers for cell cycle analysis

Solution Composition

Phosphate Buffered Saline (PBS) pH 7.4 170 mM NaCl (Fisher Scientific)
3.3 mM KCl (Fisher Scientific)

1.8 mM Na;HPO, (Fisher Scientific)
10.6 mM KH,PO, (Fisher Scientific)

Trypsin-EDTA PBS
0.25 % Trypsin (Life Technologies)
1 mM EDTA (Sigma-Aldrich)

2.13.2 Methods

For analysis of cell cycle profile, cells were harvested with trypsin-EDTA,
stopped trypsinisation by ice cold 2 % FBS in PBS and then cells were washed in
PBS and fixed in ice cold 70 % ethanol for at least 30 minutes at 4 °C. Cells were
rehydrated with PBS and treated with 50 pg/ml RNase A in PBS for at least 15
minutes. DNA was stained with Pl before flow cytometric analysis (Attune NxT,
Thermo Fisher Scientific). DNA content was analysed in channel FL2 and the

percentage of cells in each phase was determined by DNA content analysed by
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FlowJo 10 software (FlowJo) based on the Watson Pragmatic algorithm (Watson
et al., 1987).

2.14 Structure analysis

Crystal structure of E2 (UbcH5B)-ubiquitin-MDM2R™C-MDMXRNC complex was
generated by Professor Danny Huang’s group (Cancer Research UK Beatson
Institute) and structural analyses were performed with PyMol software
(Schrodinger).

2.15 Statistical analysis and reproducibility

Experimental data are expressed as mean * standard deviation (SD) unless
otherwise indicated. Statistical differences were analysed by one- or two-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test (two-tailed), as
appropriate. All statistical analyses were performed with Prism 6 (GraphPad
Software). Statistical significance was defined as P < 0.05. F statistics and
degrees of freedom for ANOVAs (F (DFn, DFd)) were also reported. Each
experiment was repeated independently at least three times and sample sizes

and numbers of repeats are defined in each figure legend.
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3.1 Structure of UbcH5B-ubiquitin-MDM2¥N-MDMXR'NG

The crystal structure of E2 (UbcH5B)-ubiquitin-MDM2R"®-MDMX®N® was developed
by Professor Danny Huang group at the Cancer Research UK Beatson Institute and
its co-ordinates and structure factors have been deposited in Protein Data Bank
(PDB) under accession code of 5MNJ (Nomura et al., 2017).
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Figure 3-1: Structure of E2 (UbcH5B)-ubiquitin-MDM2"N®-MDMX®™® complex

(a) Ribbon representation of the E2 'SUbcH5B)—ubiquitin-MDMZR'NG-MDMXR'NG complex:
UbcH5B (red), ubiquitin (yellow), MDM2¥N® (blue) and MDMX™™N® (pink). Zn** are depicted as
grey spheres. UbcH5B—ubiquitin linkage, MDM2 C-terminal tail and MDMX C-terminal tail are
indicated with arrows. (b) Surface representation of the E2 (UbcH5B)—ubiquitin-MDM2%"™®-
MDMX®™® complex, coloured and oriented as in cartoon representation. MDMX C-terminal
tail is indicated is indicated with an arrow. Co-ordinates and structure factors for this
complex are available at PDB with accession code of 5MNJ. (c) Schematic drawing of the
structure complex coloured as in cartoon representation. Black line indicates the C-terminal
tail of the ubiquitin. Green and brown lines indicate the C-terminal tail of MDM2 and MDMX,

respectively.
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This structure contains the human MDM2 RING domain (from amino acid 428 to
491), the MDMX RING domain (from amino acid 427 to 490) and the UbcH5B-
ubiquitin complex (en dash (-) indicates covalent bond) (Figure 3-1). Two point
mutations were introduced within UbcH5B: C85K was introduced to form an
isopeptide bond with the ubiquitin glycine 76 (G76) residue at the C-terminal.
This irreversible bond stabilises UbcH5B-ubiquitin to allow crystallisation. S22R
was introduced to prevent non-covalent ubiquitin binding via the "backside" of
UbcH5B. The structure shows the active form of UbcH5B-ubiquitin configuration
that is referred to as the folded-back configuration (Dou et al., 2013,
Plechanovova et al., 2012, Dou et al., 2012, Branigan et al., 2015, Buetow et al.,
2015, Koliopoulos et al., 2016, Sanchez et al., 2016, Scott et al., 2014). This
configuration is stabilised by MDM2 and MDMX RING domains. The MDM2 RING
domain contacts both UbcH5B and ubiquitin in a similar manner as observed in
other structures of RING E3s bound to E2-ubiquitin complex (Figure 3-1). In
contrast, the MDMX RING domain only contacts ubiquitin via C-terminal tail and

core RING domain did not bind an E2-ubiquitin complex (Figure 3-1).

3.2 Attenuation of MDM2 E3 ligase activity

To date, studies on the MDM2 ligase-independent regulation of p53 are based on
MDM2 C464A (or C462A in mouse), a mutant that disrupts Zn** co-ordination and
abolishes the RING domain fold (Iltahana et al., 2007, Honda et al., 1997,
Kubbutat et al., 1997, Geyer et al., 2000). It remains unclear whether the RING
domain fold is important for MDM2 ligase-independent functions, since the RING
domain may regulate a variety of other biological functions including
interactions with DNA, RNA and lipid substrates, dimerisation and other protein
binding (Klug, 1999, Hall, 2005, Brown, 2005, Gamsjaeger et al., 2007, Matthews
and Sunde, 2002). Therefore, it is important to explore in more detail the
functional requirements for MDM2 E3 activity and to understand how important
transcriptional repression of p53 by MDM2/X independently of E3 ligase activity
is to regulate p53.

There are several potential strategies to attenuate MDM2 E3 ligase activity other
than destructing its RING co-ordination, including separation of E2-ubiquitin

complex and MDM2 RING domain, disruption of closed folded back configuration
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of E2-ubiquitin complex by altering ubiquitin alignment, and disruption of homo-
and hetero-dimerisation of MDM2 (Figure 3-2).

a b

Figure 3-2: Strategies to attenuate the intrinsic E3 ligase activity of MDM2

(a) Schematic drawing of the structure complex. (b) MDM2 C464A model. (c) Targeting
interaction between MDM2 RING domain and E2-ubiquitin complex. (d) Targeting ubiquitin
alignment by MDM2 RING domain. (e) Targeting homo- and hetero- dimerisation. Black line
indicates the C-terminal tail of the ubiquitin. Green and brown lines indicate the C-terminal
tail of MDM2 and MDMX, respectively.

Guided by the structure, several specific point mutations within the MDM2 RING
domain were generated to test whether these mutants has lost their intrinsic E3
ligase activity without affecting their RING domain structure and their ability to
bind to p53.
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3.2.1 Targeting Separation of E2—ubiquitin complex and MDM2
3.2.1.1 Targeting E2-MDM2 interaction

Isoleucine 440 (1440) is the hydrophobic core of MDM2 and is important for the
hydrophobic interaction with N-terminal a1 helix and L1 and L2 loops of UbcH5B,
particularly with F62 in the L1 loop and P95 and A96 in the L2 loop (Figure 3-3).
This interaction resembles other RING-E2 interactions described previously for
other E3 ligase complexes. For example, mutation of the corresponding
isoleucine residue in BRCA1 (I126) into alanine abrogates its E3 ligase activity in
vitro (Brzovic et al., 2003, Christensen et al., 2007).
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E2 (UbcH5B)

MDMX
(RING domain)

90°

(RING domain)

MDM2
(RING domain)

Figure 3-3: Hydrophobic interaction between MDM2 RING domain and UbcH5B

(a) Close-up view of MDM2 RING domain and UbcH5B interaction. MDM2 1440 interacts with
N-terminal a1 helix and L1 and L2 Ioo’Ps of UbcH5B throu%h hydrophobic interaction.
UbcH5B (red), ubiquitin (yellow), MDM2™"® (blue) and MDMX™™® (pink). (b) MDM2 1440K
model. To obtain this model, MDM2 residue was mutated in silico. (c) Space filling
representation of the E2 (UbcH5B)-MDM2 RING domain binding interface. Red colour
indicates high hydrophobicity and white colour indicates low hydrophobicity.
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Therefore, | generated point mutants of 1440 converting a hydrophilic amino acid
including lysine (K), arginine (R) aspartic acid (D) and glutamic acid (E), an

amphipathic amino acid tyrosine (Y), and an alanine (A).

Over-expression of wild type MDM2 significantly promoted degradation of p53 in
U20S cells (to 7.2 + 2.1 % of the level compared with no MDM2 over-expression
(empty vector (EV) control)) (Figure 3-4a, b). On the other hand, expression of
MDM2 C464A mutant did not reduce p53 level compared with no MDM2 over-
expression, which is significantly different from over-expression of wild type
MDM2 (Figure 3-4a, b). Expression of MDM2 mutants with alanine or hydrophilic
amino acid substitutions of 1440 completely attenuated the ability of MDM2 to
reduce p53 levels similar to a negative control C464A (Figure 3-4a, b). However,
MDM2 1440Y mutant retained the ability to degrade p53 (31.1 + 18.8 %) and no
significant difference to wild type MDM2 was observed (Figure 3-4a, b). This may
be because tyrosine can still interact with E2 through its hydrophobic benzene
ring. In order to confirm that the inability to lower p53 levels of the 1440
mutants is due to the difference of their ability to ubiquitinate p53,
ubiquitination assays were performed. These show that wild type MDM2 and
MDM2 1440Y can ubiquitinate p53 whereas the other 1440 mutants lost its ability
to ubiquitinate p53 (Figure 3-4c).
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Figure 3-4: Effect of MDM2 1440 mutants on p53 degradation and ubiquitination

U20S cells were transiently transfected with combinations of plasmid vectors coding for
p53, mCherry, His-Ubiquitin-GFP (ubiquitination assay) and wild type MDM2 or the MDM2
1440 mutants for 24 hours. (a,b) p53 degradation assay showing that MDM2 1440 mutants
(not 1440Y) do not promote degradation of p53. P values (one-way ANOVA with Tukey's post
hoc test): vs. empty vector (EV) control. "n.s." indicates not significant vs. wild type. F (8,
18) = 16.96. Error bars indicate mean * SD. n = 3 independent experiments. (c)
Ubiquitination assay showing that MDM2 1440 mutants (not 1440Y) abolish p53
ubiquitination. Cells were treated with proteasome inhibitor MG132 for 5 hours then lysates
were pull-downed with the nickel beads (His-tag pull-down). Ubiquitin-conjugated p53 was
detected by western blot.

As MDM2 1440K and 1440E mutants strongly attenuated p53 ubiquitination and
degradation, these two mutants were selected for further investigation. To test
whether MDM2 1440 mutants can affect p53 stability, p53 half-life assays were
carried out. Co-expression of wild type MDM2 quickly led to the significant
reduction of p53 signal within 30 minutes after treatment of the protein
biosynthesis inhibitor cycloheximide (to 68.7 + 19.0 %). Further reductions were
observed in 60 minutes (38.4 + 12.7 %) and in 90 minutes (16.0 + 10.0 %) (Figure
3-5). This indicates that wild type MDM2 leads to rapid degradation of p53. In
contrast to that, MDM2 1440K and [440E mutants did not reduce the p53 signal
over time, supporting the conclusion that they cannot facilitate the degradation
of p53 (Figure 3-5). Interestingly, MDM2 1440Y mutant was still able to reduce

p53 protein levels; a significant reduction within 60 minutes (to 52.0 + 14.5 %)
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after cycloheximide treatment and a further reduction in 90 minutes (29.5 +

13.5 %), consistent with the observation that [440Y substitution still can

ubiquitinate p53 (Figure 3-5).

Taken together, these results suggest that single mutation of MDM2 1440 into a
hydrophilic amino acid is sufficient to attenuate E3 activity of MDM2 towards p53,

leading to a stabilisation of p53 levels.
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Figure 3-5: Effect of MDM2 1440 mutants on p53 half-life
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p53 half-life assay showing that p53 was quickly degraded by expressing wild type MDM2
and MDM2 1440Y mutant but not by expressing MDM2 1440K and 1440E mutants. U20S cells
were transiently transfected with combinations of plasmid vectors coding for p53, mCherry
and wild type MDM2 or the MDM2 1440 mutants for 24 hours. Cells were treated with protein
synthesis inhibitor cycloheximide for 0, 30 60 or 90 minutes then changes in p53 level were
analysed by western blot. P values (one-way ANOVA with Tukey’s post hoc test): vs. each 0
min. "n.s." indicates not significant. F (3, 8) = 35.10 (wild type) and F (3, 8) = 19.68 (1440Y).

Error bars indicate mean * SD. n = 3 independent experiments each
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The results generated so far support a model where 1440 mutations of MDM2 are
inactive due to an inability to recruit E2-ubiquitin. To confirm that these MDM2
mutants do not interact with E2-ubiquitin complex, surface plasmon resonance
(SPR) analyses were performed by Dr Gary Sibbet with Biacore T200 (GE
Healthcare). Briefly, GST-tagged MDM2 (from amino acid 398 to 491, termed
MDM2 398-C) variants were immobilised to a CM-5 sensor chip coupled with anti-
GST antibody and serially diluted UbcH5B-ubiquitin complex was injected to
measure their interaction by SPR. To enhance their interaction, ubiquitin lacking
the C-terminal di-glycine motif (UbAGG) was added to saturate backside of
UbcH5B (non-covalent ubiquitin binding) as previously described (Buetow et al.,
2015). The value of the equilibrium dissociation constants (Ky) was obtained by
fitting a plot of response at the equilibrium against the concentration and the
steady-state affinity analyses were performed with BlAevaluation software (GE
Healthcare). Ky corresponds to the analyte (UbcH5B-ubiquitin) concentration at

which half of immobilised proteins (MDM2 398-C) are occupied at equilibrium.

The results suggest that wild type MDM2 readily interacts with E2-ubiquitin
complex with Ky of 1.2 + 0.2 pyM (Figure 3-6, Table 3-1). On the other hand,
mutations of 1440 into hydrophilic residues completely abrogate interaction with
E2-ubiquitin complex (Figure 3-6, Table 3-1). Interestingly, the MDM2 [440Y
mutant was still able to interact with E2-ubiquitin complex but its K, indicates
that their interaction had 60-fold weaker affinity than that of wild type MDM2
(Kg = 71 + 2 yM) (Figure 3-6, Table 3-1). The low binding affinity explains how
MDM2 1440Y mutant can still ubiquitinate and degrade p53 in cells.

Taken together, MDM2 1440E and 1440K mutants abrogate E3 ligase activity by

disrupting interaction between MDM2 RING domain and E2-ubiquitin complex.
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Figure 3-6: SPR analyses of MDM2 1440 mutants binding affinities for UbcH5B—ubiquitin

Representative sensorgrams (left) and binding curves (right) for GST-MDM2 398-C variants
with UbcH5B-ubiquitin in the presence of UbAGG are shown. Only sensorgram is shown for
GST-MDM2 398-C variants that displayed no measurable UbcH5B-ubiquitin binding in the
presence of UbAGG. All experiments were performed in duplicates by Dr Gary Sibbet.
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Table 3-1: Dissociation constants (Ky) for interactions between MDM2 1440 variants and
UbcH5B-ubiquitin

Immobilised Protein Analyte Kq (HM)

MDM2 398-C UbcH5B-Ub + UbAGG 1.2+0.2
MDM2 398-C 1440A UbcH5B-Ub + UbAGG N.M.
MDM2 398-C 1440K UbcH5B-Ub + UbAGG N.M.
MDM2 398-C 1440R UbcH5B-Ub + UbAGG N.M.
MDM2 398-C 1440D UbcH5B-Ub + UbAGG N.M.
MDM2 398-C 1440E UbcH5B-Ub + UbAGG N.M.
MDM2 398-C 1440Y UbcH5B-Ub + UbAGG 71+2

SEM are indicated. N.M. indicates no measurable binding. Representative sensorgrams and
binding curves are shown in Figure 3-6.

3.2.1.2 Targeting ubiquitin alignment

Based on the structure shown in Figure 3-7, arginine 479 (R479) seems to be
critical for both binding and aligning C-terminal tail of the ubiquitin to the
active site of UbcH5B. R479 forms hydrogen bonds with the carbonyl oxygens of
Q92 of UbcH5B and Q40 and R72 of ubiquitin (Figure 3-7). This corresponding
arginine residue is commonly known as the “linchpin” arginine residue and is
conserved in approximately 40 to 50 % of RING E3s (Pruneda et al., 2012). In
cancer patients with c-CBL mutant, this corresponding arginine residue (c-CBL
R420) has been mutated to glycine (G), glutamine (Q), leucine (L) or proline (P)
(Kales et al., 2010). It has been demonstrated that the c-CBL R420Q mutation
inhibits ubiquitination and endocytosis of its target RTKs including EGFR, PDGFR
(Platelet-derived growth factor receptors) and FLT3 (FMS (Feline McDonough
Sarcoma) like tyrosine kinase 3) that is frequently linked in leukaemic

transformation (El-Gamal et al., 2013).
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Figure 3-7: Hydrogen bonds between MDM2 RING domain and UbcH5B—-ubiquitin

(a) Close-up view of MDM2 RING domain and UbcH5B-ubiquitin interaction. MDM2 R479, the
"linchpin" arginine residue, interacts with Q92 of UbcH5B and Q40 and R72 of ubiquitin
through hydrogen bonds. UbcH5B (red), ubiquitin (yellow), MDM2"™® (blue) and MDMX®'™N®
(pink). Cyan dots indicate hydrogen bonds. (b) MDM2 R479P model. To obtain this model,
MDM2 residue was mutated in silico.

Therefore, the MDM2 R479 residue was mutated into hydrophobic amino acids
including alanine (A), isoleucine (l), glycine (G), proline (P), phenylalanine (F)
and into lysine (K) as in MDMX, to investigate how they affect MDM2 E3 ligase

activity.

MDM2 R479A, R4791 and R479K mutants did not affect the ability of MDM2 to
ubiquitinate p53 displaying significant ability to degrade p53 to 29.0 + 14.8 %,
14.8 + 3.9 % and 3.7 + 1.8 % respectively compared with no MDM2 over-
expression (Figure 3-8 a-c). Although MDM2 R479G and R479F mutants still
possess ability to ubiquitinate p53 and significantly promote degradation of p53
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to 51.0 + 16.4 % and 51.4 + 15.5 % respectively, they significantly attenuate
degradation of p53 compared to wild type MDM2 (Figure 3-8 a-c). Notably, MDM2
R479P mutant has lost its ability to ubiquitinate p53 and did not promote
degradation of p53 (Figure 3-8 a-c). Furthermore, this mutant completely

attenuated its auto-ubiquitination (Figure 3-8d).

Interestingly, although the MDM2 R479K mutant (corresponding to K478 in MDMX)
ubiquitinates p53, double mutation of MDM2 R479K-Q480K (corresponding to
K478-K479 in MDMX) significantly attenuated E3 ligase activity compared to the
MDM2 wild type (Figure 3-8e, f). This could suggest that the double mutation of
MDM2 R479K-Q480K (MDMX K478-K479) may cause a steric hindrance between
MDM2 and the E2-ubiquitin complex resulting in a loss of the E3 ligase activity.

Taken together, MDM2 R479 modulates E3 ligase activity by interacting with E2
as well as with ubiquitin. Indeed, the MDM2 R479P mutant completely abrogates
its E3 ligase activity by disrupting interaction with E2-ubiquitin complex (like the
MDM2 1440 mutants).

Further effects in terms of p53 degradation and ubiquitination were not
observed in double mutations 1440K-R479P and 1440E-R479P, suggesting that
1440K, [440E or R479P single mutations are enough to completely inactivate E3

activity (Data not shown).
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Figure 3-8: Effect of MDM2 R479 mutants on p53 degradation and ubiquitination

U20S cells were transiently transfected with combinations of plasmid vectors coding for
p53, mCherry, His-Ubiquitin-GFP (ubiquitination assay) and wild type MDM2 or the MDM2
R479 mutants for 24 hours. (a,b) p53 degradation assay showing that MDM2 R479 mutants
have no or reduced ability to promote degradation of p53. P values (one-way ANOVA with
Tukey's post hoc test): vs. EV. "n.s." indicates not significant vs. wild type. F (8, 18) = 40.90.
Error bars indicate mean * SD. n = 3 independent experiments. (c,d) Ubiquitination assay
showing that MDM2 R479 mutants abolish or reduce p53 ubiquitination and MDM2 auto-
ubiquitination. Cells were treated with proteasome inhibitor MG132 for 5 hours then lysates
were pull-downed with the nickel beads (His-tag pull-down). Ubiquitin-conjugated p53 and
MDM2 were detected by western blotting. (e,f) p53 degradation assay showing that although
MDM2 R479K promotes degradation of p53, double mutation of MDM2 R479K-Q480K (as in
MDMX) attenuated its E3 ligase activity. P values (one-way ANOVA with Tukey’s post hoc
test): vs. EV (vertical), vs. wild type (horizontal). F (4, 10) = 62.54. n = 3 independent
experiments.
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In accordance with these results, SPR analysis performed by Dr Gary Sibbet,
demonstrated that MDM2 R479P mutant does not interact with E2-ubiquitin
complex (Figure 3-9, Table 3-2), thereby explaining why it cannot ubiquitinate
or degrade p53. Other MDM2 R479 mutants were still able to interact with E2-
ubiquitin complex but their K4 value indicates that their interaction had 6 to 43-
fold weaker affinity than that of wild type MDM2 (Figure 3-9, Table 3-2).

Taken together, these results explain why R479P mutant did not ubiquitinate
p53 but other R479 mutants did.
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Figure 3-9: SPR analyses of MDM2 R479 mutants binding affinities for UbcH5B—ubiquitin

Representative sensorgrams (left) and binding curves (right) for GST-MDM2 398-C variants
with UbcH5B-ubiquitin in the presence of UbAGG are shown. Only sensorgram is shown for
GST-MDM2 398-C variants that displayed no measurable UbcH5B-ubiquitin binding in the
presence of UbAGG. All experiments were performed in duplicates by Dr Gary Sibbet.
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Table 3-2: Dissociation constants (Ky) for interactions between MDM2 R479 variants and
UbcH5B—-ubiquitin

Immobilised Protein Analyte Kq (HM)

MDM2 398-C UbcH5B-Ub + UbAGG 1.2+0.2
MDM2 398-C R479A UbcH5B-Ub + UbAGG 32 +1
MDM2 398-C R479I UbcH5B-Ub + UbAGG 71
MDM?2 398-C R479G UbcH5B-Ub + UbAGG 52 +2
MDM2 398-C R479P UbcH5B-Ub + UbAGG N.M.
MDM2 398-C R479F UbcH5B-Ub + UbAGG 412
MDM2 398-C R479K UbcH5B-Ub + UbAGG 22 +2

SEM are indicated. N.M. indicates no measurable binding. Representative sensorgrams and
binding curves are shown in Figure 3-9.

3.2.1.3 1440 or R479 mutants can hetero-dimerise and interact with p53

MDM2 C464A mutant is not able to dimerise with MDM2 or MDMX due to the
disruption of a zinc co-ordination residue within the RING domain. This inability
to form a correctly folded RING dimer is the cause of loss of E3 ligase activity.
Based on the structure described above, the prediction is that MDM2 1440 and
R479 mutants possess ability to interact with MDMX and these mutants do not
alter any RING domain structure. To test this, co-immunoprecipitation and

immunofluorescence were carried out.

Co-immunoprecipitation results suggest that unlike the MDM2 C464A mutant, all
1440 and R479 mutants retain some ability to interact with MDMX in solution
(Figure 3-10a). To confirm this, the ability of the various MDM2 mutants to re-
localise MDMX to the nucleus (an activity that depends on MDM2-MDMX
interaction) was tested by immunofluorescence. As published before by Uldrijan
et al. (2007), MDMX alone was localised in the cytoplasm. Co-expression of wild
type MDM2 re-localised MDMX into the nucleus whereas C464A mutants did not
(Figure 3-10b). Unlike C464A mutant, 1440 mutants retained the ability to
relocalise MDMX into the nucleus in a similar manner as wild type MDM2 (Figure
3-10b). Therefore, these results confirm that MDM2 1440K and 1440E, like wild
type MDM2 can efficiently interact with MDMX in cells.
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Figure 3-10: MDM2 1440 and R479 mutants can interact with MDMX

Interaction of MDM2 mutants with MDMX was tested by co-immunoprecipitation and
immunofluorescence. U20S cells were transiently transfected with combinations of plasmid
vectors coding for myc-tagged MDMX (co-immunoprecipitation), GFP-tagged MDMX
(immunofluorescence), mCherry (co-immunoprecipitation) and wild type MDM2 or the MDM2
1440 and/or R479 mutants for 24 hours. (a) Co-immunoprecipitation showing that MDM2 1440
and R479 mutants can interact with MDMX in solution. Cells were treated with proteasome
inhibitor MG132 for 3 hours then lysates were immunoprecipitated using MDMX antibody
(A300-287A) or MDM2 antibody (Ab-1) then analysed by western blot. (b) Subcellular
localisation of over-expressed protein was detected by immunofluorescence using MDM2
antibody (Ab-1). MDMX primary localised in cytoplasm (because MDMX lacks NLS) but can
localised in nucleus by dimerising with MDM2. Scale bars indicate 10 pm.

To confirm these results directly, | tested whether these MDM2 mutants are able
to bind to p53 in a cell based Co-IP experiment. MDM2 mutant lacking p53-
binding domain (Ap53BD) was used as a negative control. As expected, all
mutants, including C464A, interacted with p53. These data suggest that
interaction between MDM2 and E2-ubiquitin complex is not required for p53 to
bind to the N-terminal of MDM2.

Taken together, although 1440 and R479 mutants do not interact with E2-
ubiquitin complex, they possess ability to dimerise with MDMX and p53, and their
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loss of E3 ligase activity is due solely to the loss of interaction with E2-ubiquitin

complex.
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Figure 3-11: MDM2 1440 and R479 mutants can interact with p53

U20S cells were transiently transfected with combinations of plasmid vectors coding for
p53, mCherry and wild type MDM2, MDM2 Ap53BD (as a negative control) or the MDM2 1440
or R479 mutants for 24 hours. Cells were treated with proteasome inhibitor MG132 for 3
hours then lysates were immunoprecipitated using p53 antibody (FL393) or MDM2 antibody
(Ab-1) then analysed by western blot.

3.2.1.4 MDMX can reactivate MDM2 C-terminal tail mutant but not 1440 or
R479 mutants

Previous studies have shown that E3 defective mutations in C-terminal tail of
MDM2 can be reactivated by MDMX (Uldrijan et al., 2007, Poyurovsky et al.,
2007). Structural analysis suggests that C-terminal tail of MDM2 is critical to
interact with ubiquitin and this function could be provided by MDMX within the

hetero-dimer (Figure 3-12).
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Figure 3-12: Model of the interaction between MDM2 C-terminal tail and E2-ubiquitin

Cartoon representation of the E2 (chHSBk—ubiquitin-MDM2R'NG-MDM2R'NG homo-dimer
model: UbcH5B (red), ubiquitin (yellow), MDM2™N® (blue) and another MDM2"™® (cyan), and
close-up view of C-terminal tail interactions of MDM2 (model) and MDMX. The last 3 C-
terminal residues (MDM2: Y489, F490 and P491, and MDMX: F488, 1489 and A490) are shown
as sticks. Note that MDM2 homo-dimer can carry two E2-ubiquitin complexes. To obtain
this model, UbcH5B—-ubiquitin-MDM2™N¢ portion of the structure was superimposed onto
MDMX™™N® in the original structure. Cyan dots indicate hydrogen bonds.

To test whether 1440 or R479 mutants can be reactivated by MDMX, p53
degradation assays and ubiquitination assays were carried out in the presence or
absence of MDMX.

Although the C-terminal MDM2 mutant Y489D was reactivated by MDMX as
previously described, MDM2 440K, 1440E, R479P and their double mutations were
not reactivated by MDMX (Figure 3-13). This indicates that, as was suggested by
the crystal structure, these mutants intrinsically cannot interact with E2-

ubiquitin complex and therefore cannot be reactivated by MDMX.
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Figure 3-13: MDM2 1440 and R479 mutants do not be reactivated by MDMX

Activity of MDM2 1440 and R479 mutants in the presence or absence of MDMX was tested in
cell-based p53 degradation assay and ubiquitination assay. U20S cells were transiently
transfected with combinations of plasmid vectors coding for p53, mCherry, myc-tagged
MDMX (where indicated), His-Ubiquitin-GFP (ubiquitination assay) and wild type MDM2 or
the MDM2 1440 or R479 mutants for 24 hours. MDM2 Y489D mutant was used as a positive
control of reactivation. (a,c) p53 degradation assay showing that 1440 and R479 mutants or
the double mutants do not affect p53 degradation. (b,d) Cells were treated with proteasome
inhibitor MG132 for 5 hours then lysates were pull-downed with the nickel beads (His-tag
pull-down). Ubiquitin-conjugated p53 was detected by western blotting.

3.2.1.5 Other potential targets to separate E2—-ubiquitin complex and MDM2

In addition to MDM2 1440 and R479, the structure shows other potential UbcH5B
interaction sites including MDM2 V439, K473 and P476, which could form
hydrogen bonds with the UbcH5B R5, F62 and S94 residues, respectively (Figure
3-14).
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Figure 3-14: Other hydrogen bonds between E2 and MDM2 RING domain

Close-up view of other hydrogen bonds between UbcH5B and MDM2 RING domain. MDM2
V439, K473 and P476 could form hydrogen bonds between UbcH5B R5, F62 and S94,
respectively. UbcH5B (red), ubiquitin (yellow), MDM2"™N® (blue) and MDMX™™® (pink). Cyan
dots indicate hydrogen bonds.

To test whether these possible interaction sites are important for the E3 ligase

activity of MDM2, they were mutated into alanines.

The results suggest that mutation of V439A or P476A does not affect the ability
of MDM2 to degrade p53 (Figure 3-15). However, the stability of MDM2 P476A
mutant was quite high, with expression levels similar to the MDM2 C464A mutant,
suggesting there may be some defect in auto-ubiquitination (Figure 3-15a). The
MDM2 K473A mutant also retained some ability to degrade of p53, compared
with no MDM2 expression or expression of C464A mutant, but its E3 activity was
significantly less than that of wild type MDM2 (Figure 3-15).
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Figure 3-15: Effects of MDM2 V439, K473 and P476 mutants on p53 degradation

U20S cells were transiently transfected with combinations of plasmid vectors coding for
p53, mCherry, and wild type MDM2 or the indicated MDM2 mutants for 24 hours. (a,b) p53
degradation assay showing that, although MDM2 V439A and P476A mutants do not affect its
E3 ligase activity, MDM2 K473A mutant has reduced ability to promote degradation of p53. P
values (one-way ANOVA with Tukey’s post hoc test): vs. EV (vertical), vs. wild type
(horizontal). "n.s." indicates not significant vs. wild type. F (5, 12) = 66.57. Error bars
indicate mean * SD. n = 3 independent experiments.

In addition to the E2-MDM2 RING and interaction, the structure shows that
ubiquitin-MDM2 interaction is also important for the formation of the active
“closed” E2-ubiquitin conformation. While MDM2 R479 plays a critical role in
stabilising the ubiquitin conformation, the structure shows that there are other

potential interactions between ubiquitin and MDM2.

MDM2 serine 429 (5429) and asparagine 433 (N433) are located N-terminal to the
RING domain and form a short helix that contacts the ubiquitin T9-K11 surface
(Figure 3-16). In addition, MDM2 H457 (which co-ordinates Zn**) and V477 are
also close proximity to the ubiquitin surface (Figure 3-16). Indeed, MDM2 H457
forms a hydrogen bond with the carbonyl oxygen of the ubiquitin E34 residue
(Figure 3-16).
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Figure 3-16: Other interaction sites between ubiquitin and MDM2 RING domain

Close-up view of interaction between ubiquitin and MDM2 RING domain. MDM2 H457 (which
co-ordinates an") forms a hydrogen bond with the carbonyl oxygen of the ubiquitin E34
residue. MDM2 S429, N433 and V477 are also important to interact with ubiquitin. UbcH5B
(red), ubiquitin (yellow), MDM2™N® (blue) and MDMX®™® (pink). Cyan dots indicate hydrogen
bonds.

Although my colleague has demonstrated that the E3 ligase activity has been
compromised in MDM2 N433 and V477 mutants in vitro (Nomura et al., 2017),

these mutants did not attenuate degradation of p53 in cells (Figure 3-17).

As expected, mutation of MDM2 H457 - a residue that is important to co-ordinate
Zn** - into alanine completely abrogated E3 ligase activity, similar to C464A
(Figure 3-17). Interestingly, mutation of MDM2 H457 into cysteine, which may
retain co-ordination of Zn>* but may have lost interaction with E34 on ubiquitin,
did not affect its ability to degrade p53 (Figure 3-17).
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Figure 3-17: Effects of MDM2 N433, H453 and V477 mutants on p53 degradation

U20S cells were transiently transfected with combinations of plasmid vectors coding for
p53, mCherry, and wild type MDM2 or the indicated MDM2 mutants for 24 hours. (a,b) p53
degradation assay showing that, although MDM2 H457A mutant has no ability to promote
degradation of p53, other indicated MDM2 mutants that could interact with ubiquitin do not
affect its E3 ligase activity. P values (one-way ANOVA with Tukey’s post hoc test): vs. EV. F
(7, 16) = 78.47. Error bars indicate mean * SD. n = 3 independent experiments.

Notably, it has been reported that phosphorylation of S429 alone, or with other
MDM2 phosphorylation site upstream RING domain (S386, S395, S407, T419, 5425
and $429) modulates the E3 ligase activity of MDM2 (Cheng et al., 2011).
Therefore, these residues were mutated into aspartate (phosphorylation mimic

as it is negatively charged) or alanine (non-phosphorylation mimic).

My results suggest that S429D or S429A do not affect the ability of MDM2 to
promote p53 degradation compared to wild type MDM2 (Figure 3-18a, b).
However, p53 degradation was attenuated by expressing MDM2 6D (S386D,
S395D, S407D, T419D, S425D and S429D) mutant (Figure 3-18a, b). Therefore, |
tested whether these MDM2 mutations affect its ability to hetero-dimerise or
bind to p53. Based on Co-IP experiments, although MDM2 6D possesses the ability
to dimerise with MDMX, it has lost its ability to bind to p53 (Figure 3-18c, d).

Taken together, these potential interaction sites in MDM2 with E2-ubiquitin
complex are less critical than MDM2 1440 or R479. Although MDM2 6D attenuated
degradation of p53, this may be due to the loss of interaction with p53 rather

than the loss of interaction with E2-ubiquitin complex.
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Figure 3-18: Phosphorylation of MDM2 upstream RING domain disrupts MDM2-p53
interaction

U20S cells were transiently transfected with combinations of plasmid vectors coding for
p53, MDMX (Co-IP) and wild type MDM2, MDM2 Ap53BD (Co-IP, as a negative control) or the
indicated MDM2 mutants for 24 hours. (a,b) p53 degradation assay showing that, although
MDM2 6D mutant does not affect its E3 ligase activity, MDM2 S429A, S429D and 6A mutant
have reduced ability to promote degradation of p53. P values (one-way ANOVA with Tukey’s
post hoc test): vs. EV. "n.s." indicates not significant. F (6, 14) = 54.73. Error bars indicate
mean * SD. n = 3 independent experiments. (c,d) Cells were treated with proteasome
inhibitor MG132 for 3 hours then lysates were immunoprecipitated using MDM2, MDMX or
p53 antibody then analysed by western blot. Although MDM2 6D mutants can dimerise with
MDMYX, it has lost its ability to bind to p53.

3.2.2 Targeting MDM2-MDMX dimerisation
3.2.2.1 Dimerisation is critical for MDM2 E3 ligase activity

Dimerisation of MDM2, either with MDM2 itself (homo-dimerisation) or with
MDMX (hetero-dimerisation) is important for E3 activity since the C-terminal tail

of a partner of MDM2 is critical to interact with ubiquitin.
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Figure 3-19: Dimerisation interface of MDM2 and MDMX

(a) Close-up view of dimerisation interface of MDM2 and MDMX RING domains. MDM2 and
MDMX dimerise through hydrophobic interaction (between MDM2 C449 and MDMX V487)
and hydrogen bond (between MDM2 T488 and MDMX N448). Cyan dots indicate hydrogen
bonds. (b) Mutagenesis model showing that double mutation of C449N and T488V (as in
MDMX) cannot dimerise with MDMX (and itself) since they lack hydrophobic interaction and
hydrogen bond. Moreover the distance between the two asparagines at the dimer interface
is too close and hydrophobic valine is not compatible with asparagine. These residues will
likely create a steric hindrance thereby preventing dimerisation. To obtain this model, MDM2
residues were mutated in silico. (c) Mutagenesis model showing that double mutation of
C449N and T488V (as in MDMX) (cyan) can dimerise with wild type MDM2 (blue). To obtain
this model, MDM2 residues were mutated in silico. UbcH5B (red), ubiquitin (yellow),
MDM2R™® (blue), MDMX®™® (pink) and MDM2¥"® DM (cyan).
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Although cysteine 449 (C449) on MDM2 has been described as an important
residue for dimerisation through hydrophobic interaction with MDMX V487, the
structure suggests that threonine 488 (T488) may also be important for
dimerisation by interacting with N448 on MDMX through hydrogen bounding
(Figure 3-19a).

Therefore, | mutated MDM2 C449 to asparagine and T488 to valine as in MDMX,
since MDMX cannot homo-dimerise likely due to the presence of these
corresponding residues (N448 and V487). Indeed modelling of MDM2 C449N and
T488V in the dimerisation interface suggests potential steric hindrances at the
dimer interface and could explain why MDMX does not homodimerise (Figure 3-
19b).

MDM2 C449N and T488V single point mutants did not affect in p53 degradation
compared to wild type MDM2; significant reduction of p53 to 48.0 + 19.2 % and,
respectively (Figure 3-20a, b). Interestingly, T488V seems to potentiate p53
degradation but stabilise itself (Figure 3-20a, b). Double mutation of C449N and
T488V in MDM2 (DM) significantly attenuated p53 and MDM2 degradation as well
as p53 ubiquitination (Figure 3-20 a-c). As expected, C449N and DM did not
interact with MDMX (Figure 3-20d, Figure 3-19b). Taken together, these results
suggest that while individual mutation of C449N or T488V is not sufficient to
disrupt MDM2 homo-dimerisation and subsequent degradation of p53, mutation
of both sites results in a defect in degradation ability. This double mutation of
MDM2 abrogates the E3 activity of MDM2 by disrupting their dimerisation. It is
important to note that, although MDM2 C449N or DM mutants are not able to
hetero-dimerise with MDMX or "homo"-dimerise (MDM2 C449N or DM mutants
cannot dimerise with MDM2 C449N or DM mutants), they can dimerise with MDM2
(such as wild type MDM2 or other MDM2 variants that possess C449 and T488)
(Figure 3-19¢).
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Figure 3-20: Effect of MDM2 dimerisation impairment on p53 degradation and ubiquitination

Activity of MDM2 C449N, T488V and C449N-T488V double mutant (DM) was tested in cell-
based p53 degradation assay and ubiquitination assay. U20S cells were transiently
transfected with combinations of plasmid vectors coding for p53, mCherry, His-Ubiquitin-
GFP (ubiquitination assay), myc-tagged MDMX (co-immunoprecipitation) and wild type
MDM2 or the MDM2 C449N, T488V and its double mutants for 24 hours. (a,b) p53
degradation assay showing that MDM2 DM mutant has no ability to promote degradation of
p53 whereas each single mutations were still able to promote p53 degradation. P values
(one-way ANOVA with Tukey’s post hoc test): vs. EV. "n.s." indicates not significant vs. wild
type. F (5, 12) = 61.66. Error bars indicate mean * SD. n = 3 independent experiments. (c)
Cells were treated with proteasome inhibitor MG132 for 5 hours then lysates were pull-
downed with the nickel beads (His-tag pull-down). Ubiquitin-conjugated p53 was detected
by western blotting. (d) Interaction of MDM2 mutants with MDMX was tested by co-
immunoprecipitation. Cells were treated with proteasome inhibitor MG132 for 3 hours then
lysates were immunoprecipitated using MDMX antibody then analysed by western blot.

3.2.2.2 Complementation between MDM2 1440 and dimerisation mutants

Based on the model of active E3 dimers, MDM2 1440 mutants, which have lost the
ability to bind to E2, may regain E3 activity by forming a dimer with a binding
partner - like MDMX or other MDM2 proteins - that retains the ability to bind to
the E2-ubiquitin complex. To test this hypothesis, the C449N-T488V double
mutant (DM), which has lost the ability to homo-dimerise or bind MDMX (but can
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dimerise with MDM2 and interact with E2-ubiquitin complex), was co-expressed
with 1440 mutants.

Unlike the MDM2 C464A mutant, MDM2 1440K and I440E mutants regained their
ability to degrade and ubiquitinate p53 when they were co-expressed with
C449N-T488V double mutation, from 97.3 + 26.9 % to 34.8 + 11.5 % and from
94.0 + 19.6 % to 30.5 + 3.6 %, respectively (Figure 3-21).

Therefore, this result suggests that 1440 mutants were reactivated by acting as a
binding partner of C449N-T488V double mutant.
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Figure 3-21: Complementation between 1440 and dimerisation impairment mutant

Activity of MDM2 1440 mutants (no E2 interaction) in the presence or absence of C449N-
T488V double mutant (DM) (no "homo"-dimerisation but can dimerise with other MDM2
variants) was tested in cell-based p53 degradation assay and ubiquitination assay. U20S
cells were transiently transfected with combinations of plasmid vectors coding for p53,
mCherry, His-Ubiquitin-GFP (ubiquitination assay) and wild type MDM2 or the MDM2
mutants for 24 hours. (a,b) p53 degradation assay. P values (one-way ANOVA with Tukey’s
post hoc test): vs. EV (vertical), vs. each MDM2 1440 mutant without DM (F vs. G and H vs. |)
(horizontal). "n.s." indicates not significant vs. wild type. F (8, 18) = 14.07. Error bars
indicate mean * SD. n = 3 independent experiments. (c) Cells were treated with proteasome
inhibitor MG132 for 5 hours then lysates were pull-downed with the nickel beads (His-tag
pull-down). Ubiquitin-conjugated p53 was detected by western blot.
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3.3 E3 ligase activity of MDMX

3.3.1 Differences between MDM2 and MDMX

Although 52 % of amino acids (22 out of 42) between MDM2 RING domain (from
C438 to R479) and MDMX RING domain (from C437 to K478) are identical (Figure
3-22), MDMX RING domain does not possess intrinsic E3 ligase activity. One main
reason is probably that MDMX is not able to homo-dimerise. Although a recent
study suggested that a single mutation in MDMX (N448C) is sufficient to activate
the ability to catalyse p53 ubiquitination in vitro (lyappan et al., 2010), we have

been unable to reproduce this result.

Therefore, an in silico approach by superimposition of MDMX RING domain
structure onto MDM2 RING domain portion in our structure of UbcH5B-ubiquitin-
MDM2R™NC-MDMX®™NC complex was used to investigate differences between MDM2
and MDMX RING domains. Based on the model created, MDMX may be able to
interact with UbcH5B-ubiquitin complex through hydrophobic interaction (Figure
3-22b). However, model suggests that MDMX may not be able to align ubiquitin
properly to the UbcH5B active site since K478 on MDMX cannot interact with Q92
in UbcH5B unlike R479 in MDM2 (Figure 3-22c).
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Figure 3-22: Differences between MDM2 and MDMX RING domains

(a) Differences of amino acid sequence between MDM2 and MDMX RING domains. Yellow
boxes indicate the identical amino acids. (b) MDMX RING domain may interact with E2-
ubiquitin complex through hydrophobic interaction. (¢) MDMX may not be able to align
ubiquitin to the E2 active site since K478 on MDMX cannot interact with Q92 in UbcH5B. To
obtain these models, MDM2 was mutated into MDMX in silico. UbcH5B (red), ubiquitin
(yellow), MDM2"™® (blue) and MDMX®™® (pink) (mutated in silico). Cyan dots indicate
hydrogen bonds.

To assess why the MDMX RING fails to function as an E3, | used MDM2-MDMX
chimera (1-421: MDM2, 422-490: MDMX) (Figure 3-23a). This chimeric protein
retains the MDM2 NLS and NES, so removing the complication of differential
subcellular localisation of MDMX compared to MDM2.

137



Chapter 3 E3 ligase activity of MDM2 and MDMX

In addition to the N448C single mutation, the N448C-V487T double mutation,
which mimics MDM2 dimer interface based on structural modeling, might allow
homo-dimerisation, also failed to show any ubiquitination activity (Figure 3-23b).
While MDMX-UbcH5B binding interface seems compatible (Figure 3-22b), it lacks
key hydrophobic residues observed in MDM2 RING domain for example 1440 is
replaced with leucine in MDMX. However, additional mutation of L4391 in N448C-
V487T also failed to ubiquitinate p53 (Figure 3-23b). This may be because
leucine and isoleucine have similar characteristics with high hydrophobicity and

both can interact with the N-terminal a1 helix and L1 and L2 loops of UbcH5B.

Surprisingly, although mutations of R479K in MDM2 did not affect its E3 activity,
double mutation of MDM2-MDMX chimera N448C with K478R allowed the MDM2-
MDMX chimera to degrade and ubiquitinate p53 (Figure 3-23c, d). This indicates
that K478R is necessary for MDMX E3 activity, possibly because lysine residue on
MDMX cannot interact with Q92 in UbcH5B, while substitution of an arginine in

this position allows for the interaction as seen with MDM2.

Introducing the same mutations in full length MDMX also led to E3 ligase activity,
although to a lesser extent compared to the mutations in the MDM2/X chimera
(Figure 3-23c, d). This suggests that domains of MDM2 other than RING (such as

NLS, NES, or acidic domain) are also important to ubiquitinate p53.
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Figure 3-23: Mutation of MDMX K478R is necessary to give MDMX an E3 ligase activity

Activity of MDMX RING domain was tested in cell-based p53 degradation assay and
ubiquitination assay using MDM2/MDMX chimera (1-421: MDM2, 422-490: MDMX) since
MDMX lacks NLS and NES and has shorter acidic domain. U20S cells were transiently
transfected with combinations of plasmid vectors coding for p53, mCherry, His-Ubiquitin-
GFP (ubiquitination assay) and MDM2 or its mutants, MDM2/MDMX chimera, myc-tagged
MDMX or its mutants for 24 hours. (a) Schematic model of MDM2/MDMX chimera. (b) Cells
were treated with proteasome inhibitor MG132 for 5 hours then lysates were pull-downed
with the nickel beads (His-tag pull-down). Ubiquitin-conjugated p53 was detected by
western blotting. DM: MDM2_XRING N448C-V487T double mutant. (c) Example western blot
showing effect of MDM2/MDMX chimera mutants on p53 degradation. (d) Cells were treated
with proteasome inhibitor MG132 for 5 hours then lysates were pull-downed with the nickel
beads (His-tag pull-down). Ubiquitin-conjugated p53 was detected by western blotting.

SPR analyses, performed by Dr Gary Sibbet, have shown that while MDMX is
unable to interact with UbcH5B-ubiquitin complex, a single mutation at K478R

allows interaction with UbcH5B-ubiquitin complex (Figure 3-24).
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Figure 3-24: SPR analysis of MDMX variants binding affinities for UbcH5B—ubiquitin

Representative sensorgrams (left) and binding curves (right) for GST-MDMXR variants with
UbcH5B—-ubiquitin are shown. Wild type MDMX displayed no UbcH5B-ubiquitin binding up
to 100 uM UbcH5B-ubiquitin whereas both K478R and N448C, K478R mutants exhibited
UbcH5B—-ubiquitin binding. However, Ky could not be estimated due to the weak binding
affinity. All were performed in duplicates by Dr Gary Sibbet.

As 1440 mutants can be reactivated by forming a dimer with a binding partner
that retains the ability to bind to the E2-ubiquitin complex, MDMX K478R was co-
expressed with MDM2 1440 mutants. MDM2 1440 mutants were reactivated by
MDMX K478R but not by wild type MDMX, suggesting that MDMX K478R has
acquired the ability to interact with E2-ubiquitin complex (and dimerise with
MDM2 1440 mutants) and so ubiquitinate p53 (Figure 3-25).
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Figure 3-25: Complementation between MDM2 1440 mutants and MDMX K478R mutant

(a) Activity of MDM2 1440 mutants (no E2 interaction) in the presence or absence of MDMX
K478R was tested in cell-based p53 ubiquitination assay. U20S cells were transiently
transfected with combinations of plasmid vectors coding for p53, mCherry, His-Ubiquitin-
GFP, wild type MDMX or MDMX K478R and wild type MDM2 or the MDM2 mutants for 24
hours. Cells were treated with proteasome inhibitor MG132 for 5 hours then lysates were
pull-downed with the nickel beads (His-tag pull-down). Ubiquitin-conjugated p53 was
detected by western blot. (b) Models illustrating that, unlike MDM2 C-terminal tail mutant,
MDM2 1440 mutants cannot be reactivated by wild type MDMX. This may be because neither
MDM2 1440 mutants nor wild type MDMX can recruit E2—-ubiquitin complex. MDM2 1440
mutants can be reactivated by MDMX K478R that can recruit E2—-ubiquitin complex. Red
cross indicates the point mutation.

3.4 Determination of the ubiquitination target of MDM2 by
p14ARF

As shown previously, p14"f

attenuates p53 degradation and MDM2 auto-
degradation, but potentiates MDMX degradation and ubiquitination (Pan and
Chen, 2003). This result could indicate that p14*%" does not completely inhibit
the E3 ligase activity of MDM2 but rather switches the target of ubiquitination

from p53 to MDMX. Interestingly, the MDM2 RING domain alone is sufficient to
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degrade MDMX (de Graaf et al., 2003). However, it is still not clear whether this

E3 ligase activity is derived from MDM2-MDMX hetero-dimer by changing the

formation of this complex in the presence of p14*%F,

To address whether p14*% changes the composition of the MDM2-MDMX complex,

| used MDM2 C-terminal tail mutants that only function as hetero-dimers. To test

4ARF

whether Y489D also degrades MDMX in the presence of p1 , a protein half-life

assay was performed using cycloheximide in the presence of MDMX. Wild type
MDM2 and MDM2 Y489D mutant degrade p53 and MDM2 itself but not MDMX in the

4R wild type

absence of p14"%" (Figure 3-26). However, in the presence of p1
MDM2 and MDM2 Y489D mutant quickly degrade MDMX but stabilise p53 and

MDM?2 itself (Figure 3-26).
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Figure 3-26: p14""%" switches substrate specificity of the MDM2-MDMX complex from p53 to
MDMX

The effect of p14*%F was tested in cell-based ubiquitination assay and p53 half-life assay.
U20S cells were transnently transfected with combinations of plasmid vectors coding for
p53, FLAG-tagged p14"%F, mCherry, His-Ubiquitin-GFP (ubiquitination assay), myc-tagged
MDMX and wild type MDM2 or the MDM2 mutants for 24 hours. (a) Cells were treated with
proteasome inhibitor MG132 for 5 hours then lysates were pull-downed with the nickel
beads (His-tag pull-down). Ubiquitin-conjugated p53 was detected by western blot. (b) Cells
were treated with protein synthesis inhibitor cycloheximide for 0, 30 60 or 90 minutes then
changes in p53/MDM2/MDMX levels were analysed by western blot.
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As a second model, MDM2 1440 and R479 mutants with MDMX K478R were also
tested to investigate whether p14*% interacts with the hetero-dimer to change
E3 ligase activity from p53 and MDM2 to MDMX. The results suggest that, while
these MDM2-MDMX complexes ubiquitinate and degrade p53 in the absent of
p14*%F they switched their target to MDMX K478R in the presence of p14*f
(Figure 3-27). Expression of wild type MDM2, MDM2 440K, |440E and R479P
mutants decreased MDMX K478R level in the presence of p14*%F to 38 %, 56 %, 65
% and 69 % respectively compared with no MDM2 over-expression (Figure 3-27).
Expression of MDM2 C464A did not affect this MDMX degradation, suggesting that
dimerisation through their RING domain is required to degrade MDMX K478R
(Figure 3-27).

Taken together, p53 degradation was attenuated and MDMX degradation was
promoted in the presence of p14*% and this E3 ligase activity may be derived
from MDM2-MDMX heterodimer. Although this could indicate that p14*%" switches
the ubiquitination target of MDM2 from p53 to MDMX, it is still possible that
p14*%F attenuates E3 ligase activity of MDM2 (MDMX) towards p53 and recruits
other ubiquitin ligases to degrade p53. Therefore, further studies, such as siRNA

screening, will be required to clarify this regulation.

+
o
=
N
>
EY)
Rl
+
o
=
B
>
EY)
Rl

Wild type
C464A
! 1440K
1 1440E
! R479P
' Marker
Wild type
C464A
1440K
R479P
1440K
1440E
Wild type

MDM2

=
o
<
S
EV
EV
1440E

5 i oy - MDM2

bk A A B L B ™ I\K/Izl\élé

| JOEEE via e
| 1IEE
[T

MDMX K478R band
intensity (% vs. EV)

Ni2+-pull down
l . i ' 1' Marker

100 38 106 56 65 69

- e~ @ ——— 53 ———— . —— - - - MDM2
= e == At CL T T T T Rperen
» ......‘-pMARF g __—_—___—;;;-psi’)
£ .
e mmemmames -TCheTy | ememem e o= e Actin

——— e - — p14ARF

Figure 3-27: p14"%" promotes MDMX K478R "auto-ubiquitination"

U20S cells were transiently transfected with combinations of plasmid vectors coding for
p53, FLAG-tagged p14*%, mCherry, His-Ubiquitin-GFP (ubiquitination assay), myc-tagged
MDMX K478R and wild type MDM2 or the MDM2 mutants for 24 hours. (a) Example western
blot showing the effect of p14""" on p53/MDM2/MDMX degradation. (b) Cells were treated
with proteasome inhibitor MG132 for 5 hours then lysates were pull-downed with the nickel
beads (His-tag pull-down). Ubiquitin-conjugated p53 was detected by western blot.
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3.5 Summary and discussion

In this section, | have demonstrated that mutation of 440K, 1440E in MDM2
(preventing E2 binding) and R479P (preventing E2 binding and ubiquitin aligning)
are sufficient to abrogate MDM2 E3 activity, while they do not alter the ability to
interact with p53 and MDMX. In addition, several biochemical assays, performed
by colleagues in Professor Danny Huang’s group, have confirmed these
observations (Nomura et al., 2017). Single-turnover lysine discharge assays were
performed to test whether UbcH5B charged with ubiquitin by E1 (UbcH5B
thioester-bonded ubiquitin) discharges ubiquitin to the L-lysine in the presence
of MDM2 variants in vitro. Their results showed that UbcH5B-ubiquitin discharges
rapidly in the presence of wild type MDM2 (within 0.7 minutes), whereas it was
delayed in the presence of MDM2 1440 and R479 mutants. This means that
interaction between MDM2 RING domain and E2-ubiquitin complex is critical for
MDM2-catalysed ubiquitin transfer. In vitro pull-down experiments have
confirmed MDM2 1440 and R479 mutants can homo- and hetero-dimerise through
their RING domain.

Other potential interaction sites in MDM2 between MDM2 RING domain and
UbcH5B-ubiquitin complex were less critical than MDM2 1440 or R479 mutants.
Interestingly, some phosphorylation sites near the RING domain can prevent p53-
MDM2 interaction rather than interaction between E2-ubiquitin complex and
MDM2 or its dimerisation. Although Cheng et al. (2011) suggests that MDM2 6D
prevents its dimerisation (so that losses E3 ligase activity), results presented
here suggest that it disrupts the ability to bind to p53. In addition, although
these authors have shown that MDM2 6A enhances the E3 ligase activity, | was

unable to reproduce this observation.

MDMX is an important binding partner of MDM2 by contributing to the E3 ligase
activity of the hetero-dimeric complex, although previous studies have
demonstrated that this dimerisation can either inhibit or enhance E3 ligase
activity of MDM2 (Jackson and Berberich, 2000, Linares et al., 2003, Stad et al.,
2000). Our structure shows that RING domain dimerisation is important for MDM2
E3 ligase activity since the C-terminal tail of an MDM2 binding partner is
required to interact with ubiquitin to stabilise the active conformation of E2-

ubiquitin complex for ubiquitin transfer. This supports the importance of the C-
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terminal tail of MDM2 in E3 ligase activity and mutation of the MDM2 C-terminal
can be compensated by MDMX (Uldrijan et al., 2007, Poyurovsky et al., 2007).
Indeed, an in vivo model suggests that hetero-dimerisation is required to allow
normal embryonic development (Tollini et al., 2014). As expected, a
dimerisation-impaired MDM2 mutant (C449N-T488V double mutant) has lost its
intrinsic E3 ligase activity. This also could be the reason why MDM2 C464A
mutant has lost its E3 ligase activity as it cannot dimerise with MDMX. Indeed, in
the presence of p14*"", MDM2 seems to switch its ubiquitination target from p53
to MDMX. Therefore, dimerisation may also be important for MDM2 to regulate
MDMX activity towards p53.

Although MDM2 1440 and R479 mutants can dimerise with MDMX, they were not
reactivated by MDMX, unlike the C-terminal mutants described previously
(Uldrijan et al., 2007, Poyurovsky et al., 2007). Interestingly, 1440K and 1440E
mutants can be reactivated by MDM2 variants that retain the ability to bind to
E2-ubiquitin complex. Therefore, this complementation mechanism suggests that
these mutants are only defective in interacting with E2-ubiquitin complex while

all the other RING domain function is retained.

Unlike MDM2, wild type MDMX lacks ability to interact with E2-ubiquitin
complex. It could also be shown that mutation of K478R on MDMX (as R479 in
MDM2) is necessary to give MDMX an E3 activity by allowing MDMX to bind to E2-
ubiquitin complex. MDM2/X chimera gained E3 ligase activity towards p53 by
mutating N448C (to allow dimerisation) and K478R. Results of biochemical assays
also support this observation: single-turnover lysine discharge assays showed a
greatly improved activity in the presence of MDMX K478R compared with wild
type MDMX. Further enhancement was observed in the presence of MDMX N448C-
K478R double mutant.

Indeed, although 1440 mutants cannot be reactivated by wild type MDMX, they

4ARF

were reactivated by MDMX K478R. In the presence of p1 , this active dimer

changed their ubiquitination target from p53 to MDMX K478R. Since the catalytic
activity in these cases can only come from the MDM2-MDMX complexes, these

results suggest that p14*%

interacts with the hetero-dimer to change E3 ligase
activity from p53 and MDM2 to MDMX. It is also possible that other E3 ligases are

involved in this MDMX ubiquitination in the presence of p14**" since MDM2 1440
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mutants are catalytically inactive. As the expression of C464A mutant did not
affect the degradation of MDMX, we can conclude that dimerisation through the
RING domains is essential to control MDMX level. In these experiments, however,
U20S contains certain amount of endogenous MDM2, therefore, there is a
possibility that p14“% increased endogenous MDM2, which could homo- or
hetero-dimerise with over-expressed MDM2 mutants and degrade MDMX.
Therefore, further experiments will be required to test this hypothesis using
cells lacking endogenous MDM2. The mechanism by which p14*%F switches

ubiquitination from p53 to MDMX would be an interesting topic for future study.

In conclusion, guided by a crystal structure, | was able to generate specific point
mutations within the MDM2 RING domain that have lost its intrinsic E3 ligase
activity without altering RING domain structure or their binding ability to p53. In
particular, | could demonstrate that MDM2 1440 and R479 play an important role
in interacting with E2-ubiquitin complex. In next chapter, | will show whether
MDM2 1440 or R479 mutants can regulate p53 in an E3 ligase-independent

manner.
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4.1 MDM2 1440 and R479 mutants limit p53 activity

Although inhibition of MDM2 to elevate endogenous p53 level in cells is an
attractive therapeutic strategy to treat cancer for patients retaining wild type
p53, inhibition of MDM2 has not yet achieved clinically success due to on-target
toxicity in normal unstressed cells caused by the uncontrolled p53 activity as
discussed in Chapter 1 (Section 1.5.1.1). In order to control the p53 activity by
MDM2, there are two important factors that are hypothesised by previously
published papers; (1) MDM2 must bind to p53 and (2) MDM2 should retain
integrity of RING domain structure (as MDM2 C464A mutant cannot limit p53
activity). As demonstrated in Chapter 3, MDM2 1440 or R479 mutants have lost
their intrinsic E3 ligase activity without altering the RING domain structure or
their ability to bind p53. Therefore, although these mutants contribute to
elevate endogenous p53 level, it is possible that the mutants retain E3 ligase
independent functions of MDM2, including attenuation of the p53 transcriptional
activity in normal unstressed cells. To test this hypothesis, cell lines were
generated to examine the regulation of the endogenous p53 activity by MDM2

mutants.

4.1.1 Generation and validation of tetracycline inducible p53
knockdown-MDM2 knockout cells

The ability of MDM2 to degrade p53 was measured in cells following ectopic
expression of both proteins in Chapter 3. However, | was interested in
uncovering more subtle regulation of the activity of endogenous - rather than
overexpressed - p53. Since the introduction of catalytically inactive MDM2
mutants into cells expressing p53 could cause the activation of a p53-dependent
cell cycle arrest or apoptosis, | generated U20S cells that were conditionally
depleted of endogenous p53 through use of a doxycycline inducible shRNA
targeting p53 (pLKO-tet-on shRNA). As expected, doxycycline treatment (2 pM, |
always used this concentration) induced shRNA expression and p53 depletion
within 48 hours and this effect was reversed within 5 days after discontinuing

doxycycline treatment (Figure 4-1).
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Figure 4-1: Generation of inducible and reversible knockdown of p53

(a,b) U20S cells were infected with doxycycline-inducible pLKO-tet-on shRNA targeted for
p53. After indicated time of treatment and wash-off, cells were treated with nutlin-3 (10 pM)
for 3 hours and p53 expression level was analysed by western blot. Western blot showing
that doxycycline treatment causes p53 knockdown in 2 days and this effect can be washed
off in 5 days. Error bars indicate mean * SD.

To examine the effects of the MDM2 mutants, | initially attempted to generate
CRISPR/Cas9 knock-in clones of MDM2 1440 mutants (using CRISPR/Cas9 vectors
targeting MDM2 RING domain near 1440 and single strand DNA knock-in template
or knock-in construct with silent mutations of the protospacer adjacent motif
(PAM)) in the inducible p53 system. However, despite screening 288 clones, | was
unable to generate these endogenous MDM2 mutants. Failures include the co-
existence of CRISPR knock-in and knockout (Figure 4-2). This could be due to
technical difficulties as | was unable to introduce silent mutation on PAM site in

knock-in template, for example.
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* * * * *
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Figure 4-2: Attempt of the generation of CRISPR knock-in of MDM2 1440K mutant

Genomic PCR followed by sequencing showing that although CRISPR knock-in of MDM2
1440K mutant was observed, CRISPR knockout was also introduced.

Therefore, | decided to introduce the MDM2 mutants by stable transfection. To
make sure any observed phenotypes were due to the ectopically expressed
mutant MDM2, | removed endogenous wild type MDM2 from the p53 inducible
cells using the CRISPR/Cas9 system. CRISPR/Cas9 vectors targeting the p53-
binding domain of MDM2 were transfected into U20S cells with doxycycline
inducible p53 knockdown, clones isolated and CRISPR disruptions assessed by
western blotting, then confirmed genomic PCR followed by DNA sequencing
(Figure 4-3). Western blot with cells treated with 10 pM of nutlin-3 for 3 hours (5
days after doxycycline discontinuation) shows that no bands appeared when
incubating with anti-MDM2 antibodies that recognise epitopes between p53-
binding domain and acidic domain (MDM2 Ab-1 antibody) and between acidic
domain and RING domain (MDM2 Ab-2 antibody), suggesting that endogenous

MDM2 was completely removed (Figure 4-3a). Genomic PCR sequencing
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confirmed CRISPR disruption within the p53-binding domain of MDM2 (Figure 4-
3b); any translated product would be predicted to contain only the first 70
amino acids of MDM2 with a further 23 nonspecific amino acids (Figure 4-3c).
Although it is possible that the C-terminal of MDM2 can be produced as a result
of the internal initiation transcribed from internal methionine residues including
M311, M459 or M484, all of them lack p53-binding domain and therefore they are

not functional even if they are produced.

The MDM2 null cells were then stably transfected with mutant MDM2 variants.
Although this system lacks the p53-MDM2 feedback loop, it allows us to
investigate regulation of endogenous p53 activity by mutant MDM2 variants upon

discontinuation of doxycycline.
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Figure 4-3: Generation and validation of MDM2 knockout in the inducible p53 system

MDM2 was disrupted by CRISPR in the inducible p53 system. (a) Inmunoblotting showing
CRISPR disruption (target p53-binding domain) resulted in MDM2 knockout. (b,c) Genomic
PCR followed by sequencing showing that CRISPR disruption (target-p53 binding domain)
caused MDM2 knockout.

4.1.2 Effect of the MDM2 mutants on cell cycle

Using the system described above, | tested the ability of different MDM2 mutants
to degrade endogenous p53. Stable transfection of wild type MDM2 into these
cells, followed by re-expression of p53 (after removal of doxycycline), resulted
in a clear degradation of p53 compared to EV transfected cells, while the MDM2
C464A, 1440K, 1440E and R479P mutants lost the ability to degrade p53 (Figure 4-
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4a,b). These results were expected in light of the loss of E3 activity for each of

these mutants, as discussed in Chapter 3.

Deletion of MDM2 resulted in an increased expression the p53 target gene p21
mRNA level by 12.1 + 0.5 fold following re-expression of p53 (without
doxycycline), a response which is significantly attenuated by expressing wild
type MDM2 (Figure 4-4c). Interestingly, p21 protein level was significantly lower
in cells expressing C464A mutant compared with cells expressing no MDM2 (to
67.3 + 5.8 %), suggesting that MDM2 C464A still has some activity to regulate p53
transcriptional activity, although the differences in the p21 mRNA induction
level was difficult to observe (Figure 4-4). Nevertheless, this p21 protein level
was significantly higher than cells expressing wild type MDM2 (Figure 4-4a, b).
Interestingly however, despite failing to target p53 for degradation, the
expression of the 1440 or R479 mutants resulted in a significantly lower
activation of p21 compared to that seen in cells expressing no MDM2 and the
MDM2 C464A mutant, both at the mRNA level and protein level (Figure 4-4).
Similarly, mRNA induction of other p53 target genes by MDM2 1440 mutants were
significantly lower than no MDM2 expressing cells, including 1714.3.30 and
GADD45a (Figure 4-4c). Indeed, induction of GADD45a by MDM2 1440 mutants
was also significantly lower than cells expressing the MDM2 C464A mutant
(Figure 4-4c). No expression of MDM2 and expression of C464A mutant and 1440
mutants, in the presence or absence of doxycycline, did not affect to the
induction of GADD458, which is not a target gene of p53 (Figure 4-4c). Taken
together these results suggest that the 1440 and R479 MDM2 mutants retain the
ability to restrain p53 activity.
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Figure 4-4: Effect of the expression of MDM2 mutants on p53 target genes involving in cell
cycle regulation

(a,b) Western blot analysis showing that although MDM2 1440K, 1440E and R479P do not
degrade p53, induction of p21 is attenuated by these mutants. P values (one-way ANOVA
with Tukey's post hoc test): vs. EV (vertical), vs. C464A (horizontal). "n.s." indicates not
significant vs. EV. F (5, 12) = 21.96 (p53/actin) and F (5, 12) = 131.9 (p21/actin). Error bars
indicate mean * SD. n = 3 independent experiments each. (c) qPCR showing mRNA
expression of p53 target genes (GADD45f is not a p53 target gene) is attenuated by MDM2
1440K, 1440E but not by C464A. P values (one-way ANOVA with Tukey’s post hoc test): vs.
EV (No Doxy) (vertical), vs. C464A (No Doxy) (horizontal). "n.s." indicates not significant vs.
EV (No Doxy). F (4, 10) = 13.01 (CDKN1A (p21)), F (4, 10) = 5.76 (14.3.30) and F (4, 10) = 25.14
(GADD45a). Error bars indicate mean * SD. n = 3 independent experiments each.
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In the absence of p53 (with doxycycline) all of the cell lines showed similar cell
cycle profile (Figure 4-5). However, following re-introduction of endogenous p53,
control cells (lacking MDM2 and so with no ability to control p53) underwent a G4
cell cycle arrest (Figure 4-5). Expression of C464A mutant did not fully rescue
this arrest while cells expressing wild type MDM2 continued to progress cell cycle
(Figure 4-5). Unlike cells expressing MDM2 C464A mutant, cells expressing MDM2
1440 and R479 mutants did not show any deregulation of cell cycle, suggesting
that these mutants are sufficient to control p53 activity under normal unstressed

condition as efficiently as wild type MDM2 (Figure 4-5).
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Figure 4-5: Effect of the expression of MDM2 mutants on cell cycle

Cells were stained with propidium iodine overnight and DNA content was analysed in
channel FL2. Cell cycle analysis showing that deletion of MDM2 causes cell cycle arrest at
the G, phase, which can be rescued by expressing MDM2 wild type, 1440 and R479 mutants.
Deletion of MDM2 or expression of MDM2 do not affect on cell cycle in absence of p53.
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4.1.3 MDM2 1440 or R479 mutants localise on p21 promoter

One mechanism to explain how the 1440 and R479 mutants restrain p53 activity
is that these MDM2 proteins may bind to p53 on actively transcribed sites to
reduce p53 activity. To test if MDM2 1440 and R479 mutants directly bind to p53
on the chromatin, | carried out chromatin immunoprecipitation (ChIP) assays to
look for MDM2 and p53 at the p21 promoter.

As expected, wild type MDM2 expression reduced the overall amount of p53
protein, although an assessment of the ratio of p53 to MDM2 at the p21 promoter
suggested that low levels of both proteins were present (Figure 4-6a). By
contrast, although MDM2 C464A retained the ability to interact with p53 when
co-immunoprecipitated with cell lysate as shown in Chapter 3, this interaction
was not maintained at the p271 promoter; the level of p53 on the p21 promoter
was not significantly reduced by expressing MDM2 C464A mutants and the level
of MDM2 on the p21 promoter (via p53) was significantly low compared with wild
type MDM2 (Figure 4-6a, b). These data suggest that this MDM2 mutant has
reduced ability to inhibit chromatin bound p53 and could explain why MDM2
C464A fails to limit p53 activity. Interestingly, the 1440 and R479 mutants were
all found at the p21 promoter with p53 at significantly higher levels than the
MDM2 C464A mutant, suggesting that their ability to limit the p53 transcriptional
activity reflects a direct perturbation of the formation of an active
transcriptional complex at the promoter (Figure 4-6b). Furthermore, the amount
of p53 on the p21 promoter was also significantly lower in cells expressing MDM2
1440 mutants compared with cells expressing no MDM2 (Figure 4-6a). This could
suggest that in addition to co-localising with p53 at the p27 promoter, MDM2
1440 mutants may also prevent p53 efficient localisation and binding to the p21

promoter.
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Figure 4-6: MDM2 1440 and R479 mutants localise on the p21 promoter with p53

(a) ChIP for p53 and MDM2 with quantitative PCR for a p53 response element in the p21
promoter (-2350 bp) and a non-specific binding region (+50 bp). P values (two-way ANOVA
with Tukey’s post hoc test): vs. EV (ChIP: p53), vs. C464A (ChIP: MDM2). F (5, 15) = 2.92
(ChIP:p53) and F (5, 15) = 8.69 (ChIP:MDM2) (b) Ratio of MDM2/p53 on the p21 promoter
based on the ChIP (Figure 4-6a, p21 -2350 No Doxy). MDM2 wild type, MDM2 1440 and R479
mutants were found at the p27 promoter with p53. P values (one-way ANOVA with Tukey’s
post hoc test): vs. wild type (vertical), vs. C464A (horizontal). F (5, 12) = 17.04. Error bars
indicate mean * SD. n = 3 independent experiments (each with 2 technical replicates).

4.1.4 Effect of the MDM2 mutants on other p53 target genes

In addition to the induction of p53 target genes that involved in cell cycle
regulation, the induction of other p53 target genes was also investigated. These
included TIGAR, PHLDA3, SESTRIN1, SESTRIN2, XPC and DRAM - genes that are
believed to be induced upon repairable stress - and PIG3, PUMA, BAX and FAS
that are believed to be induced upon non-repairable stresses (discussed in
Chapter 1 Sections 1.2.3 and 1.2.4). In addition to p53 target genes involved in
cell cycle regulation, control of expression of these p53 target genes would also
be necessary to allow normal cell growth and metabolism in normal unstressed

cells.
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Similar to the regulation of p21 induction, expression of the p53 target proteins
TIGAR, PIG3 and BAX was attenuated by the expression of wild type MDM2 and
MDM2 1440 and R479 mutants but not by the expression of MDM2 C464A mutant
(Figure 4-7a). Similarly, expression of MDM2 1440 mutants (but not MDM2 C464A
mutant) significantly attenuated mRNA induction of the expression of p53 target
genes including TIGAR, PHLDA3, SESTRIN2, PIG3, PUMA, BAX and FAS (Figure 4-
7b). Although similar patterns were observed in the induction of SESTRIN1, XPC
and DRAM, no significance differences were observed between samples, even
comparing MDM2 knockout with MDM2 wild type (Figure 4-7b).
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Figure 4-7: Effect of the expression of MDM2 mutants on other p53 target genes

(a) Western blot analysis showing that although MDM2 1440K, 1440E and R479P do not
degrade p53, induction of TIGAR, PIG3 and BAX is attenuated by these mutants. (b) qPCR
showing mRNA expression of p53 target genes is attenuated by MDM2 1440K, 1440E but not
by C464A. P values (one-way ANOVA with Tukey’s post hoc test): vs. EV (No Doxy) (vertical),
vs. C464A (No Doxy) (horizontal). "n.s." indicates not significant vs. EV (No Doxy). F (4, 10)
= 16.80 (TIGAR), F (4, 10) = 16.16 (PHLDA3), F (4, 10) = 5.76 (14.3.30), F (4, 10) = 11.16
(SESTRIN2), F (4, 10) = 12.11 (PIG3), F (4, 10) = 12.48 (PUMA), F (4, 10) = 6.35 (BAX) and F (4,
10) = 7.14 (FAS). Error bars indicate mean * SD. n = 3 independent experiments each.
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4.1.5 Effect of the MDM2 mutants on cell growth

As MDM2 the 1440 and R479 mutants are able to limit p53 activity, | examined
the effect of the expression of these MDM2 mutants on cell proliferation. In the
absence of p53 (with doxycycline), all samples grow similarly (Figure 4-8). This
reflects the fact that p53 target genes expression and cell cycle profile are
similar between samples in the absent of p53 as shown above. In the presence of
p53 (no doxycycline), cells expressing no MDM2 stopped growing quickly due to
uncontrolled p53 (Figure 4-8). Re-expression of wild type MDM2 rescued this
repression by controlling p53 target genes expression; similar levels to cells
expressing no p53 (Figure 4-8). Expression of MDM2 C464A mutant significantly
rescued cell growth compared with cells expressing no MDM2, indicating that
MDM2 C464A mutant is not completely inactive (Figure 4-8). However, this
growth rescue level was significantly lower than cells expressing wild type MDM2
(Figure 4-8). Despite not targeting p53 for degradation, the ability of the MDM2
1440 or R479 mutants to restrain p53 activity was sufficient to allow robust
proliferation of these cells, demonstrating that repression of p53 dependent
transcription by MDM2 is sufficient to allow cells to grow in unstressed

conditions.

160



Chapter 4 Regulation of the p53 activity by MDM2 and MDMX

P=0.0010 *- [440E
- 1479P

With Doxy
50 -
B
§ 40+ - EV
§ 104 = Wid type
Ev g -+~ C464A
s 5 201 v- 1440K
MDM2 | E > + 1440E
Wild type 350 - 1479P
0
'\é"';-’e"ﬁ 0 5 10 15
Days
MDM2
1440K No Doxy
50+
MDM2 4 B 40
I440E § L - EV
8 301 P <0.0001 &= Wild type
MDM2 g: (All) -w- C464A
R479P <L 20+ o- 440K
S
o
[s}
w

today O (
=

o

Figure 4-8: Effect of the expression of MDM2 mutants on cell growth

The inhibition of cell growth seen following restoration of p53 by removal of doxycycline
(Doxy) in MDM2 knockout cells was rescued by expressing MDM2 wild type, 1440 and R479
mutants. P values (two-way ANOVA - main effect of mutants): vs. C464A. F (5, 60) = 41.74
(No Doxy, main effect of mutants). Error bars indicate mean * SD. n = 3 independent
experiments.

4.2 MDM2 1440 and R479 mutants render cells stress
sensitive

So far, | have shown that MDM2 1440 and R479 mutants retain the ability to limit
p53 transcriptional activity and allow cell proliferation, despite the high

endogenous p53 level under normal unstressed condition.

Under stress condition, cells expressing wild type MDM2 accumulate p53 by
inactivating MDM2, followed by the activation of target genes to induce cell
cycle arrest or apoptosis. However, as cells expressing MDM2 1440 or R479
mutants have already elevated level of p53, they may be more stress sensitive
and respond quicker than cells expressing wild type MDM2. In order to test this
hypothesis, several chemicals that dissociate p53-MDM2 interaction were used to

observe the stress responses in cells expressing different MDM2 mutants.
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4.2.1 Dissociation of p53 and MDM2

Phosphorylation of N-terminal residues of p53 dissociates the interaction
between p53 and MDM2. Although it had been reported that low dose (<5 nM) of
actinomycin D (ActD) inactivates MDM2 through induction of ribosomal proteins,
a higher dose of ActD induces phosphorylation of the N-terminal of p53 including
serine 15 and serine 20, similar to the response to doxorubicin treatment (Figure
4-9, also shown in (Choong et al., 2009, Chen et al., 2014)). Nutlin-3, on the
other hand, physically dissociates interactions between p53 and MDM2 by binding

to the p53-binding domain of MDM2, without a requirement for phosphorylation
of the N-terminal residues of p53.
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Figure 4-9: Phosphorylation of p53 by chemical treatments

MDM2 knockout cells were treated with indicated drugs for 4 hours and phosphorylated p53
(serine 15 and serine 20) are analysed by western blot.
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4.2.2 Regulation of p53 target genes expression upon stress

To determine how the p53 stress response is influenced by E3 inactive MDM2
mutants 1440 or R479, | treated cells described above with 10 nM ActD, which
leads to the phosphorylation of N-terminal residues of p53, so resulting in loss of
MDM2 binding.

An 18 hours treatment of ActD treatment did not further increase the expression
of p53 target genes p21, FAS and TIGAR in cells lacking MDM2 or cells expressing
the MDM2 C464A mutant, suggesting that p53 activity is already maximally
induced in these cells (Figure 4-10). This is consistent with the complete loss of
p53 regulating activity, as shown above. Although cells expressing wild type
MDM2 showed an induction of p53 target genes p21, FAS and TIGAR upon ActD
treatment, at this time point the expression of these genes remained lower
compared to cells lacking MDM2 or expressing MDM2 C464A mutant (Figure 4-10).
In contrast, cells expressing MDM2 1440K, [440E and R479P rapidly increased
mRNA induction level of p53 target genes similar to cells lacking MDM2 or
expressing MDM2 C464A mutant upon ActD treatment. This expression level was

significantly higher than cells expressing wild type MDM2 (Figure 4-10).

Taken together, cells expressing MDM2 1440 or R479 mutants responded more
robustly to a treatment of ActD compared to cells expressing wild type MDM2,

leading to a higher expression of p53 target genes.
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Figure 4-10: Cells expressing MDM2 1440 or R479 mutants can quickly induce p53 target
genes upon stress

gqPCR showing that expression of the indicated p53 target genes is attenuated by MDM2
1440K, 1440E and R479P, and induced more strongly than in cells expressing wild type
MDM2 following 18 hours treatment with actinomycin D (10 nM). P values (two-way ANOVA
with Tukey’s post hoc test): vs. EV (No Doxy) (vertical), vs. wild type (No Doxy ActD)
(horizontal). "n.s." indicates not significant vs. EV (No Doxy). F (15, 36) = 5.72 (CDKN1A
(p21)), F (15, 36) = 2.75 (TIGAR) and F (15, 36) = 4.23 (FAS). Error bars indicate mean * SD. n
= 3 independent experiments.

4.2.3 Time course study of the stress response

To investigate how quickly the cells expressing MDM2 mutants are able to
respond to induce p53 target genes upon stress, | treated cells with ActD for 0, 6,
24, 48 or 72 hours.

As expected, ActD treatment leads to a stabilisation of p53 in cells expressing
wild type MDM2, but did not affect the already stable and therefore higher p53
levels in cells expressing the E3 defective MDM2 1440K, 1440E, R479P or C464A
mutants (Figure 4-11). A time course of the p53 response showed cells
expressing MDM2 1440 or R479 have a more rapid increase in expression of p53
target genes p21 and PIG3 in response to ActD treatment compared to a more
gradual increased seen in cells expressing wild type MDM2 (Figure 4-11). This is
likely to be due to the fact that p53 needs to accumulate in wild type MDM2
cells to induce a full p53 response. By contrast, p53 is already present at high
levels in mutant MDM2 expressing cells and therefore only needs to be de-
repressed. Interestingly, MDMX level was decreased upon ActD treatment in a

time dependent manner, suggesting that ActD treatment could change
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ubiquitination target of MDM2 from p53 to MDMX, as discussed in Chapter 3
(Figure 4-11a).
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Figure 4-11: Time course study of ActD treatment in cells expressing MDM2 mutants

(a) Examples of immunoblots and (b) quantification of replicate blots showing that p21 and
PIG3 are more rapidly induced in cells expressing MDM2 1440 and R479 mutants upon
actinomycin D (10 nM) treatment compared to cells expressing wild type MDM2. Error bars
indicate mean * SD. n = 3 independent experiments.

Similarly, p21 level was quickly elevated in cells expressing MDM2 1440 or R479
mutants following the treatment with two other inhibitors of the p53-MDM2
interaction - nutlin-3 (Figure 4-12a) and doxorubicin (Figure 4-12b), indicating

that cells expressing these mutants can rapidly respond to stress.
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Figure 4-12: Time course study of nutlin-3 or doxorubicin treatment in cells expressing

MDM2 mutants

Examples of immunoblots showing that p21 is more rapidly induced in cells expressing
MDM2 1440K mutant upon (a) nutlin-3 (4 pM) and (b) doxorubicin (1 pM) treatments
compared to cells expressing wild type MDM2.

4.2.4 Cell cycle and growth regulation upon stress

As cells expressing the MDM2 1440 or R479 mutants show a more rapid induction

of p53 target gene expression, | monitored cell cycle and cell growth upon stress

in cells expressing these MDM2 mutants.

Consistent with the induction of p53 target gene expression, cells expressing

MDM2 1440 or R479 mutants showed a more rapid induction of cell cycle arrest in

response to ActD, nutlin-3 or doxorubicin treatment than cells with wild type

MDM2 (Figure 4-13).
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Figure 4-13: Cells expressing 1440 or R479 mutants can quickly arrest cell cycle at the G,
upon stress

Cells were treated with actinomycin D (10 nM) for 18 hours, nutlin-3 (4 uM) for 6 hours or
doxorubicin (1 uM) for 6 hours. Cells were then stained with propidium iodine overnight and
DNA content was analysed in channel FL2.

Reflecting the results shown above, cell growth was quickly arrested upon ActD
treatment in cells expressing MDM2 1440 and R479 mutants (Figure 4-14).
Without ActD treatment for 120 hours, cell growth was significantly attenuated
following p53 expression in cells expressing no MDM2 or MDM2 C464A mutant
compared to cells expressing wild type MDM2, whereas cells expressing 1440 and
R479 mutants did not affect in cell growth (Figure 4-14, also see Figure 4-8).
Although 24 hours ActD treatment did not change this pattern of cell growth
across samples (Figure 4-14), at 48-72 hours ActD treatment the cells expressing
MDM2 1440 or R479 mutants showed a significantly greater attenuation of cell
growth than those expressing wild type MDM2 (Figure 4-14).
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Figure 4-14: Effect of ActD treatment on cell growth in cells expressing MDM2 mutants

(a) The indicated cells were treated with vehicle or actinomycin D (10nM) for varying times,
as shown, then were fixed and stained 120 hours after plating. Cells expressing MDM2 1440
or R479 mutants more rapidly attenuate cell growth in comparison to MDM2 wild type. (b)
Quantification of cell growth experiments. SRB intensity was quantified using ImageJ
software. P values (one-way ANOVA with Tukey’s post hoc test): vs. each wild type. "n.s."”
indicates not significant. F (5, 24) = 50.50 (ActD Oh treatment), F (5, 24) = 35.76 (ActD 24h
treatment), F (5, 24) = 14.39 (ActD 72h treatment) and F (5, 24) = 30.38 (ActD 120h treatment).
Error bars indicate mean * SD. n = 5 independent experiments.

In summary, although the MDM2 1440 or R479 mutants have lost their E3 ligase
activity and do not promote p53 degradation, they are still able to limit p53
activity under normal unstressed condition. However, cells expressing these
mutants accumulate high levels of p53 and are stress sensitive and can induce

cell growth inhibition more rapidly than cells expressing wild type MDM2.

4.3 Regulation of p53 activity by MDM2 that do not
dimerise

As discussed above, the MDM2 C464A mutant has disrupted RING domain and has
reduced ability to limit p53 transcriptional activity. In order to test whether
RING domain or ability to dimerise through RING domain is required to attenuate
p53 activity, | generated cell line that express MDM2 lacking the RING domain
(MDM2 ARING) or express MDM2 dimerisation-impaired mutant (MDM2 C449N-
T488V double mutant).
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4.3.1 MDM2 A RING cannot limit p53 activity

MDM2 ARING is unable to ubiquitinate p53 as RING domain is required for its
catalytic activity. In order to test whether MDM2 ARING limits p53 activity,
endogenous MDM2 (in inducible p53 knockdown cells as described previously,
Figure 4-1) was disrupted by CRISPR/Cas9 targeted the RING domain.

Targeted disruption of the MDM2 RING domain resulted in the expression of a
truncated MDM2 protein (MDM2 1-430 with 4 additional amino acids) (Figure 4-
15).
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Figure 4-15: Generation and validation of MDM2 A RING mutant

MDM2 was disrupted by CRISPR on inducible p53 knockdown cell line described previously.
(a) Western blot showing CRISPR disruption (target RING domain) resulted in producing
lighter molecular weight MDM2. (b,c) Genomic PCR followed by sequencing confirmed that
CRISPR disruption (target RING domain) produced MDM2 ARING domain (1-430).
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Interestingly, MDM2 ARING is able to bind to p53 when co-immunoprecipitated
with cell lysate similarly to MDM2 C464A (Figure 4-16a). Therefore, it is likely
that MDM2 possessing the p53-binding domain can bind to p53 in solution,
although this interaction was not maintained at the p271 promoter for MDM2
C464A as shown above (Figure 4-6). As expected, although MDM2 ARING can bind
to p53, this was unable to limit p21 induction (Figure 4-16b).
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Figure 4-16: MDM2 ARING can bind to p53 but cannot limit p53 activity

(a) Co-immunoprecipitation result showing that MDM2 ARING can bind to p53. (b) Western
blot analysis showing that MDM2 ARING does not degrade p53 and cannot limit p21
induction.

4.3.2 Dimerisation-impaired MDM2 mutants cannot limit p53
activity

MDM2 dimerises through its RING domain and MDM2 C449N-T488V double mutant
(DM) is unable to homo- and hetero-dimerise (as shown in Chapter 3). To
investigate whether dimerisation is required to regulate p53 activity, |
transfected MDM2 DM into the inducible p53 knockdown-MDM2 CRISPR knockout
cells (Figure 4-1, 4-3).

Unlike MDM2 1440 or R479, and like MDM2 C464A, MDM2 DM was unable to limit
the induction of p53 target genes such as p21, TIGAR and FAS (Figure 4-17). This

indicates that the MDM2 monomer is not functional in the regulation of p53.
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Figure 4-17: Dimerisation-impaired MDM2 mutants cannot limit p53 activity

(a) Western blot analysis showing that dimerisation-impaired MDM2 mutants cannot
attenuate the induction of p21. (b) gPCR showing mRNA expression of p53 target genes
cannot be attenuated by MDM2 mutants that do not dimerise. P values (one-way ANOVA
with Tukey’s post hoc test): vs. EV (No Doxy). F (5, 12) = 5.18 (CDKN1A (p21)), F (5, 12) =
3.80 (TIGAR) and F (5, 12) = 2.98 (FAS). Error bars indicate mean * SD. n = 3 independent
experiments each.

In summary, dimerisation-impaired MDM2 mutants, MDM2 ARING or C464A
mutants are loss-of function mutants and unable to limit p53 transcriptional
activity. This suggests that the integrity of MDM2 RING domain and the ability of
MDM2 to dimerise through its RING domain are required to limit p53
transcriptional activity. Nonetheless they possess the p53-binding domain and
are able to bind to p53 when co-immunoprecipitated with cell lysate. As shown
before, MDM2 C464A mutant is unable to bind to p53 on the chromatin.
Therefore, it is likely that MDM2 monomer is insufficient to localise on the

chromatin with p53 to limit its transcriptional activity (discussed in Section 4.5).
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4.4 Importance of MDMX to regulate p53 activity

As discussed above, MDM2 mutants that do not dimerise cannot limit p53 activity.
Tollini et al. (2014) has also demonstrated that the ability of MDM2 to hetero-
dimerise with MDMX is required during embryogenesis. These authors
hypothesised that MDMX was an essential binding partner with MDM2 in the
regulation of p53 activity. To test this hypothesis, MDM2-MDMX hetero-
dimerisation was disrupted via concomitant deletion of MDMX by siRNA in cells
expressing MDM2 1440K and R479 mutants.

Deletion of MDMX in cells expressing wild type MDM2 did not affect the
regulation of p53 activity as active p53 can be degraded by MDM2 homo-dimer.
Therefore, contribution of MDMX was unclear in the cells expressing wild type
MDM2. Interestingly, although MDM2 1440K and R479P are able to limit p53
activity, this ability was significantly attenuated by knocking down of MDMX
(Figure 4-18). The p21 mRNA expression was also significantly higher than that
seen following MDMX depletion in cells expressing wild type MDM2 and similar to
that seen in cells expressing MDM2 C464A (Figure 4-18).
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Figure 4-18: Effect of MDMX knockdown in cells expressing MDM2 1440K or R479P mutants

Cells were transfected with MDMX siRNA or control siRNA for 48 hours. (a,b) Western blot
analysis showing that although MDM2 1440K and R479P mutants can limit p21 induction,
they cannot limit this in the absence of MDMX. siNT = non-targeted siRNA, siMDMX = siRNA
for MDMX. P values (one-way ANOVA with Tukey’s post hoc test): vs. EV (siNT) (vertical), vs.
C464A (siMDMX) or vs. corresponding siNT vs. siMDMX (horizontal). Error bars indicate
mean * SD. F (9, 20) = 29.32. Error bars indicate mean * SD. n = 3 independent experiments
each.
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These results suggest that MDMX plays an important role in the regulation of p53
activity. It is possible that the importance of the dimerisation activity of MDM2
reflects a requirement to dimerise with MDMX, which is a cytoplasmic protein
that requires dimerisation with MDM2 for nuclear translocation. Once in the
nucleus, the MDMX-MDM2 hetero-dimer may be the key in attenuating the p53

transcriptional activity.

4.5 Summary and discussion

Previous studies examining the E3 activity of MDM2 were largely based on the
analysis of MDM2 C464A (or C462A in mouse), a mutant that disrupts the Zn*'-
coordination and abolishes the RING domain fold (Itahana et al., 2007, Honda et
al., 1997, Kubbutat et al., 1999, Geyer et al., 2000). It is therefore not clear
whether failure of this mutant (or the mouse equivalent) to control p53 (Itahana
et al., 2007) reflects a loss of E3 function, a loss of dimerisation or a failure to

bind to p53 at promoters.

In order to answer this question and to investigate whether MDM2 1440 or R479
mutants can limit p53 activity in an E3 ligase independent manner, | developed a

novel cell line to monitor the regulation of endogenous p53 by MDM2 mutants.

As shown above, MDM2 1440 and R479 mutants can repress the induction of a
number of p53 target genes despite the high endogenous p53 level in cells.
Although | showed that these mutants bind to p53 when co-immunoprecipitated
in solution (as shown in Chapter 3), this could not fully explain why these
mutants are able to limit p53 activity, because MDM2 C464A mutant can also
bind to p53 in the same assays. Therefore, in order to understand the underlying
mechanisms through which MDM2 1440 and R479 but not C464A can limit p53
activity, | performed chromatin immunoprecipitation and showed that MDM2 1440
or R479 but not C464A can be co-localised on p21 promoter (via p53). This
retention of binding to p53 at the promoter correlates with the ability of these
MDM2 mutants to control the p53 transcriptional activity. An outstanding
question is why MDM2 C464A retains the ability to bind p53 in solution but shows
a weaker affinity to chromatin-bound p53. One possibility is that MDM2 C464A
has a lower affinity for p53, which only become apparent under conditions
where p53 is bound to chromatin. Alternatively, other proteins are required to
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stabilise the MDM2-p53 interaction on chromatin, but are not recruited by MDM2
C464A. A recent study demonstrated that Mdm2 C462A (the mouse equivalent of
human MDM2 C464A) enhances the acetylation of p53 and promotes p53
transcriptional activity, possibly through the augmentation of the interaction
between p53 and acetyl-transferases (Tian et al., 2017). While not established,
it is possible that this increase in acetylation weakens the p53-MDM2 interaction.
Clearly, further experiments will be required to reveal the mechanisms
underlying how MDM2 regulates p53 transcriptional activity in an E3 ligase

activity independent manner.

Nevertheless, transcriptional repression by MDM2 1440 and R479 mutants is
sufficient to keep p53 in check to allow proliferation, but renders cells hyper-
sensitive to stressed conditions. Interestingly, MDM2 C464A also retains some
effect on cell growth and modestly limits the induction of p53 target genes
including p21, potentially reflecting the ability of this mutant to bind p53 when

co-immunoprecipitated with cell lysate as shown in Chapter 3.

These findings confirm that MDM2 dependent transcriptional repression is
sufficient to control p53 activity in unstressed cells, most likely reflecting a
function of MDM2 as a transcriptional repressor when bound to p53. While MDM2
can repress transcription by ubiquitinating histones within promoters (Minsky and
Oren, 2004), the activity | described here is independent of MDM2 E3 ligase

activity.

The results also suggest that the ability of the RING domain of MDM2 to bind
MDMX is required to limit p53 activity, as MDM2 1440 and R479 can no longer
limit p53 activity in the absence of MDMX. Tollini et al. (2014) also demonstrated
that the ability of an MDM2 C-terminal tail mutant to limit p53 activity is
dependent on MDMX, although in this case the heterodimer of an MDM2 C-
terminal mutant with MDMX should be catalytically active and degrade p53.
Therefore, this study did not clarify whether the limitation of p53 activity is E3
ligase activity dependent or independent. In the work presented here, it is clear
that heterodimers of MDM2 1440 or R479 with MDMX do not have E3 ligase
activity (as shown in Chapter 3). Therefore, my results suggest that the ability of
MDM2 to limit p53 activity is independent of its E3 ligase activity, but that this

E3 independent activity can be dependent on MDMX. Again, further experiments
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will be required to reveal the contribution of MDMX in the regulation of p53

activity.

A number of drugs targeting MDM2 E3 ligase activity - identified by screening for
the inhibition of MDM2 auto-ubiquitination - have been developed (discussed in
Chapter 1 Section 1.5.1.2) (Yang et al., 2005, Roxburgh et al., 2012, Sasiela et
al., 2008). However, detailed mechanisms regarding how they function are yet
to be revealed. As discussed above, only a small molecule that dissociates MDM2
and the E2-ubiquitin complex interaction will behave like MDM2 1440 and R479
mutants, whereas other strategies - such as disruption of the RING domain co-
ordination or targeting dimerisation - are more likely to completely prevent
regulation of p53 by MDM2 and so will behave like nutlin-3. For example, HLI98
was identified as an inhibitor of the E3 ligase activity of MDM2, but these
compound results in the activation of p53 activity (Yang et al., 2005). In silico
docking model (from Professor Peter Fischer, University of Nottingham) suggests
that this compound is likely to bind to the MDM2 dimerisation core and disrupt
subunit interaction. As | have shown above, dimerisation-impaired MDM2
mutants do not degrade p53 but also cannot limit its activity, resulting in

uncontrolled p53 activity.

Taken together, although the p53 level was elevated in cells expressing MDM2
1440 and R479 mutants, p53 activity can be limited by these mutants under
normal unstressed condition. Due to accumulated p53, cells expressing these
mutants can respond to stress quickly. Since tumours have elevated levels of
stress, targeting the interaction between MDM2 and E2-ubiquitin complex, to
reactivate wild type p53 in tumours could open up a new therapeutic window to
drive p53-dependent arrest of cancer cell growth while potentially avoiding the
deleterious on-target side effects of completely disrupting the MDM2-p53
interaction. Finally, the strategy presented here may be applicable for

investigating E3 ligase-independent function of other RING E3s.
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5.1 Human MDM2 and Murine MDM2

Human MDM2 and murine MDM2 have the same functional domains (Figure 5-1a)
and a high degree of amino acid similarity (overall 81.7 % homology), particularly
from the RING domain to the C-terminal (amino acid 433 to 491 in human MDM2
and amino acid 431 to 489 in murine MDM2) that displays 96.6 % homology
(Figure 5-1b).
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Figure 5-1: Human MDM2 and Murine MDM2

(a) Functional domains of human MDM2 and murine MDM2. Generated from UniProt
Database (https://www.uniprot.org). (b) Amino acids of human MDM2 (amino acids 433-491)
and murine MDM2 (amino acids 431-489) are shown. Red indicates the amino acids that are
different between human and murine MDM2. p53 BD = p53-binding domain, RanBP2 = RAN
binding protein 2 (RanBP2)-type zinc finger domain, NLS = nuclear localisation signal, NES
= nuclear export signal and NoLS = nucleolar localisation signal.
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In order to test whether the murine MDM2 RING domain shows the same function
as human MDM2, | created equivalent mutations within the RING domain of
murine MDM2 and then expressed these mutants along with murine p53 in
primary mouse embryonic fibroblast cells (MEFs) to test the ability of the murine
MDM2 mutants to degrade p53.

As expected, over-expression of wild type MDM2 led to significant degradation of
murine p53, whereas over-expression of MDM2 1438K (I440K in human), 1438E,
R477P (R479P in human) and the C447N-T486V double mutant (C449N-T488V DM
in human) did not promote degradation of murine p53 (Figure 5-2). Like these
mutations in human MDM2 (Chapter 3), these murine mutant equivalents are also

catalytically inactive.
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Figure 5-2: Effect of human-corresponding MDM2 mutation in murine cells

Primary MEFs were transiently transfected with combinations of plasmid vectors encoding
murine p53, mCherry, and wild type MDM2 or the indicated MDM2 mutants for 24 hours.
(a,b) p53 degradation assay showing that MDM2 mutants 1438K, I1438E, R477P and C447N-
T486V double mutant (DM) do not promote degradation of p53. P values (one-way ANOVA
with Tukey’s post hoc test): vs. EV. F (8, 18) = 18.02. Error bars indicate mean * SD. n = 3
independent experiments.

Based on the results shown in Chapter 4, we generated a mouse expressing MDM2
438K (MDM2 1440K in human), a mutant that has lost E3 ligase activity but can
still regulate p53 transcriptional activity in normal unstressed cells and allows
for a more rapid response to stress. Although this mutant was able to regulate
p53 function in cultured cells, we considered the possibility that this

catalytically inactive MDM2 mutant may cause embryonic lethality. To
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circumvent this possibility, we generated a mouse harbouring a conditional
Mdm2 1438K allele. Depending on which Cre system is used, this mouse allows us
to investigate the effect of Mdm2 1438K whole body knock-in, conditional knock-

in at specific stages of development and tissue-type/cell-type specific knock-in.

5.2 Generating a murine Mdm2 1438K conditional point
mutant allele

In collaboration with Dr Douglas Strathdee at the Cancer Research UK Beatson
Institute, we designed and generated an inducible point mutation in the
endogenous Mdm2 gene (Ensembl ID: ENSMUSG00000020184). This novel allele
expresses wild type MDM2, but switches to express MDM2 1438K (440K in human)
following Cre recombination. To achieve this, we decided to duplicate the last 2
exons and place a wild type version of exon 11/12 (termed 11A/12A) bracketed
by loxP sites, upstream of the endogenous sequences. Isoleucine 438 on the
original exon 12 was replaced with lysine (1438K) (Figure 5-3). Therefore, our
targeted allele is expected to express wild type MDM2 (transcribed from exon
11A/12A). Following Cre-mediated recombination, however, the wild type Mdm2
11A/12A exons are removed and allow for expression of MDM2 1438K (transcribed

from mutated original exon 11/12) (Figure 5-3).

To expedite the cloning and targeting procedure, we removed a short (359bp)
intron between exon 11 and 12 (leaving a single exon in place of 11 and 12). In
addition, we opted to remove the large 3’ UTR in exon 12A, replacing this UTR
with a heterologous poly-adenylation signal sequence (SV40 poly-adenylation
signal sequence) (Figure 5-3). Therefore, it is possible that the expression level
of the wild type Mdm2 from 11A/12A might be slightly different from that of
wild type Mdm2 from its endogenous locus. Following Cre recombination,
however, the expression level of the mutant Mdm2 (1438K) should be similar to
the endogenous locus since the original 3’ UTR is restored in our mutant allele
(Figure 5-3).
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Figure 5-3: Generating a murine Mdm2 1438K conditional point mutant allele

Numbers indicate exons. Blue boxes indicate the coding region and purple boxes indicate
UTR. loxP = locus of X-over P1 site, PA = poly-adenylation signal sequence, FRT = flippase
recognition target site and Neo = neomycin cassette.

Generation of the mouse strain carrying the Mdm2 1438K targeted (tm1) allele
(Mdm?2tma(exoniz pt mutiBeay \\aq carried out by Dr Douglas Strathdee’s group. Briefly,
the targeting construct was transfected into HM1-embryonic stem (ES) cells
(derived from 129P2/0OlaHsd mice) where successful incorporation was
confirmed by DNA screening to ensure that the vector was targeted correctly to
the Mdm2 locus. Cells from one of the successfully targeted clones were
injected into the blastocoel cavity of mouse blastocysts (from C57BL/6J mice),
which were then implanted into the uterus of a foster CD1-ICR albino mouse. A
founder mouse born from this foster mother mouse carrying Mdm2 inducible

438K targeted (tm1) allele (termed chimeric mouse) was crossed with a wild
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type C57BL/6J mouse. Offspring from this mating that were genotyped as
heterozygous for our Mdm2 inducible 1438K targeted allele (Mdm2'™'"*) were

subsequently used for in vivo experiments.

In order to prevent potential interference of the neomycin cassette on wild type
Mdm2 expression, we also generated mice carrying an Mdm2 inducible 438K
allele without the presence of a neomycin selection cassette (tm1.1) by excising
the FRT (Flippase recognition target)-flanked neomycin using FLP (Flippase)-FRT
site-directed recombination (Figure 5-3). Mice carrying the Mdm2 1438K targeted
allele (Mdm2'™""*) were crossed with mice carrying the ACTB (Actin beta)
promoter-driven  enhanced  Flippase-expressing allele  (TgAcTFtPe)9205Dym
(Rodriguez et al., 2000)). Precise removal of the Neo cassette was verified by
genotyping. Offspring mice carrying the FLP-FRT recombination-induced allele
(Mdm2'™'-"*) were then crossed with wild type C57BL/6J mice to remove the
Flippase-expressing allele. These mice are currently being used to produce mice
carrying homozygous copies of the FLP-FRT recombination-induced Mdm2 alleles

(Mdmztm1.1/tm1.1).

These in vivo experiments are presently underway, but time constraints have not
allowed me to complete all of the necessary crosses during the course of my PhD
work. Anticipated future work with these mice is discussed in Section 5.3. In the
meantime, | tested the effect of expression of our Mdm2 1438K allele in murine
cells in vitro by generating primary baby mouse kidney (BMK) and mouse
embryonic fibroblast (MEF) cell lines from mice carrying the Mdm2 1438K alleles

(tm1 in Figure 5-3).

5.2.1 Effect of Mdm2 1438K mutant in BMK primary cells

Male and female mice, heterozygous for the Mdm2 inducible [438K allele
(Mdm2™"*), were intercrossed to generate mice homozygous for the Mdm2
inducible 438K alleles (Mdm2™'"/*™"), 5.days-old baby mice from these matings

were sacrificed to create primary BMK cell lines.

Genotyping identified BMK cells carrying wild type (Mdm2'’*), heterozygous
(Mdm2™""*) or homozygous (Mdm2™'/*™") copies of Mdm2 inducible 1438K
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targeted alleles based on the difference (359 bp) of the intron between exons 11
and 12 (Figure 5-3) (Figure 5-4).

| OKNA4.1a
~ OKNA4.1b
OKNA 4.1c
OKNA 4.1d
OKNA4.1e
| OKNA4.1f

1500 bp

1000 bp
750 bp

- Mdm2 wild type allele
. - Mdm2 inducible 1438K targeted allele

g z‘ ; Marker

500 bp

WT Het Hom Hom Het Het

Figure 5-4: Genotyping of BMK primary cells

A piece of liver from baby mice was genotyped. DNA electrophoresis of PCR products;
expected sizes are 1034 bp for Mdm2 wild type allele and 675 bp for Mdm2 inducible 1438K
targeted allele. WT = wild type, Het = heterozygous, Hom = homozygous.

BMK cells homozygous for the Mdm2 inducible 1438K targeted alleles
(Mdm2™™"t™1) (OKNA 4.1c and 4.1d) and wild type alleles (Mdm2*'*) (OKNA 4.1a)
were then exposed to adeno-Cre for 24 hours and were used for experiments 5
days after adenovirus infection in order to minimise any effect of remaining wild

type MDM2 protein in cells.

Western blotting results show that the expression level of p53 was the same
between cells expressing wild type Mdm2 (OKNA 4.1a, adeno-EV) and non-
recombination-induced (Mdm2™"™™"  expressing MDM2 wild type) cells (OKNA
4.1c and 4.1d, adeno-EV) (Figure 5-5a). Notably, the expression level of Mdm2
was also the same between these lines despite replacing the large 3’ UTR in
exon 12A with a poly-adenylation signal sequence. Even so, the p53 level was
significantly increased in the recombination-induced (Mdm2™'"-?/t™"-2 " expressing
MDM2 [438K mutant) cells (OKNA 4.1c and 4.1d, adeno-Cre), reflecting loss of
MDM2 E3 ligase function in the Mdm2 mutant cells (Figure 5-5a). Following 3
hours of nutlin-3 treatment in these cells, we observed increased p53 protein
expression level in cells expressing wild type Mdm2 but not in cells expressing
Mdm2 1438K mutant, suggesting that p53 was maximally induced. Although the
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p53 level is very high in cells expressing Mdm2 1438K mutant, the level of p21
protein was not elevated under normal condition in these cells. However, in
response to nutlin-3, p21 levels rapidly increased (Figure 5-5a), suggesting that
MDM2 1438K is sufficient to control p21 induction. In contrast to p21 levels, the
MDM2 protein level (Mdm2 is also a p53 target gene) was higher in cells
expressing Mdm2 1438K mutant compared to Mdm2 wild type cells under normal
condition (Figure 5-5a), although nutlin-3 treatment rapidly induced MDM2
protein expression in both cases (Figure 5-5a). This could indicate that auto-
ubiquitination of MDM2 1438K was also attenuated, leading to the stabilisation

(rather than increased expression) of this protein under normal conditions.

In order to confirm whether the MDM2 438K mutant can control p53 target gene
expression (both p21 and Mdm2), | performed gPCR to observe changes in mRNA
expression. As expected, mRNA levels of p217 and Mdm2 in cells expressing Mdm2
438K mutant were not significantly different to those seen in cells expressing
wild type Mdm2 (Figure 5-5b). In addition, treatment of the Mdm2 1438K cells
with nutlin-3 for one hour rapidly and significantly increased mRNA expression of
p21 and Mdm2 relative to the levels expressed in treated Mdm2 wild type cells
(Figure 5-5b). Taken together, these results strongly suggest that although MDM2
438K mutant has lost its E3 ligase activity, this mutant retains the ability to
limit p53 transcriptional activity. Interestingly, mRNA expression of p53 target
gene Bax was not induced upon nutlin-3 treatment in the Mdm2 1438K-expressing
cells (Figure 5-5b), suggesting that nutlin-3 primarily induces cell cycle arrest
and that modifications of p53 such as phosphorylation may be required to induce

the expression of p53 target genes involved in the induction of apoptosis.
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Figure 5-5: Effect of Cre recombination and nutlin-3 treatment in BMK primary cells

Recombination to induce mutant Mdm2 expression was induced by exposing BMK primary
cells to adeno-Cre (or an empty adenovirus for control) for 24 hours and treated with nutlin-
3 (4 pM) for (a) 3 hours or (b) 1 hour, 5 days after adenovirus infection. (a) Western blot
analysis showing expression of the indicated proteins. (b) gqPCR showing mRNA expression
of p53 target genes p21, Mdm2 and Bax. P values (one-way ANOVA with Tukey’s post hoc
test): vs. wild type (vertical), vs. indicated samples (horizontal). F (11, 24) = 18.71 (Cdkn1a
(p21)) and F (11, 24) = 29.37 (Mdm2). Error bars indicate mean * SD. n = 3 independent

experiments each.

BMK cells expressing either Mdm2 wild type or Mdm2 1438K were also treated
with doxorubicin to observe their responses to induced DNA damage. In this
system, we found that doxorubicin treatment for one hour rapidly and
significantly induced p271 and Bax in Mdm2 1438K cells compared to cells
expressing wild type Mdm2 (Figure 5-6). Interestingly, although nutlin-3
treatment strongly induced Mdm2 mRNA expression in the mutant cells, this was

184



Chapter 5 Murine MDM2

not observed in cells treated with doxorubicin (Figure 5-6) suggesting a

disruption of the p53-MDM2 negative feedback loop.
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Figure 5-6: Effect of Cre recombination and doxorubicin treatment in BMK primary cells

Recombination to induce mutant MDM2 expression was induced by exposing BMK primary
cells to adeno-Cre (or an empty adenovirus for control) for 24 hours and treated with
doxorubicin (1 yM) for 1 hour, 5 days after adenovirus infection. gPCR showing mRNA
expression of p53 target genes p21, Mdm2 and Bax. P values (one-way ANOVA with Tukey’s
post hoc test): vs. wild type (OKNA 4.1a + adeno-EV) (vertical), vs. corresponding non-
recombination-induced (expressing wild type MDM2) cells with doxorubicin treatment or vs.
wild type (OKNA 4.1a + adeno-Cre) with doxorubicin treatment (horizontal). F (11, 24) = 40.14
(Cdkn1a (p21)), F (11, 24) = 14.08 (Mdm2) and F (11, 24) = 26.39 (Bax). Error bars indicate
mean * SD. n = 3 independent experiments each.

To assess the functional effect of mutant Mdm2 expression, cell cycle analysis
was carried out. As expected, cells expressing wild type Mdm2 and Mdm2 1438K
showed similar cell cycle profiles under unstressed conditions, reflecting their
ability to both control p53 activity (Figure 5-7). A short (8 hours) treatment of
nutlin-3 or doxorubicin did not affect the cell cycle in cells expressing wild type
Mdm2 (Figure 5-7). In contrast, cells expressing the Mdm2 1438K mutant quickly
underwent a G; cell cycle arrest (Figure 5-7) consistent with more rapid
induction of p53 target gene expression compared to Mdm2 wild type cells
(Figure 5-5, 5-6).
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Figure 5-7: Cells expressing Mdm2 1438K mutant can quickly arrest cell cycle at the G; upon
stress

BMK primary cells were treated with nutlin-3 (4 pM) for 8 hours or doxorubicin (1 uM) for 8
hours, 5 days after adeno-Cre or adeno-EV infection. Cells were then stained with propidium
iodine overnight and DNA content was analysed in channel FL2.

Taken together, these results show that MDM2 438K behaves ex vivo as seen in
cells, in that it does not promote degradation of p53 but can limit the induction
of p53 target genes in normal unstressed condition and allows normal cell cycle
progression. However, a more robust activation of p53 activity in response to
nutlin-3 or doxorubicin was seen in the Mdm2 438K cells compared to cells
expressing wild type Mdm2. These results are consistent with the model that E3
inhibition does not prevent MDM2 regulation of p53 under normal conditions, but

allows for a stronger stress response.
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5.2.2 Effect of inducible knock-in of Mdm2 1438K mutant in MEFs

To examine the effect of Mdm2 1438 expression in vivo, mice heterozygous for
the Mdm2 inducible 1438K targeted allele (Mdm2™''*) were crossed with mice
carrying the ROSA-Cre-ER™ (ubiquitous expression of the oestrogen receptor'-
fusion Cre recombinase) (Gt(ROSA)26Sor™m2(Cre/ERT2Bm = (Hameyer et al., 2007))
allele. This will generate a 4-hydroxytamoxifen (4-OHT) inducible Cre
recombination system in which the Cre-ER™ fusion protein is sequestered by
heat shock proteins (HSP) in the cytoplasm and translocated into the nucleus by
binding to 4-OHT, where it exerts recombinase activity. As a breeding strategy
offspring carrying a ROSA-Cre-ER™ allele and heterozygous for the Mdm?2
inducible 1438K targeted allele (Mdm2™'"*) were crossed with mice heterozygous
for Mdm2 inducible 438K targeted allele (Mdm2™"'*) without ROSA-Cre-ER™
allele, as homozygous of ROSA-Cre-ER™ alleles is toxic to the cell. 14 days after
confirmed plugging (E14.5), female mice were sacrificed and MEFs were isolated

from those embryos.

Genotyping targeted to detect the difference of the intron between exons 11
and 12, and the Cre recombinase, identified MEFs carrying wild type (Mdm2*'*),
heterozygous (Mdm2'™"*) and homozygous (Mdm2'™"''™"y copies of Mdm2
inducible 1438K targeted alleles with or without the ROSA-Cre-ER™ allele (Figure

5-8).
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Figure 5-8: Genotyping of MEFs

A piece of E14.5 foetuses was genotyped. DNA electrophoresis of PCR products; expected
sizes are 1034 bp for Mdm2 wild type allele, 675 bp for Mdm2 inducible 1438K targeted allele
and 353 bp for ROSA-Cre-ER™ allele. WT = wild type, Het = heterozygous, Hom =
homozygous.
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MEFs homozygous for or wild type alleles with or without a copy of the ROSA-
Cre-ER™ allele were treated with 4-OHT to activate Cre recombinase (Figure 5-
9). Western blotting showed that the level of p53 was rapidly increased upon 4-
OHT treatment in Mdm2™'/*™ MEFs carrying homozygous of Mdm2 1438K
targeted alleles (Mdm2'™"/*™") and the ROSA-Cre-ER™ allele (OKNB 10.1f) (Figure
5-9b), whereas 4-OHT treatment itself (Figure 5-9a) or activation of Cre
recombinase itself (OKNB 10.1a) (Figure 5-9b) did not affect p53 accumulation.
MDM2 1438K protein was also accumulated upon 4-OHT treatment, reflecting the
loss of auto-ubiquitination and increased stability of the MDM2 1438K protein,
whereas p21 levels were not increased, showing that the MDM2 438K mutant
limits p53 transcriptional activity despite the high level of p53 in cells (Figure 5-
9b).

_ OKNB 10.1h _ OKNB 7.1g
g (WT) i) (Hom)
(1] ©
=0 1 2 3 4 5 = 0 1 2 3 4 5 Dayssince4-OHT treatment
= - - MDM2
-— -
- - - p53
WIS e e e W e
e -

OKNB 10.1a OKNB 10.1f
(WT + Cre-ER) (Hom + Cre-ER)

Marker
Marker

01 2 3 4 5

0 1 2 3 4 5 Dayssince4-OHT treatment

o il R Dmmmmm

- —

- —
ST - - - At

- B - p21

Figure 5-9: Effect of 4-OHT on inducible Mdm2 1438K knock-in system in MEFs

Cells were treated with 4-OHT (1 pyM) for up to 48 hours (Day 0: no 4-OHT treatment, Day 1:
24 hours 4-OHT treatment, Day 2: 48 hours 4-OHT treatment, Day 3: 48 hours 4-OHT
treatment followed by 24 hours discontinuation, Day 4: 48 hours 4-OHT treatment followed
by 48 hours discontinuation and Day 5: 48 hours 4-OHT treatment followed by 72 hours
discontinuation). Western blot analysis showing the expression of the indicated proteins.
(a) MEFs carrying Mdm2** (WT) or Mdm2™""™" (Hom) without ROSA-Cre-ER™ allele (b) MEFs
carrying Mdm2"* (WT) or Mdm2™"”"™" (Hom) with ROSA-Cre-ER™ allele.
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To test whether the expression of Mdm2 1438K affects the growth of these cells,
cells were induced to undergo recombination with 4-OHT and then were dosed
with nutlin-3, doxorubicin or corresponding vehicle controls on Day 5 and left for
48 hours. In response to nutlin-3 treatment, cells expressing wild type Mdm?2
(OKNB 10.1h, OKNB 7.1g) grew at a similar rate and responded to nutlin-3 or
doxorubicin similarly (Figure 5-10a and 5-10c). Activation of Cre recombinase by
4-OHT in Mdm2 wild type cells (OKNB 10.1a) slightly reduced growth rate
compared to cells carrying no ROSA-Cre-ER™ allele, suggesting that expression of
Cre recombinase is marginally toxic to the cells (Figure 5-10). Nevertheless,
expression of Mdm2 1438K (OKNB 10.1f) did not affect cell growth (Figure 5-10b,
d), showing that this mutant can still limit p53 activity under basal conditions.
Importantly, cells expressing this mutant arrested cell growth more rapidly than
cells expressing wild type Mdm2 in response to nutlin-3 or doxorubicin treatment
(Figure 5-10b, d), although further experiments will be required to determine

the physiological differences.
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Figure 5-10: Effect of Cre recombination and nutlin-3 or doxorubicin treatment on cell
growth

Cells were treated with 4-OHT (1 pM) for 48 hours 3 hours after seeding followed by 48
hours of treatment with vehicle, nutlin-3 (4 uM) or doxorubicin (1 pM) on Day 5. Cells were
counted by the CASY cell counter. P values (two-way ANOVA - main effect of mutants): vs.
wild type with Cre-ER™ (OKNB 10.1a) with nutlin-3 or doxorubicin treatment. F (4, 16) = 16.28
(Figure 5-10b, main effect of mutants) and F (4, 16) = 13.34 (Figure 5-10d, main effect of
mutants). Error bars indicate mean * SD. n = 3 independent experiments.

5.3 Discussion

Human and murine MDM2 proteins are very similar and | have shown that human
MDM2-equivalent mutations within the RING domain in murine MDM2 behave the

same as their human MDM2 equivalents.

As discussed in Chapter 1 Section 1.3.2, a humber of mouse models have been

developed to assess the effect of Mdm2 mutations in vivo. In general, mouse
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models in which p53 transcriptional activity is not properly controlled by the
MDM2/MDMX complex show an embryonic lethal phenotype. Indeed, Tollini et al.
(2014) has recently shown that Mdm2 C-terminal tail mutant mice, which can
hetero-dimerise and therefore control p53 activity, are viable despite their

elevated endogenous p53 level.

Although primary murine cells expressing Mdm2 1438K accumulated high levels of
p53, this mutant was sufficient to control p53 activity in terms of the induction
of p53 target genes. While the protein expression level of MDM2 438K was high,
reflecting loss of its E3 ligase activity and subsequent loss of MDM2 auto-
ubiquitination, nutlin-3 treatment further increased the protein level of this
mutant. This response is likely to result from a p53-dependent increase in Mdm2
mRNA expression - part of p53-MDM2 negative feedback loop. Interestingly,
doxorubicin treatment did not further increase the expression level of the Mdm2
438K mutant, although this treatment did significantly induce p271 and Bax

expression.

Overall, in primary cells, MDM2 438K mutant was able to control basal levels of
p53 but allowed for a more rapid response to stress. This phenotype is also seen
in the "Super-p53" and "Super-ARF/p53" mice that have enhanced p53
responsiveness and are resistant to tumour development as discussed in Chapter
1 Section 1.2. We now wish to understand the consequences of selective

inhibition of the E3 ligase activity of MDM2 on normal and tumour development.

| am now conducting in vivo experiments with Mdm2 1438K mutant mice to see if
the suppression of p53 by the mutant is sufficient to allow for normal
development. Analysing this mutant strain could allow us to mimic an inhibitor
of MDM2 catalytic activity that could open up a novel therapeutic route to

reactivate the tumour suppressor p53 in vivo.

5.3.1 Next steps for the Mdm2 1438K mouse

Mice carrying a heterozygous copy of the Mdm2 inducible 1438K targeted allele
(Mdm2™"*), were crossed with mice carrying the X-linked Deletor-Cre (CMV
promoter-driven ubiquitous expression of Cre recombinase) allele ((Tg)MV-<re)’cen

(Schwenk et al., 1995)) to induce whole body/germline Cre recombination. Mice
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2t™-2/*) were then crossed with

carrying the recombination-induced allele (Mdm
wild type C57BL/6J mice to remove the Deletor-Cre allele. At the time of
writing, matings are ongoing to assess the viability (and functionality) of mice

homozygous for the active Mdm2' 8/ “3# 3|lele.

As Mdm2¢424/C4624 mice are embryonic lethal, it will be important to examine
whether Mdm2'#8/1438K mice are viable. Tollini et al. (2014) previously showed
that the E3 ligase activity of MDM2 is dispensable in embryogenesis. However,
their model is expected to retain some E3 ligase activity towards p53 derived
from MDM2/MDMX heterodimers (Uldrijan et al., 2007, Poyurovsky et al., 2007).
As shown in Chapter 3, MDM2 440K (MDM2 1438K in mouse) cannot be
reactivated by MDMX. Consequently, our novel model will reveal whether E3
ligase activity of MDM2 is required for normal mouse development. Since MDM2
1438K is able to limit p53 activity in primary cells, Mdm2"“8/38K mijce are
expected to be viable, although stresses during embryogenesis may result in
lethality. If Mdm2' #8138k mice are embryonic lethal, we may investigate which
embryonic stage they reach. If the mice are viable, irradiation sensitivity will be
tested by irradiating mice with 5 Gy vy irradiation; sampling at 6 hours and 72
hours post-irradiation and analysing these mice using histological and molecular
biological analysis to observe changes in protein expression such as p53, p21,
Ki67 and BrdU in different organs. The survival of Mdm2 1438K mice after
irradiation will also be assessed, as Tollini et al. (2014) showed that E3 ligase
activity of MDM2 is required to recover after irradiation. | will also investigate

their long-term post-irradiation tumourigenesis.

In the future it would be interesting to cross Mdm2'#*®/*3# mice into various
genetically engineered mouse models (GEMMs) of cancer that retain wild type
p53, including the Apc™ (Multiple intestinal neoplasia mutation - encoding a
nonsense mutation at codon 850) model of intestinal adenoma (Bilger et al.,
1996), Braf'***-driven melanoma models (Dankort et al., 2009, Dhomen et al.,
2009, Goel et al., 2009) and a mouse model of pancreatic ductal
adenocarcinoma (PDAC) containing Kras-:°"?’; Pdx1 (pancreatic and duodenal
homeobox 1)-driven Cre (Hingorani et al., 2003), to assess the effect of Mdm2

438K mutant expression on tumour development.
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5.3.2 Assessing post-developmental inducton of Mdm2 1438K in
vivo

If using the ubiquitous model (i.e. Deletor-Cre driven recombination) described
above is incompatible with normal development, then the use of an inducible
knock-in Mdm2 1438K model will assess whether transcriptional repression of p53
by MDM2 binding alone is sufficient to keep p53 activity to a level that is
compatible with adult life. To this end, mice heterozygous for Mdm2 inducible
1438K targeted allele (Mdm2™"*) have been crossed with mice carrying the
ROSA-Cre-ER™ allele. Mice carrying both the ROSA-Cre-ER™ allele and the Mdm2
inducible 1438K targeted allele were crossed with sibling mice carrying the Mdm2
1438K mutant allele (without ROSA-Cre-ER™) to generate Mdm2'#38/*38. ROSA-

Cre-ER™ mice.

Deletion of Mdm2 in adult mice is lethal (the mice become moribund within a
few days) (Zhang et al., 2014b). Induction of the Mdm2*3#/*38 jllele in adult
mice by Tamoxifen will be carried out and mice monitor post-induction for
phenotypic changes including weight change, irradiation sensitivity, long-term

tumourigenesis and survival.

In addition, it would be interesting to induce Mdm2 1438K in cancer bearing mice.
This will model the effect of a small molecule inhibitor of MDM2 E3 activity as a

cancer therapy.

5.3.3 Other options and future directions

As discussed, it is possible that mice with whole body expression of the mutant
Mdm2 will not be viable, as shown in Mdm2”/~ or Mdm2¢##4/c464
Oca Luna et al., 1995, Jones et al., 1995, Itahana et al., 2007). Based on the

preliminary data generated in primary cells, we think this is unlikely, but such a

mice (Montes de

result would decrease enthusiasm for the development of an MDM2 E3 inhibitor.
However, further studies would provide additional insight of Mdm2 1438K mutant.
If whole body expression of the Mdm2 1438K mutant is incompatible with survival,
tissue-type or cell-type specific Cre recombinase can be used to assess the
sensitivity of different organs, tissues and cell types to complete loss of Mdm2
compared to loss of E3 activity (tissue/cell type specific Mdm2 deletion models

are summarised in Chapter 1). It would also be interesting to determine whether
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expression of the Mdm2 1438K mutant affects the pattern of gene expression in
response to p53 activation, which can be analysed by ChIP-seq or RNA-seq.
Finally, we could use this system to examine p53-independent activities of this

Mdm2 mutant in p53 null mice.

Overall, these in vivo experiments will reveal the E3 ligase independent function
of MDM2 in vivo and characterisation and development of these Mdm2 mutant in
vivo models. This will be the key to validate the utility of developing compounds
with a differentiated mode of action than any MDM2 inhibitors presently in
clinical development. So far my obtained data suggest that Mdm2" 8/ 38K mice
will be viable, may have enhanced p53 responsiveness, and could show increased
resistance to tumour development. Such an outcome would increase enthusiasm

for the development of an MDM2 E3 inhibitor in the future.
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The p53 pathway, which is activated in response to various types of stress to
induce cell cycle arrest to allow cells to adapt or eliminate the cell through cell
death or senescence if the stress is persistent, is the most commonly
dysregulated pathway in human cancer. Although approximately half of all
human cancers have mutation in the Tp53 locus resulting in the loss of p53 or
expression of mutant p53, the other tumours show a variety of perturbations in
the pathway that result in the retention of wild type p53 but defect in the
response to stress. Indeed, mouse models have shown that reinstatement of p53
in cancer bearing mice led to tumour regression (Martins et al., 2006),
suggesting that reactivation of wild type p53 activity could be a useful strategy
for cancer treatment. Furthermore, mice carrying an extra copy of p53 are
resistant to tumour development (Garcia-Cao et al., 2002, Matheu et al., 2007).
On the other hand, while these activities of p53 are effective in preventing
malignant progression, uncontrolled p53 activity is incompatible with cell or

organismal viability.

Several drugs that target the N-terminal of MDM2 where p53 binds have been
developed (Shangary et al., 2008, Vassilev et al., 2004, Ding et al., 2013) and
show excellent on target specificity in stabilisation and activation of p53. Indeed,
Idasanutlin (RG7388) is currently in Phase 3 clinical trials. However, on-target
toxicities including thrombocytopaenia and neutropaenia appear to limit the
efficacy and utility of these compounds (Andreeff et al., 2016, Ray-Coquard et
al., 2012). Previous studies have also highlighted some p53 independent
mechanisms through which these compounds can enhance toxicities to the cells,
including disruption of the interactions between MDM2 and p73 (a protein
related to p53), and MDM2 and E2F1 (Lau et al., 2008, Ray et al., 2011,
Ambrosini et al., 2007). Although a number of other drugs that target MDM2 and
MDMX to reactivate p53 through different mechanisms have been developed, the

clinical application of these is not yet clear.

At the onset of this work, this project was aimed to explore in more detail the
functional requirements for MDM2 E3 activity and to understand how important
transcriptional repression of p53 by MDM2/MDMX independently of E3 ligase
activity is to keep p53 in check. Prior studies of the MDM2 RING domain used
MDM2 C464A to assess E3 ligase-independent functions in regulating p53, but
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MDM2 C464A mutant abolishes the E3 ligase activity as well as the RING domain
fold. Therefore, it remains unclear whether the RING domain fold is important
for the E3 ligase-independent function of MDM2, since the RING domain is
required to interact with proteins (including homo- and hetero-dimerisation with
MDMX) in addition to recruit E2-ubiquitin complex. In fact, introduction of MDM2
C462A (MDM2 C464A in human) mutant in mice resulted in an uncontrolled p53
activity and embryonic lethal phenotype, like complete loss of Mdm2 (Iltahana et
al., 2007). These results suggested that the integrity of RING domain fold, as
well as their ability to bind to p53, is required to regulate p53 activity.

Therefore, by analysing the novel crystal structure of the E2-ubiquitin-MDM2NC.

MDMXRNC complex developed by Professor Danny Huang’s group, | performed
systematic and comprehensive mutational analysis of MDM2 RING domain to
generate MDM2 mutants that do not interact with E2-ubiquitin complex but
retain the RING domain fold. These mutants are therefore expected to (1)
elevate endogenous p53 level but (2) be able to limit p53 activity in normal
unstressed cells and (3) respond quickly to activate p53 pathway upon stress due

to already accumulated p53 in cells.

First, | tested whether these mutants have lost their ligase activity (Chapter 3).
Our crystal structure revealed several potential interaction sites between the
MDM2-MDMX hetero-dimer and the E2-ubiquitin complex. Important residues on
MDM2-MDMX heterodimer include (1) MDM2 1440 which interacts with E2 by
hydrophobic interaction (2) MDM2 R479 which interacts with E2 and ubiquitin by
hydrogen bonds and (3) The C-terminal tail of the dimerisation partner of MDM2
which interact with ubiquitin (therefore, dimerisation is required). Shown here,
mutation of MDM2 1440 into hydrophilic amino acids or MDM2 R479 into
hydrophobic amino acids abrogate its E3 ligase activity but retain the ability to
hetero-dimerise with MDMX. As previously described, MDM2 C-terminal tail
mutants lose E3 ligase activity, but these mutants can be reactivated when
dimerised with MDMX (Uldrijan et al., 2007, Poyurovsky et al., 2007). Our
structural analysis revealed that MDM2 residues C449 and T488 play an important
role in dimerisation and a double mutation of MDM2 C449N-T488V has completely
lost its E3 ligase activity, despite retaining the ability to bind to p53 when co-
immunoprecipitated with cell lysate. This suggests that MDM2 is not able to
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ubiquitinate p53 as a monomer, which also supports the observation that the C-
terminal tail of the binding partner of MDM2 is required to ubiquitinate p53. This
also fits the observation that MDM2 C464A mutant, which cannot dimerise, has

lost its E3 ligase activity.

My findings also helped to reveal why MDMX possesses no intrinsic E3 ligase
activity. As shown in Chapter 3, point mutation of MDMX K478R (as R479 in
MDM2) was required to give MDMX an E3 ligase activity in addition to the ability
to dimerise. In fact, SPR analysis has shown that although wild type MDMX was
unable to interact with the E2-ubiquitin complex, MDMX K478R has acquired this
ability. From the structure point of view, this “linchpin” arginine residue is
required to interact with not only E2 but also ubiquitin, which may support the
formation of the active "closed” conformation of E2-ubiquitin-E3 complex as
shown in Chapter 3. Indeed, this MDMX K478R mutant was sufficient to
reactivate MDM2 1440 mutants (that cannot interact with E2-ubiquitin complex),

suggesting their complementation.

Secondly, | tested whether MDM2 mutant that has lost their E3 ligase activity can
regulate p53 activity, despite the elevated p53 level in cells as shown in Chapter
4. Unlike MDM2 C464A mutant, MDM2 1440 or R479 mutants can be co-localised
with p53 on the promoter of p53 target genes (at last on the p27 promoter) and
attenuate the p53 transcriptional activity. Importantly, although MDM2 C464A
mutant is able to bind to p53 when co-immunoprecipitated with cell lysate, this
binding was not maintained on the promoter of p53 target genes. Therefore the
transcriptional repression by MDM2 1440 or R479 mutants is sufficient to keep p53
in check to allow proliferation, but renders cells hyper-sensitive to stressed
conditions due to the elevated p53 in cells. The dimerisation-impaired Mdm2
C449N-T488V double mutant, on the other hand, was not able to limit the
transcriptional activity of p53. In fact, Tollini et al. (2014) demonstrated, using
Mdm2 C-terminal tail mutant in mice, that hetero-dimerisation is critical to
regulate p53 transcriptional activity. Moreover, MDM2 1440 and R479 mutant can
no longer limit p53 transcriptional activity in the absence of MDMX (Chapter 4).
Therefore, it is possible that MDMX plays a critical role in regulating the p53
transcriptional activity and impairment of MDM2-MDMX hetero-dimerisation,

which is necessary for MDMX to enter nucleus, results in uncontrolled p53

198



Chapter 6 Overall summary and conclusions

activity. In fact, mouse models where MDM2 cannot form a hetero-dimer with
MDMX (including Mdm2C#624/C462A - M mx“4624/C4624 and MdmxRING/4RING) show an

embryonic lethal phenotype similar to the whole knockout of Mdm2 or Mdmx.

Several inhibitors of the E3 ligase activity of MDM2 have been identified by
screening for inhibitors of the auto-ubiquitination activity of MDM2. As discussed
above, impairment of MDM2 dimerisation results in a loss of the E3 ligase activity
of MDM2 (including auto-ubiquitination). Therefore, further characterisation of
those compounds may be required in order to minimise on-target toxicity. For
example, in silico docking result suggests that HLI98, which was identified
through an MDM2 auto-ubiquitination screen, seems to bind to the MDM2
dimerisation core and disrupt their dimerisation. As introduction of MDM2
dimerisation-impaired mutant in cells results in an uncontrolled p53 activity
(Chapter 4), clinical application of this kind of compounds may have no
advantages over the compounds that inhibit the MDM2 p53-binding domain like
nutlin-3 in terms of on-target toxicity. In contrast to this, inhibition of MDM2’s
E3 ligase activity without disrupting MDM2 dimerisation, including the strategy to
disrupt the interaction between MDM2 and E2-ubiquitin complex (shown in MDM2
1440 or R479 mutants) would lead to different outcomes than inhibition of the

MDM2-p53 interaction, RING domain co-ordination or MDM2 dimerisation.

Finally, we have designed and generated a conditional knock-in allele of Mdm2
1438K (1440K in human) to investigate how Mdm2**# knock-in mice develop and
their susceptibility to cancer development in comparison with wild type Mdm2
mice. Preliminary and validation experiments using primary murine cells carrying
the conditional Mdm2 [438K knock-in allele revealed the regulation of murine
p53 by MDM2 1438K mutant. As shown in Chapter 5, MDM2 1438K mutant has lost
its E3 ligase activity but possessed an ability to limit p53 transcriptional activity
consistent with the result shown in Chapter 4. Interestingly, MDM2 [438K also
possessed the ability to limit the ability of p53 induced Mdm2 - part of the
negative feedback loop. From a clinical point of view, retaining this ability could
also be beneficial as MDM2 has several p53- (and E3 ligase-) independent
functions that may cause cytotoxic effects. Overall, the MDM2 1438K mutant is
able to control p53 transcriptional activity and allows normal cell cycle and cell

growth in normal unstressed condition but renders cells more sensitive to stress.
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Therefore, based on these preliminary data, although stresses during
embryogenesis are not negligible, Mdm2 1438K mutant mice are expected to be
(1) viable, (2) developmentally normal and (3) resistant to tumour development.
Analysing our in vivo models will allow us to mimic an inhibitor of MDM2
catalytic activity and therefore validate the effect of the inhibition of MDM2 E3
ligase activity that will help the development of novel MDM2 inhibitors for anti-

cancer therapy.

An important question is whether the interaction of MDM2 with E2-ubiquitin
complex is druggable and how selective such a compound would be? This is a
very difficult question as there are approximately 600 RING-type E3 ligases with
similar RING domain structures. However, there are several good reasons to
increase enthusiasm for the development of these MDM2 inhibitors. First,
proteasome inhibitors such as Bortezomib, which in theory inhibit degradation of
all ubiquitinated proteins (by not only RING-type E3 ligases but also other types
of E3 ligases such as HECT-type E3 ligases), have already been approved for
some applications. Therefore, even if the compounds inhibit many other RING E3
ligases, and as long as the compounds do not interfere the ability of MDM2/MDMX
to limit p53 activity in normal unstressed cells, they would have clinical
advantages over current MDM2 inhibitors or proteasome inhibitors. Second,
MDM2 is a C;H;-C4 type RING E3 ligase, which is unique from other RING E3
ligases (RING domains typically have Cs3H-C4 or C4-C4 zinc coordination as
discussed in Chapter 1 Section 1.3.1.3). And third, we have a crystal structure of
E2-ubiquitin-MDM2"™NS-MDMX®™NC that will help to design potential compounds in
silico. Perhaps, inhibition of E2 ubiquitin-conjugating enzymes that interacts
with MDM2 (such as UbcH5B) could be the other option. It is important to note
that, like other chemotherapeutic agents, there may be several restrictions to
use MDM2 E3 ligase inhibitors including that (1) confirmation of p53 status is
required as this strategy will only work for tumours retaining wild type p53 and
(2) subsequent testing for MDMX overexpression may also be required since
MDMX overexpression could cause primary resistance to MDM2 E3 ligase inhibitors.
In any case, targeting the catalytic activity of MDM2 to reactivate wild type p53
in tumours could open up a new therapeutic window to drive p53-dependent
arrest of cancer cell growth while potentially avoiding the deleterious on-target

side effects of completely disrupting the MDM2-p53 interaction.
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In addition, the strategy presented here may be applicable for investigating E3
ligase-independent function of other RING type E3 ligases, which will broaden

the scope of further anti-cancer therapy based on targeting RING type E3 ligases.

In summary, my main findings are following (also refer Table 6-1):

1. MDM2 1440 or R479 mutants do not interact with E2-ubiquitin complex

2. As a result, these mutants possess no E3 ligase activity

3. These mutants are able to bind to p53 and homo- and hetero-dimerise

4. Although p53 level is high in cells expressing these mutants, its transcriptional

activity is controlled

5. Cells expressing these mutants respond to stress quickly due to already

accumulated p53 in cells

6. Hetero-dimerisation with MDMX seems to be required to regulate p53 activity

These findings will help the development of promising new strategies to treat
cancer patients carrying tumours expressing wild type p53 - estimated to be up
to 50 % of all malignancies. Finally, our novel mouse models are expected to
reveal the regulation of p53 by catalytically-inactive MDM2 mutants in cell,
tissue, organ, organ system and organism level, which will provide deeper
understanding of the regulation of p53-MDM2/MDMX network.
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Table 6-1: Overall summary of selected MDM2 mutants in this stud

MDM2 wild C464A 1440K R479P Y489D C449N-
type 1440E T488V
double
mutant
Mutation N/A Disrupts Does not Does not Prevents Prevents
(Structural RING interact interact ubiquitin homo-
estimation) domain with E2-Ub | with E2-Ub | interaction | dimerisation
co- complex complex and MDMX
ordination (Disrupts (Disrupts dimerisation
hydrophobic | hydrogen
interaction) bonds)
Interaction +++ Not tested - - Not tested | Not tested
with
E2-ubiquitin
complex
p53 binding +++ +++ +++ +++ +++ ++
(Co-IP)
Dimerisation +++ +++ +++ +++ -
with MDMX (can
dimerise
with MDM2)
Ubiquitination 4+ - -
of p53
Inhibition of +++ + +++ +++ Not tested +
p53 activity
Localisation on +++ + +++ +++ Not tested | Not tested
p21 promoter
(via p53)
Cell growth +++ + +++ +++ Not tested | Not tested
p53 activation Slow N/A Fast Fast Not tested | Not tested
after stress
Reactivation N/A When When When When
(Ubiquitination dimerised dimerised dimerised dimerised
of p53) with with with MDMX | with MDM2
appropriate | appropriate (*2)
binding binding

partner (*1)

partner (*1)

*1 Binding partner including MDM2 C449N-T488V double mutant and MDMX K478R
*2 Including MDM2 1440K, 1440E and R479P
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