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Abstract

MDM?2 is an oncogenic E3 ligase found to be overexpressed in a number of human cancers,
leading to poor prognosis. MDM2 overexpression inhibits the function of the tumour suppressor
p53, which ubiquitinates p53 and tags it for proteasomal degradation. MDM2 also exhibits p53-
independent oncogenic activities through targeting other tumour suppressor proteins, such as
Foxo3a and Rb. Thus, a preferred strategy in anti-cancer therapeutic development is to inhibit
MDM?2 in cancer cells. A small molecule MEI-1 was identified through in silico screening
targeting the MDM2 catalytic RING domain. The purpose of this project was to explore the anti-
cancer effects of MEI-1 in a number of tested cancer lines including leukemia, breast carcinoma,
osteosarcoma, and colorectal cancers.

Using biochemical and cellular assays, MEI-1 was found to induce apoptosis and inhibit
MDM2 E3 ligase activity in leukemia and colorectal cancer cell lines. MEI-1 was shown to
block MDM2-mediated ubiquitination and de-stabilize MDM2/MDMX, causing p53
stabilization and activation. Additionally, MEI-1 was shown to affect the stability of Foxo3a and
Rb as both were reported to be MDM?2 E3 ligase substrates. Lastly, MEI-1 was shown to
physically bind with the recombinant MDM2: MDMX RING domain heterodimer using
Biolayer Interferometry technology. These results provide biochemical and cellular evidence
suggesting MEI-1 is a promising small molecule with anti-cancer effects through targeting
MDM2. This study also reveals that inhibition of MDM2 through disrupting the MDM2:MDMX
heterodimer could be a plausible approach for the development of MDM?2 inhibitors as potential

anti-cancer therapeutic agents.
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Chapter 1: Introduction



1.1. The Discovery of MDM?2

MDM2 (Murine Double Minute 2), also known as HDM2 in humans, is an oncogenic
RING E3 ubiquitin ligase that serves as a negative regulator of tumour suppressor p53 (Haupt et
al., 1997; Honda et al., 1997; Kubbutat et al., 1997). The primary role of MDM2 has been shown
to inhibit the activity of p53 and keep p53 in check in cells (Momand et al., 1992; reviewed in:
Momand et al., 2011). MDM2 was initially identified as one of three genes (MDM1, MDM2, and
MDM?3) found to be overexpressed in the tumorigenic mouse cell line 3T3-DM (Fakharzadeh et
al., 1991; reviewed in: Lozano & Iwakuma 2003). MDM1, MDM?2, and MDM3 genes were
detected in double minutes, which are small extrachromosomal nuclear bodies that result from
gene amplifications (reviewed in: Lozano & Iwakuma 2003; Momand et al., 2011). MDM?2
amplification was also shown to occur in human cancer cells (reviewed in: Mendoza et al.,
2014). Approximately 10-20% of human cancers have been reported to exhibit overexpression of
MDM2 (Jones et al., 1998). MDM2 is commonly overexpressed in soft tissue sarcomas (~20%),
osteosarcomas, esophageal carcinomas, and breast carcinomas (~15%) (Oliner et al., 1992;
Momand et al., 1998; Burgess et al., 2016). Overexpression of MDM2 has been shown to lower
p53 levels in cancer cells, inhibiting pS3 function in DNA repair, senescence, cell cycle arrest
and apoptosis, leading to tumorigenic transformation (reviewed in: Nakagawara & Ozaki, 2011).
Thus, E3 ligase MDM?2 has been under intensive study as a drug target for the development of

novel anti-cancer therapeutics in cancer research.

1.2. MDM2 Protein Structure and Function
The MDM?2 gene is situated on human chromosome 12q14.3-q15, which encodes the
protein MDM?2 consisting of 491 amino acids in length and migrating at 90 kDa in an SDS-

PAGE gel (reviewed in: Mendoza et al., 2014). MDM2 contains several functional domains



(Figure 1.1A). The N-terminus of MDM2 contains a p53-binding domain. Tumour suppressor
pS3 interacts with this domain, which results in the inhibition of p53 transcriptional activity
(Kussie et al., 1996). The central region of MDM?2 contains the nuclear localization sequence
(NLS) and the nuclear export signal (NES), two motifs that are responsible for the shuttling of
MDM?2 between the nucleus and the cytoplasm (Muelmeester et al., 2003; O’Keefe et al., 2003).
MDM2 also contains an acidic domain and a zinc finger domain. Both domains were shown to
facilitate MDM2 contact with various ribosomal proteins (Kawai et al., 2003; Lindstrém et al.,
2007). Lastly, MDM2 contains a RING (Really Interesting New Gene) finger domain at its C-
terminus. The MDM?2 RING finger domain is responsible for its E3 ubiquitin ligase activity,

which leads to substrate polyubiquitination (Yasuda & Honda, 2000; Poyurovsky et al., 2007).
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Figure 1.1 (A-B) MDM2 and MDMX. (A) Protein domain structures of MDM2 and MDMX,
respectively. Both MDM2 and MDMX contain an N-terminal p53-binding domain (blue), a central
acidic domain (green), a zinc finger domain (light pink), and a C-terminal RING domain (purple).
MDM2 possesses a nuclear localization signal (NLS, yellow) and the nuclear export sequence
(NES, teal). Numbers represent residue positions. (B) Crystal structure of the MDM2: MDMX
RING domain heterodimer. The MDM2 RING is depicted in pink and the MDMX RING is shown
in purple. MDM2 E2 binding is located at the C-terminus and is circled in navy. Zinc ions are
represented as purple spheres. Crystal structure was generated using Pymol software.



1.3. MDM2 is a RING finger Domain E3 Ubiquitin Ligase

MDM?2 is an E3 ubiquitin ligase capable of self-ubiquitination as well as ubiquitination
of specific substrate proteins (Ciechanover & Bie, 2011; Yang & Ranaweera, 2013). MDM2 E3
ligase activity is mediated by the RING domain, which catalyzes the attachment of a
polyubiquitin chain onto its substrate proteins (Fang et al., 2000; Lozano & Iwakuma, 2003).
Ubiquitin is a small protein of 8.5 kDa in size and can be covalently conjugated to substrate
proteins in forms of mono-ubiquitination or poly-ubiquitination (Callis, J., 2014). Protein
modification by covalent conjugation of ubiquitin could change the function and fate of the
modified protein in different ways, such as signalling for the degradation of ubiquitin-tagged
proteins by the proteasome, altering subcellular localization, or inducing/inhibiting protein-

protein interactions (reviewed in: Hall & Prives, 1999; Petrenko & Moll, 2003).

The elegant process of ubiquitination involves a cascade of E1 ubiquitin-activating
enzyme, E2 ubiquitin-conjugating enzymes and E3 ubiquitin ligases, all of which play vital roles
in this process (Ciechanover, A., 1994; Maki et al., 1996). Ubiquitination begins with E1, an
ATP dependent enzyme that binds, activates and forms a thioester intermediate with ubiquitin
(Figure 1.2). E2 transfers ubiquitin from E1 to its own catalytic cysteine residue. E3 transfers
ubiquitin from E2 to the lysine residue of the targeted protein, forming an isopeptide bond
between the lysine residue and ubiquitin (Hochstrasser, M., 1995; Scheffner et al., 1995;
Kauffman & Adams, 2004; Chen et al., 2011; Stewart et al., 2016). Ubiquitin contains seven
lysine residues. Additional ubiquitin molecules could be attached to any of the seven lysines to
form linkage specific polyubiquitin chains. The 26S proteasome recognizes the substrate proteins
with Lys48 linked poly-ubiquitin and degrades the proteins into peptides (Figure 1.1) (Schrader

et al., 2009; Nathan & Grice, 2016).
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Figure 1.2 The Ubiquitin Proteasome System (UPS). Step 1: Ubiquitin is activated by

ATP with E1 (ubiquitin-activating enzyme), followed by ubiquitin transfer to E2 (ubiquitin-
conjugating enzyme). E3 ligases are responsible for transferring ubiquitin molecule from E2 and
conjugation of ubiquitin with the target protein. Step 2: Depiction of protein degradation of the
polyubiquitinated substrate protein into peptides by the proteasome (The image was generated
using Biorender).



The human genome encodes hundreds of single polypeptide E3 ubiquitin ligases, which
can be classified into HECT (Homologous to the E6-AP Carboxyl Terminus) domain E3 ligases,
the RING (Really Interesting New Gene) finger domain E3 ligases, the U box domain E3 ligases,
and the RBR (RING between RING) E3 ligases (reviewed in: Robinson & Ardley, 2005; Spratt
et al., 2014). For substrate ubiquitination, the HECT domain E3 ligases require a cysteine residue
to form the ubiquitin catalytic intermediate during ubiquitin transfer. The RING finger domain
E3s are zinc-binding proteins, on the other hand, that do not form a ubiquitin catalytic
intermediate (Metzger et al., 2012). Instead, the RING domain serves as a scaffold to mediate the
transfer of ubiquitin directly from E2 to the substrate proteins. The U box domain E3 shows
similar structural topologies to the RING domain but lacks zinc coordination and mediates the
substrate ubiquitination using a mechanism similar to the RING domain. The RBR domain E3s
are unique, since each RBR has two RING domains (RING1 and RING2) and is divided by the
IBR (in between RING) domain. The RBR domain functions mechanistically similar to the
HECT domain as it also catalyzes the transfer of ubiquitin with a catalytic intermediate (Walden
& Morreale, 2016).

MDM?2 is a RING domain containing E3 ligase. The structure of the MDM2 RING
domain contains two zinc cations that are coordinated by seven cysteines and one histidine
(Metzger et al., 2012). This forms a “cross-brace” structure and facilitates E2 ubiquitin transfer
(Moududee et al., 2018). The RING domain interacts with E2 and promotes ubiquitin ligation
with the designated lysine residues on target proteins. Thus, the RING domain at the C-terminus
of MDM2 functions as a catalytic centre to mediate the ubiquitination of its substrate proteins,

such as p53.



MDM2 RING finger domain requires dimerization to form an active E3 ligase (Nomura
et al., 2017). MDM2 RING domain dimerization can result in a homodimer of two MDM2 RING
domains (MDM2: MDM?2) or a heterodimer of MDM?2 RING domain with MDMX RING
domain (MDM2: MDMX). MDMX is the homologous protein of MDM2, which contains a
conserved RING domain in its C-terminus. (Shvarts et al., 1997). The solution NMR structure of
MDM2: MDM2 RING homodimer, solved by Kostic and colleagues, was depicted as a six
stranded B-barrel structure and flanked with two a-helices on both sides, consisting of two stable
B-B-a-P structures coordinated by Zn** ion (Kostic et al., 2006). The crystal structure of MDM2:
MDMX RING domain heterodimer, determined by Linke et al. as (Figure 1.1B) (Linke et al.,
2008), also showed a symmetrical B-barrel surrounded by two helices, a structural topology
similar to that of MDM2: MDM2 RING homodimer. Both MDM2 and MDMX RING domain of
the heterodimer adopt a B-p-a-f fold, with three B strands contributing to half of the B-barrel
structure. The dimerization was mediated by the first 8 strand of MDMX with the last seven
residues of MDM2 and the first B strand of MDM2 with the last seven residues of MDMX.
Nomura and colleagues described the conserved E2 binding site of MDM2 to be a shallow
groove on the surface of the MDM2 RING domain, between its a-helix and the second [ strand
(Nomura et al., 2017). As described above, MDMX plays a role in shaping the -barrel structure
and provides stability to the overall structure of MDM2: MDMX heterodimer. As a result, the
formation of the MDM2: MDMX RING heterodimer seems to be favoured over MDM?2 or
MDMX homodimer formation. MDM2: MDMX heterodimer seems to lead to a stable complex

and greater E3 ligase activity towards p53 (Linke et al., 2008).



1.4. MDMX, The Homologous Protein of MDM2

MDMX, also known as MDM4, is 490 amino acids in length (Marine & Jochemsen,
2005). As the homologous protein of MDM2, MDMX consists of a p53-binding domain at the
N-terminus, an acidic domain and a zinc-finger domain in the centre, and a RING finger domain
located at the C-terminus (Figure 1.1A) (Pazgier et al., 2009). The p53-binding domain and the
RING finger domain appear to be structurally similar and highly conserved in both MDMX and
MDM2 (Marine et al., 2007). However, the RING domain of MDMX does not possess intrinsic
E3 ligase activity when forming a homodimer (Herman et al., 2011; Sheng & Egorova, 2014;
Karni- Schmidt et al., 2016). Thus, MDMX functions primarily as the MDM2 heterodimer
binding partner, which works together with MDM2 to inhibit p53 activity and function (Linke et
al., 2008; Shadfan et al., 2012; Burgess et al., 2016).

Like MDM2, MDMX is also an oncogene frequently altered in human cancers (Tisato et
al., 2017). MDMX overexpression has been found in many tumour types, including
retinoblastoma, sarcomas, breast carcinomas, and glioblastomas (Danovi et al., 2004; Tisato et
al., 2017). MDMX is capable of binding to the p53 transactivation domain and inhibits its
transcriptional activity (Shvarts et al., 1996; Ghosh et al., 2003; Zhang et al., 2014). Since
MDMX does not contain an NLS domain, the protein is unable to shuttle from the cytoplasm to
the nucleus and requires MDM?2 to elicit p5S3 suppressive function in the nucleus (Shadfan et al.,

2012).



1.5. p53/ MDM2 Negative Feedback Loop

Previous studies have shown that the main function of MDM2 as a key negative regulator
of p53 is to hinder p53 tumour suppressor activity (Levine, A.J., 1997; Wade et al., 2010;
Momand et al., 2011). p53 is mutated or lost in approximately 50% of human cancers through
TP53 gene mutation and deletion (Olivier et al., 2010; Nakagawara & Ozaki, 2011; Perri et al.,
2016). In cancers with the wildtype TP53 gene, the p53 function is often suppressed by
overexpression of its negative regulators, including MDM2 and MDMX. MDM2 and p53 form a
negative feedback loop. As a primary E3 ligase for p53, MDM2 tags p53 for ubiquitination and
facilitates its degradation (Lane & Picksley 1993; Wu et al., 1993; Petrenko & Moll, 2003).
MDM?2 also directly binds to the N-terminus of p53 protein and inhibits p53 transcriptional
activity (Oliner et al., 1993; Wu et al., 1993). On the other hand, MDM2 is transcriptionally
activated by p53 under DNA damage. Thus, the levels of p53 and MDM2 appear in an
oscillation pattern in the cell (Gray & Proctor, 2008). The delicate balance between MDM2 and

p53 levels is essential in determining p53 cellular activity.

Under normal conditions, p53 is maintained at basal levels and negatively regulated by
MDM?2 that keeps p53 levels in check, allowing cells to grow and proliferate. Upon DNA
damage or genotoxic stresses, p53 is phosphorylated at the MDM2 binding site, including Serl5,
Thrl8, or Ser20, resulting in MDM2 dissociation, p53 activation and accumulation in the cell
(reviewed in: Jiang et al., 2010). p53 serves as a G1/S and G2/M checkpoint in the cell cycle
(Agarwal et al., 1995; Manfredi & Senturk, 2013). Mild DNA damage leads to p53 activation
and cell cycle arrest through the transcriptional activation of target genes, including cyclin
dependent kinase (CDK) inhibitor p21 and 14-3-3 protein. Both proteins participate in halting

cell cycle progress and preventing cell division (Yang et al., 2003; Marine & Lozano, 2010;

10



Burgess et al., 2016). Severe DNA damage can result in p53 induced apoptosis by transactivating
pro-apoptotic BCL-2 family genes such as Bax, PUMA (p53 upregulated modulator of
apoptosis), APAF-1 (apoptotic protease activating factor 1) and Noxa, which initiate a cascade of
events that lead to programmed cell death (Oda et al., 2000; Soengas et al., 2001; Vousden &
Nakano, 2001; Haupt et al., 2003; Lowe & Fridman, 2003). This process begins with the release
of cytochrome C from mitochondria, forming a complex with APAF-1. This complex, known as
the apoptosome, recruits pro-caspase 9 and converts it into activated caspase-9. Caspase-9
triggers a caspase cascade, leading to the activation of the apoptosis executioner caspase-3.
Caspase-3 cleaves cytosolic and nuclear proteins, such as PARP (Poly ADP-Ribose Polymerase),
causing cell death to occur (Oliver et al., 1998; Haupt et al., 2003; reviewed in: Elmore, S.,
2007). PARP, a nuclear enzyme responsible for Poly ADP-ribosylation of substrate proteins,
catalyzes the transfer of ADP-ribose polymers onto itself and other nuclear proteins involved in
the DNA repair process (Bouchard et al., 2003). Thus, cleaved PARP and cleaved caspase-9
serve as hallmarks of apoptosis.

Under cancerous conditions, the balance between p53 and MDM2 is disturbed. The
overexpression of MDM2 can lead to the inhibition of p53 and tumorigenesis. Therefore, MDM?2
has been a desired drug target for the development of anti-cancer therapeutics to restore p53

function and to induce apoptosis in carcinogenic cells.

1.6. p53-Independent Functions of MDM?2

Increasing evidence suggests that MDM?2 can promote tumorigenesis through p53-
independent pathways. MDM?2 overexpression has been associated with chromosomal
abnormality and genomic instability (Bousken et al., 2008). Past research has demonstrated that

MDM?2 plays a role in chromatin remodeling and is directly involved in DNA repair through

11



interactions with nuclear proteins Nbs1 (Nibrin) and PRC2 (Polycomb Repressor Complex 2),
respectively (Wienken et al., 2017; Egorova et al., 2020). Nbs1 has been shown to act in the
repair of double strand DNA breaks while PRC2, from the PcG (polycomb group) family of
proteins, partakes in modifying chromatin structure (Alt et al., 2005; Wienken et al., 2017). In
addition, MDM2 serves as an E3 ligase and targets multiple p53-independent tumour suppressor
proteins, including Rb (Retinoblastoma protein) and Foxo3a (Forkhead box O 3a) (Zhang el al.,

2014).

The retinoblastoma protein, Rb, is another important tumour suppressor frequently
deregulated in cancer cells (reviewed in: Zhu, L., 2005). Rb plays a crucial role in cell cycle
inhibition and apoptosis. Rb forms a complex with a family of transcription factors, E2F,
preventing transcription of growth promoting genes, including cyclin E and DHFR (Knudsen et
al., 1999; reviewed in: Dean & Harbour, 2000). The mitogenic signals lead to Rb
phosphorylation by cyclin D and cyclin dependent kinases (CDKs) and subsequent degradation
by the proteasome, resulting in activation of E2F and cell proliferation (Alao, J.P., 2007). Thus,
downregulation, including loss of Rb, can result in cell cycle deregulation and tumorigenesis
(reviewed in: Giardano & Giacinti, 2006; Knudsen & Knudsen, 2008). It has been reported that
MDM?2 could directly ubiquitinate Rb and facilitate its degradation. MDM2 forms a complex
with Rb and the interaction between MDM2 and Rb prevents Rb from binding to the E2F
transcription factor (Xiao et al., 1995; Polager & Ginsberg, 2009). Thus, MDM2 overexpression

can lead to the disruption of the Rb: E2F pathway, resulting in uncontrolled cell proliferation.

Foxo3a tumour suppressor protein plays a role in the regulation of the Ras/ERK/AKT
pathway. The proliferating signal activates the Ras/ERK/AKT pathway, which downregulates

Foxo3a activity through its phosphorylation to regulate cell proliferation and differentiation.

12



Once Foxo3a has been phosphorylated, it is exported from the nucleus and sent to the cytoplasm
of the cell, forming a complex with 14-3-3 protein (reviewed in: Farhan et al., 2017). Foxo3a has
been shown to be ubiquitinated by MDM?2 and tagged for degradation by the proteasome (Liu et
al., 2018). Similar to p53, Foxo3a responds to cellular stresses and upregulates genes that cause
cell cycle arrest, DNA damage repair, or apoptosis (reviewed in: Zhang et al., 2011). Foxo3a
serves as a target of MDM2 in the Ras/ERK/AKT pathway (Yang, J.W. et al., 2008; reviewed in:
Yang, W. et al., 2008; Fu et al., 2009). Its association with MDM2 could result in Foxo3a
inactivation and degradation. Therefore, overexpression of MDM2 could contribute to

uncontrolled cellular proliferation and tumorigenesis through downregulation of Foxo3a.

1.7. Current MDM2 Inhibitors

MDM?2 inhibitors are becoming promising cancer therapeutic agents because of their ability
to block MDM2 tumorigenic activity in p53-dependent and p53-independent pathways. Current
inhibitors of MDM?2 have been developed by different approaches. One approach is to develop
small molecule compounds downregulating the transcription of MDM2. One of such compounds
is 25-OCH3-PPD (20(S)-25-methoxyl-dammarane-3f3, 12f3, 20-triol), a naturally derived
ginsenoside product which inhibits MDM?2 transcription and decreases the MDM2 level in the
cell. Another approach is to promote MDM2 degradation, as seen with PROTACs 32
(proteolysis-targeting chimeras), which tags MDM2 to CRL4 for degradation (Wang et al., 2012;
Wang et al., 2019). The development of small molecules to dissociate the MDM?2-p53 complex
and inhibit the MDM2 E3 ligase are the other two promising strategies, which have been under

extensive research and debate, and therefore will be reviewed in detail below (Figure 1.3).
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Figure 1.3 Schematic representation of current MDM2 inhibitors (Nutlin-3a and HLI198).
Nutlin-3a binds to the N-terminus of MDM2 to dissociate the interaction between MDM?2 and p53.
HLI98 binds to MDM2 C-terminal RING domain to inhibit MDM?2 E3 ligase activity. MEI-1small
molecule was identified as an MDM2 E3 ligase inhibitor (Sheng lab, unpublished data) using a
structure-based virtual screening strategy approach. MEI-1 may work through two mechanisms:
inhibiting MDM2 E3 ligase activity and affecting MDM2: MDMX dimerization (figure adapted
and modified from Burgess et al., 2016).
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Targeting the MDM2-p53 interaction has shown some promising results for various human
cancers. The pioneer small molecules developed to dissociate the MDM2-p53 complex are
members of the nutlin family. Nutlin-3a, a cis-imidazoline compound, was the first small
molecule MDM?2 inhibitor discovered in 2004 by Vassilev and colleagues (Vassilev et al., 2004;
Burgess et al., 2016; Gupta et al., 2019). Nutlin-3a binds to the p53-binding domain of MDM2,
disrupting its interaction with p53, thus resulting in p53 stabilization and activation (Figure 1.3)
(Marine & Lozano, 2010). Nutlin-3a has been shown to arrest proliferating cancer cells in the G1
and S stages of the cell cycle and induce apoptosis in several wild type p53 cell lines, including
breast carcinoma, colorectal cancer, lung cancer, melanoma, and renal carcinoma cells (Gupta et
al., 2019).

Recent studies demonstrated that MDM2 inhibition by nutlin-3a prevents DNA damage
repair and causes synthetic toxicity with genotoxic agents independent of p53 (Verma et al.,
2010; Carrillo et al., 2015). Off-target effects with prolonged exposure to nutlin-3a induced
several incidences of p53 mutations (Aziz et al., 2011; Burgess et al., 2016). These off-target
effects raised a concern that this family of MDM2 inhibitors may trigger carcinogenesis through
promoting p53 mutations (Burgess et al., 2016). The clinical trial of nutlin analog, RG7112,
showed that physiological on-site toxicities arose with the use of the drug, such as
thrombocytopenia and neutropenia, and thus further development of RG7112 has been
discontinued (Espadinha et al., 2018). Although a promising agent to antagonize the interaction
between MDM2 and p53 and to restore the wild type p53 activity in cancerous cells, the negative
impact of this class of MDM2 inhibitors warrants further investigation.

Alternative approaches have been taken by researchers to promote MDM?2 auto-

ubiquitination but inhibit MDM2 E3 ligase activity towards p53. Hdm2 Ligase Inhibitor
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compounds HLI98 and second generation HLI373 were developed to inhibit MDM2-mediated
p53 ubiquitination (Yang et al., 2005). Both HLI98 and HLI373 have been shown to possess
high potency in the stabilization of p53 in several tumour cell lines by increasing p53 levels and
inducing apoptosis (Kitagaki et al., 2008; Yang et al., 2009). These two small molecules inhibit
MDM?2 by targeting its C-terminal RING domain (Figure 1.3) (Chen et al., 2017). However, the
development of HLI98 compound was discontinued due to its limited solubility and potency as
well as its off-target inhibition of other cellular E3 ligases, which resulted in p53-independent
cellular toxicity (Yang et al., 2005; Kitagaki et al., 2008). HLI373 was found to be more water
soluble and exhibit better potency in the stabilization of p53 and MDM2, along with the ability
to induce apoptosis, as compared to HLI98 (Kitagaki et al., 2008). Off-target effects and intrinsic
toxicities of MDM2 inhibitor HLI373 have yet to be determined and require further
investigation.

Although long-term effects of these MDM?2 inhibitors have yet to be determined, both nutlin-
3a and HLI98/HLI373 class compounds presented various issues. For example, the direct effect
of nutlin-3a can stimulate MDM2 transcription and overexpression due to p53 stabilization,
which could potentially induce genome instability and promote p53-independent tumorigenic
activity of MDM2. On the other hand, HLI98/HLI373 inhibitors target the C-terminal RING
domains and could lead to the stabilization of both p53 and MDM2, which prevents full
activation of p53. Furthermore, HLI98/HLI373 targets the conserved RING domain E2 binding
site and seem to have off-target effects on other E3 ligases in the cell. This inspired our lab to
develop a novel MDM2 inhibitor by targeting the MDM2 RING domain to promote p53

stabilization and MDM?2 de-stabilization.
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1.8. The Discovery of MEI-1

Analysis of the crystal structural surface of the MDM2: MDMX RING heterodimer
(PDB:2VIJE) identified a ligand binding site that differed from the MDM2 conserved E2 binding
sites targeted by HLI98/HLI373 compounds. This ligand binding site is situated at a location
distant from the active site for MDM2 E2 binding, but close in proximity to the location of
MDM2/MDMX dimerization. As MDM2/MDMX dimerization is important for the structural
integrity of the RING domain, blocking this allosteric site might have an impact on
MDM2/MDMX dimerization and overall structural stability. Using a computational screening
and docking approach, a compound originating from a natural product was identified as one of
the top-fitting chemicals to the targeted ligand binding site on the surface of the MDM2 RING
domain, together with several other potential compounds (Figure 1.4). This compound was
named MEI-1 (MDM2 E3 ligase Inhibitor 1). The preliminary data from the Sheng lab showed
that MEI-1 inhibited MDM2 E3 ligase activity in a biochemical ubiquitination assay using
recombinant MDM?2 RING domain (Sheng Lab, unpublished data). In this assay, MEI-1
appeared to inhibit the E3 ligase activity of MDM2 more efficiently than the positive control,
HLI373 (Sheng lab, unpublished). In addition, MEI-1 induced the stabilization of p53, resulting
in cellular morphological changes and apoptosis in U20S cells, suggesting that MEI-1 possesses

an anti-cancer effect through inhibition of MDM2 (Sheng lab, unpublished).

The chemical name for MEI-1 is Hinokiflavone, also known as 4°, 6”’- O-Biapigenin
derived from a natural product, (PubChem CID: 5281627) belonging to a bioflavonoid family
(Figure 1.4A). Hinokiflavone has a molecular weight of 538.5 g/mol and its molecular formula is
C30H13010. Hinokiflavone is a highly stable small molecule which could be isolated from several

plants, including Selaginella tamariscina, Juiperus phoenica, and Rhus succedanea. Several
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reports have shown Hinokiflavone has anti-tumour properties. Hinokiflavone was shown to
induce apoptosis and inhibit migration and invasion of carcinogenic cells in colorectal, oral,
melanoma and breast cancers (Yang et al., 2018; Zhou et al., 2018;Huang et al., 2019).
Moreover, this compound has exhibited low cytotoxicity in non-carcinogenic cells (Huang et al.,
2019). Based on these previous studies, Hinokiflavone has the potential to be developed as an

anti-cancer therapeutic agent but the mechanism of its anti-cancer effect remains unknown.
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Figure 1.4 (A-D) MEI-1 identified through computational and docking approach. (A)
Chemical structure of Hinokiflavone, represented as MEI-1 in this study. (B) Virtual screening
workflow used for MDM2: MDMX RING domain heterodimer. MEI-1 was identified by virtual
screening from 200,000 natural compounds targeting the allosteric site on the surface of MDM2:
MDMX RING domain heterodimer (C). Crystal structure of the MDM2: MDMX domain
heterodimer (PDB: 2VJE) used for virtual screening. MDM2 and MDMX are shown in rainbow
and grey, respectively. Circled binding site is proposed to be the allosteric site, distant from the
conserved E2-binding site, but close to the dimerization surface of the MDM2: MDMX RING
domain. This site was used for virtual screening. (D). MEI-1 was docked onto MDM2 RING
domain at the allosteric site. The enlarged view shows putative interactions between MDM2 RING
Lys466 (shown in sticks) and the compound (shown in spheres and sticks).
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1.9. The Rationale, Hypothesis and Objective of the Project

MDM2 overexpression has been associated with poor prognosis of several human
carcinomas. MDM?2 gene amplification and protein overexpression were shown to inhibit p53
tumour suppressive function, leading to malignant transformation. Additionally, past studies
have shown that MDM2 caused genome instability and presented oncogenic activity through
ubiquitination of other p53-independent proteins, such as Foxo3a and Rb. Therefore, MDM2
overexpression is considered a poor prognostic factor in human malignancies and a preferred

drug target in anti-cancer therapeutic development.

Although targeting MDM2 E3 ligase as a therapeutic strategy is an attractive approach,
no successful MDM2 inhibitors are presently available. Nutlin family 3 analogs could promote
p53 stabilization but fail to prevent MDM?2 accumulation in the cell. Currently available MDM?2
RING domain inhibitors, HLI compounds, displayed cytotoxicity to carcinogenic cells but
resulted in detrimental off-target effects. Therefore, a plausible and desired approach is to
promote MDM2 de-stabilization by targeting the MDM2 RING domain. Targeting the MDM?2

RING domain could also inhibit MDM2-mediated ubiquitination.

MEI-1, an MDM2 inhibitor, was identified using a virtual screening from a library of
natural compounds with the potential ability to bind to the MDM2 RING domain and to target its
dimerization site. Previous biochemical studies conducted by the Sheng lab have shown that
MEI-1 indeed inhibited MDM2 E3 ligase activity (Sheng lab, unpublished data). MEI-1
treatment could stabilize p53 and induce apoptosis in the U20S osteosarcoma cell line. The
overarching goal of this project is to validate the anti-cancer effect of MEI-1 as an MDM2
inhibitor. The proposed hypothesis is that MEI-1 could inhibit MDM2-mediated substrate

ubiquitination and de-stabilize MDM2 through its effect on MDM2 dimerization.
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In this research project, the interaction of MEI-1 with MDM2: MDMX RING
heterodimer and the effects of MEI-1 on p53-dependent and p53-independent substrates were
examined using biochemical techniques. Several cancer cell lines, including p53 wild type and
p53 null leukemia and colorectal cancer cells, were used to evaluate the effect of MEI-1 as an
MDM?2 inhibitor. A biochemical assay was performed to investigate the interaction between
MEI-1 and the MDM2 RING domain to validate MEI-1 as an allosteric binder for MDM?2

inhibition.

The following four aims were thoroughly investigated in this study to evaluate the anti-

cancer effect of MEI-1 as an MDM?2 inhibitor.

Aim 1. Assessment of cell viability in cancer cell lines and normal fibroblast cells upon MEI-1

treatment.

Carcinogenic cell lines, including leukemia, colorectal cancer, osteosarcoma and breast
carcinoma cells, as well as BJ normal fibroblasts, were treated with MEI-1 to explore possible

anti-cancer effects of MEI-1 and its cytotoxicity in cancerous versus normal cells.

Aim 2. Investigation of the effect of MEI-1 in MDM?2-mediated ubiquitination in p53 wild type

and p53 null leukemia cell lines, respectively.

Using a cellular ubiquitination assay, MDM2-mediated p53 ubiquitination and/or
MDM?2 auto-ubiquitination were evaluated in p53 wild type and p53 null leukemia cell lines to

determine the effect of MEI-1 on MDM2 E3 ligase activity.
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Aim 3. Characterization of the cellular responses to MEI-1 treatment in wild type p53 and p53

null cancer cell lines.

Leukemia and colorectal cancer cell lines were treated with MEI-1. MDM2/MDMX
protein levels, p53-dependent and -independent cellular responses were examined following

MEI-1 treatment by immunoblotting.

Aim 4. Assessment of the physical interaction between MEI-1 and the MDM?2: MDMX RING

domain heterodimer.

The biochemical interaction between MEI-1 and recombinant MDM2: MDMX RING
domain heterodimer was evaluated using Biolayer Interferometry technology to determine if

MEI-1 was capable of binding to the MDM2: MDMX RING heterodimer.

In summary, this project aimed to investigate the inhibition of MDM2 by small molecule
MEI-1 in various cancer cell lines to better evaluate the anti-cancer potential of MEI-1 as an
MDM2 inhibitor. In addition, the mechanism of MDM2 inhibition by MEI-1 through its

interaction with the MDM2: MDMX RING domain heterodimer was investigated.
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Chapter 2: Materials and Methods
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2.1. Cell Culture

The cell lines used in this study were grown in the respective media supplemented with

10% Fetal Bovine Serum (FBS) (Gibco, Cat. 12483-020) (Table 1). Specifically, adherent breast

carcinoma MCF-7 cells and BJ-FB normal fibroblast cells were grown in DMEM medium

supplemented with 10% FBS. p53 wild type leukemia AML-2 suspension cells were grown in

MEM Alpha (1X) Minimum Essential medium containing 10% FBS. p53 null leukemia HL-60

suspension cells were grown in RPMI Medium 1640 (1X) with 10% FBS. Colorectal HCT-116

adherent cancer cells were grown in McCoy’s SA Medium (1X) Modified supplemented with

10% FBS. All cells were incubated at 37°C and with 5% COs.

Table 1: The cell lines used in this study and associated cell culture conditions

Cell Line Type P53 Status Medium (supplemented with 10%
FBS)
MCEF-7 Breast WT DMEM (Gibco, Cat. 11995-065)
Carcinoma
(Adherent)
AML-2 Leukemia WT MEM Alpha (1X) Minimum
(Suspension) Essential Medium (Gibco, Cat.
12571-063)
HL-60 Leukemia Null RPMI Medium 1640 (1X) (Gibco,
(Suspension) Cat. 11875-093)
HCT-116 +/+ Colorectal WT McCoy’s SA Medium (1X) Modified
Carcinoma (Gibco, Cat. 16600-082)
(Adherent)
HCT-116 -/- Colorectal Null McCoy’s SA Medium (1X) Modified
Carcinoma (Gibco, Cat. 16600-082)
(Adherent)
BJ-FB Normal WT DMEM (Gibco, Cat. 11995-065)
Fibroblast
(Adherent)
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2.2. MEI-1 Treatment Conditions

MEI-1 (Hinokiflavone) was purchased from AvaChem Scientific, diluted to 10 mM with
DMSO (Sigma, D-8130) as a stock solution and stored in -80°C. MEI-1 was further diluted to
specific concentrations as shown in Table 2 based on the cell lines and experimental assays
conducted. For the cells treated with MEI-1, MEI-1 was diluted to final concentrations using cell

specific media. Treated cells were incubated with MEI-1 and harvested after 24 hours.

Table 2: MEI-1 treatment conditions in different experiments

MEI-1 Concentration Range (uM)
Cell Line Cell Ubiquitination | Immunoblot Cellular
Viability Assay Analysis Proliferation
Assay Assay
MCEF-7 0-50 uM - - -
AML-2 0-25 uM 0-8 uM 0-8 uM -
HL-60 0-25 uM 0-25 uM 0-8 uM -
HCT-116 p5S3 WT 0-100 - 0-50uM 0uM, 12 uyM
uM
HCT-116 p53 null 0-100 - 0-50uM 0uM, 12 uyM
uM
BJ-FB 0-50 uM - - -

2.3. Cell Viability Assay

Cell viability assay was performed using the Celltiter Glo 2.0 kit (Promega, Cat. G9242)
as per the manufactures’ instructions. MEI-1 was added to cells (approximately 600,000 — 1.2
million cells) at various concentrations for 24 hours as described in Table 2. 100 pl of Celltiter
Glo 2.0 reagent was mixed with 100 pl of cell suspension. Cell viability luminescence was

quantified with the Synergy Hybrid 4 reader. The ICso value of MEI-1 on various cell lines was

Max.—Min
1+(m)Hlll Coefficient

calculated with an online tool based off the equation y = Min. +

(https://www.aatbio.com/tools/ic50-calculator). Standard deviation and standard error were
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calculated based on experimental triplicates. Statistical analysis was performed through the
pairwise Student T-test (* represents p-values < 0.05, ** represents p-values < 0.01, ***

represents p-values < 0.001).

2.4. Ubiquitination Assay

AML-2 and HL-60 cells were incubated with a range of MEI-1 concentrations, as shown
in Table 2, for 24 hours. The stock MG132 proteasome inhibitor (EMD Millipore, Cat. 474787-
10mg) (20 mM) was diluted to a working concentration of 10 pM and added to cells for an
additional 4 hours post MEI-1 treatment. Cells were harvested and lysed using RIPA buffer
(50mM Tris buffer pH 8.0, 150mM NaCl, 0.5% NP 40) with additional 1xprotease inhibitor
(Complete, Cat. 05056489001, EDTA-free, Roche) and 20mM N- Ethylmaleimide (NEM) to
inhibit proteases and deubiquitinating enzymes (Sigma, Cat. E3876). Total protein lysate
(approximately 50 ug — 100 pg) was used for immunoblot analysis and resolved with 7.5% SDS-
PAGE. Proteins were transferred to PVDF membranes (AmershanHybond, 0.2pum,
Cat.10600021) for immunoblot detection of ubiquitinated MDM2 and p53 using respective
antibodies (Table 3). Membranes were treated with Enhanced Chemiluminescence Substrate
ECL (PerkinElmer, 203-17491) and imaged (Imager: MicroChemi Bio-Imaging Systems Cat.

70-25-00).

2.5. Immunoblot Analysis

Approximately 107 cells treated with MEI-1 were harvested after 24 hours and lysed with
1 mL of RIPA buffer (50mM Tris buffer pH 8.0, 150mM NaCl, 0.5% NP 40), 20 uL of 50X
protease inhibitor (Complete, Cat. 05056489001, EDTA-free, Roche), 2 uL of fresh 1000X

PMSF (1 mM) (Bioshop, PMS123), and 1 pL of Benzamidine (ImM) (Bioshop, BEN601).
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Following the manufacture’s protocol, a BCA assay (Pierce BCA Protein Assay Kit, Cat. 23225)
was conducted to determine the protein concentration of each lysate. Protein lysates (50-100 pg
of total protein) were mixed with 4X SDS-PAGE sample buffer and boiled at 95°C in SDS
sample buffer for 5 minutes. Prepared samples were resolved on either 12% or 7.5% SDS-PAGE
gels and immunoblotting was performed using respective primary antibodies found in Table 3.
HRP-conjugated secondary antibodies, anti-rabbit (Jackson ImmunoResearch 711-035-152) and
anti-mouse (Jackson ImmunoResearch 711-035-150), were diluted 1:5000 with 5% milk in
TBST (1x PBS with addition of 0.1% Tween-20) and incubated with membranes for an
additional hour. Membranes were treated with Enhanced Chemiluminescence Substrate ECL
(PerkinElmer, 203-17491) and imaged (Imager: MicroChemi Bio-Imaging Systems Cat. 70-25-
00).
2.6. Antibodies

The primary antibodies used in this study include mouse monoclonal against MDM?2
(Santa Cruz, sc-965), MDMX (Millipore 8C6, 04-1555), p53 (Santa Cruz DO-1, sc-126), Rb
(Cell Signaling #9307), GAPDH (Cell Signaling #2118), rabbit monoclonal against
phosphorylated p53 (serine 15) (Cell Signaling, #9284P), and rabbit polyclonal against PARP
(Cell Signaling #9542), cleaved Caspase-9 (Cell Signaling #9505), and Foxo3a (Cell Signaling,
#2497) (Table 3.) HRP-conjugated secondary antibodies used in immunoblot analysis were anti-
rabbit (Jackson ImmunoResearch 711-035-152) and anti-mouse (Jackson ImmunoResearch 711-

035-150).
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Table 3: Primary antibodies used for immunoblotting analysis

Primary Molecular Species Company, Dilution Factor
Antibody Weight Catalogue # using TBST
(kDa)
MDM?2 90 Mouse monoclonal | Santa Cruz, sc-965 | 1:1000 in 5% BSA
MDMX, clone | 80 Mouse monoclonal | Millipore, 04-1555 | 1:1000 in 5% BSA
8C6
p53 (DO-1) 53 Mouse monoclonal | Santa Cruz, sc-126 | 1:1000 in 5% milk
Phosphorylated | 53 Rabbit monoclonal | Cell Signaling 1:1000 in 5% milk
pS53 (ser 15) #9284P
PARP 116 (full Rabbit polyclonal | Cell Signaling, 1:1000 in 5% milk
length) #9542
89(cleaved)
Cleaved 35 Rabbit polyclonal | Cell Signaling, 1:1000 in 5% milk
Caspase-9 #9505
Rb 110 Mouse monoclonal | Cell Signaling 1:200 in 5% milk
#9307
Foxo3a 82 Rabbit polyclonal | Cell Signaling, 1:1000 in 5% BSA
#2497
GAPDH 36 Mouse monoclonal | Cell Signaling 1:200 in 5% milk
#2118

2.7. Cell Proliferation Assay

HCT-116 p53 wild type and p53 null cells were counted with a hemocytometer and

diluted to 100,000 cells, which were incubated with MEI-1 (0 uM or 12 pM) and grown for six

days. The cells were replenished with fresh media and MEI-1 every two days. The cells were

counted and monitored every 24 hours for six days.

2.8. MDM2 and MDMX RING Domain Protein Expression and Purification

His-tagged MDMX RING domain (residues 416-490) was cloned in pET15b plasmid and GST-

tagged MDM?2 RING domain (residues 417-491) was cloned in pGEX2TK plasmid. Both were

expressed in E.coli BL21 DE3 cells at 18°C using LB broth and induced using 0.5 mM IPTG (Isopropyl
- d-1-thiogalactopyranoside). Purification of the recombinant MDM2: MDMX RING heterodimer was

conducted through sequential affinity chromatography using GST- affinity chromatography, followed by
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Ni?" affinity chromatography purification. Briefly, the GST-tagged MDM?2 RING domain and His-
tagged MDMX RING domain cells were mixed and lysed in lysis buffer (50 mM Tris pH 7.5, 500 mM
NacCl, 10% glycerol, 50 uM ZnCl», 0.5 mM PMSF, 10 mM B-mercaptoethanol, 0.1% Triton-X). The
lysate was cleared by centrifugation and incubated with the GST resin for 1 hour. The immobilized
protein was washed with wash buffer (50 mM Tris pH 7.5, 500 mM NaCl, 10% glycerol, 50 uM ZnCl,,
0.5 PMSF, 10 mM B-mercaptoethanol). Proteins were eluted in a buffer containing 50 mM Tris, 30 mM
reduced glutathione, 500 mM NacCl, 10% glycerol, 50 uM ZnClz, 10 mM B-mercaptoethanol in pH 7.5.
The eluate from GST purification was loaded to a Ni** column and incubated for 30 minutes. The
immobilized protein was washed extensively with a buffer (50 mM Tris pH 7.5, 500 mM NaCl, 10%
glycerol, 50 uM ZnCl,, | mM benzamidine, 0.5 mM PMSF, 1 mM B-mercaptoethanol, and 20 mM
imidazole), then eluted with the elution buffer (50 mM Tris pH 7.5, 500 mM NacCl, 10% glycerol, 50
uM ZnCl,, 1 mM benzamidine, 0.5 mM PMSF, 1 mM B-mercaptoethanol, 500 mM imidazole). Samples
were taken from each step of sequential purification and resolved on SDS-PAGE gel. The purified
MDM2: MDMX RING heterodimer was dialyzed with 50 mM Tris pH 7.5, 150 mM NaCl, and 10%

glycerol prior to BLI analysis.

2.9. Biolayer Interferometry (BLI) Assay

BLI analysis was performed using the BLI Octet Red from fortéBIO. MEI-1 was diluted
to the final concentrations ranging from 0 uM to 126 uM using an assay buffer (20 mM MOPS
(3-(N-Morpholino) propane sulfonic acid), Tris (Tris(hydroxymethyl)amino-methane) (added to
adjust pH to 8.0), 50 mM KCI, BSA fatty-acid free, 0.5 mg/ml final). A sensory probe (Anti-
GST Biosensor 18-5095 fort¢éBIO) coated with GST antibody was loaded with GST-tagged

MDM2: His-tagged MDMX RING heterodimer (100 pL. of 2 mg/mL). GST alone was loaded
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onto the anti-GST biosensor probe and served as the negative control. To quantify the protein
association and the dissociation between MEI-1 and the MDM2: MDMX heterodimer
interaction, the biosensor was incubated with different concentrations of MEI-1 (0 uM — 126
uM) for 400 seconds. The BLI signal was recorded for a total of 3000 seconds. Data fitting and
kD calculation were determined through data analysis v9.0 software (fort¢BIO, Pall Corp., USA)
using one binding site model. Similar experiment was conducted using a His biosensor probe

(Anti-Penta-HIS Biosensor 18-5077 fortéBIO) with the same experimental conditions.
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Chapter 3: Results

(I would like to thank Ernest Tsang and Milena Gatto for contributing to some experiments as
part of their undergraduate training as well as Dr. Yi Sheng for helping with the BLI octet
assay.)
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3.1. MEI-1 Decreases Cell Viability in AML-2 and HL-60 Leukemia Cells

AML-2 and HL-60 are both leukemia cancer cell lines with MDM?2 overexpression
(Bueso-Ramos et al., 1993). AML-2 encodes a wild type 7P53 gene whereas HL-60 has a TP53
gene deletion. To reveal whether the p53 status and MDM?2 expression levels affects cellular
responses to MDM?2 inhibition by MEI-1, AML-2 and HL-60 cell lines were selected for this
study.

To evaluate the effect of MEI-1 on AML-2 and HL-60 leukemia cells, the Celltiter-Glo
2.0 assay was used to measure cell viability following MEI-1 treatment. This assay quantifies the
number of metabolically active cells and generates a luminescent signal proportional to the
amount of ATP present in the cell, which is directly proportional to the number of live cells
present in culture (Figure 3.1A-B) (Hannah et al., 2001). In order to assess cell viability, the cell
lines were treated with MEI-1 at a range of concentrations (0-25 uM) for 24 hours, in triplicates
(Figure 3.1B).

As shown in Figure 3.1C, MEI-1 treatment decreased cell viability in both AML-2 and
HL-60 leukemia cells. Results indicated that cell viability dramatically decreased as the
concentration of MEI-1 increased (Figure 3.1C). The ICso value of MEI-1 in AML-2 cells was
4.39 + 1.16 uM. HL-60 cells were found to be less sensitive to MEI-1 treatment, with an ICsgo
value of 10.95 £ 0.19 uM (Figure 3.1C). Statistical analysis (pairwise Student T-test) showed a
significant difference in cell viability between MEI-1 treated AML-2 cells and HL-60 cells at all
tested MEI-1 concentrations ranging from 3 uM to 25 uM, further confirming that MEI-1
induced more cell death in AML-2 than in HL-60 cells (Figure 3.1C). Overall these results
suggest that MEI-1 induced cytotoxicity in both leukemia cell lines. As the AML-2 cancer cells

contained the wild type TP53 gene and demonstrated better sensitivity to MEI-1 treatment than
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p53 null HL-60 cells, this suggested that the effect of MEI-1 could be p53-dependent. However,
as HL-60, the p53 null cell line, was also shown to be affected by MEI-1 treatment, this revealed

that MEI-1 exerted additional p53 independent cytotoxicity.
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Figure 3.1 (A-C). MEI-1 affects cell viability of AML-2 and HL-60 cells. (A) Cell

viability was evaluated using CellTiter-Glo 2.0 reagent based on cellular ATP production. The
figure is taken from Promega CellTiter-Glo 2.0 assay protocol. (B) Schematic depiction

of MEI-1 treatment in cell viability assay. The image is created with Biorender.com (C)
Comparison of cell viability of AML-2 and HL-60 cells following MEI-1 treatment. Three trials
were conducted (N=3). Results were presented as percentage of viability and normalized against
initial cell number. The ICso values (uM) are represented by Mean + SEM (£ 0.20 — 1.00 uM).
SD values of both cell lines rounded to 2 decimal places for each concentration of MEI-1 (0-25
uM). Statistical analysis were performed between AML-2 and HL-60 cells for each MEI-1
concentration using pairwise student t-test. (*) p-values < 0.05, (**) p-values < 0.01.
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3.2. MEI-1 inhibits MDM2-Mediated Ubiquitination in AML-2 and HL-60
Leukemia Cells

MEI-1 was identified as a small molecule from an in silico screening shown to interact
with the MDM2 RING domain and hypothesized to block E3 ligase activity of MDM2. In vitro
ubiquitination assays were previously conducted to show that MEI-1 blocks MDM2 mediated
auto- and p53 ubiquitination using recombinant E1, E2 and MDM2 (unpublished, Sheng lab).
Therefore, further tests on whether MEI-1 inhibits MDM2-mediated ubiquitination in AML-2

and HL-60 cells were performed.

AML-2 cells were treated with MEI-1 in a range of concentrations between 0 and 8 pM
for 24 hours. Proteasome inhibitor MG132 (10 uM) was added for 4 hours following MEI-1
treatment to enrich ubiquitinated MDM2 and p53 proteins in cells. Cells were lysed with N-
ethylmaleimide (NEM, 20 mM) to inhibit the activities of deubiquitinating enzymes.
Ubiquitinated MDM2 and p53 were detected by immunoblotting and observed as high molecular
weight protein smears when cells were treated with MG132 (Figures 3.2-3.3). Decreased
ubiquitinated MDM2 and p53 levels were observed when cells were treated with 8 pM MEI-1
and MG132 (Figures 3.2A-B). AML-2 cells were also tested with a wider range of MEI-1 (0 —
25 uM) and results confirmed that inhibition appeared at greater concentrations (Figure 3.2C).
Statistical analysis (pairwise Student T-test) showed a significant difference between increasing
concentrations of MEI-1 treated AML-2 cells (0.5 - 8 uM, 1.5 - 25 uM) and non-treated AML-2
cells, with the presence of MG132, indicating that ubiquitination was affected with greater
concentrations of MEI-1 (Figure 3.2 A-C). Hence, MEI-1 could attenuate MDM2 and p53
ubiquitination in AML-2 cells, which was consistent with the observation made from in vitro

ubiquitination assay, supporting the role of MEI-1 as an inhibitor of MDM?2 E3 ligase.
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Figure 3.2 (A-C). MEI-1 attenuates MDM2 and p53 ubiquitination in AML-2 cells. AML-2
cells were treated with a range of MEI-1 concentrations (0 — 8 uM, 0-25 uM) for 24 hours followed
by a 4-hour treatment with proteasome inhibitor MG 132 (10 uM). Immunoblotting was used to
detect polyubiquitinated MDM2 (A, C) and p53 (B, C) levels in response to MEI-1 treatment.
Statistical analysis was performed between each MEI-1 concentration (0.5 — 8 uM, 1.5 — 25 uM)
against no treatment using pairwise student t-test. (*) p-values < 0.05, (**) p-values < 0.01, (***)
p-values < 0.001. GAPDH was used as a loading control. Three trials were conducted (N=3).
Protein levels were quantified using densitometry on ImagelJ.
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A cellular ubiquitination assay was also performed in the p53 null HL-60 leukemia cell
line. Different from AML-2 treated cells, HL-60 cells were treated with a range of 0-25 pM of
MEI-1 for 24 hours, followed by the addition of MG132 (10 puM) for 4 hours. Similar to what
was observed in AML-2 cells, HL-60 cells treated with MEI-1 with concentrations of 12 pM and
higher resulted in decreased levels of MDM?2 ubiquitination (Figure 3.3).Statistical analysis
(pairwise Student T-test) showed a significant difference in HL-60 treated cells with MG132,
from the lowest concentration of MEI-1 (1.5 uM) and onwards, as compared to HL-60 non-
treated cells with MG132 (Figure 3.3). This result agreed with what was shown with AML-2
cells, suggesting that MEI-1 as a potential MDM?2 antagonizer could effectively inhibit MDM?2

mediated-ubiquitination in HL-60 cells.
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Figure 3.3 MEI-1 inhibits MDM?2 ubiquitination in HL-60 cells. HL-60 cells were

treated with a range of MEI-1 concentrations (0 — 25 uM) for 24 hours followed by a 4-hour
treatment with proteasome inhibitor MG 132 (10 pM). Immunoblotting was used to detect
polyubiquitinated MDM2 levels in response to MEI-1 treatment.Statistical analysis was performed
between each MEI-1 concentration (1.5 — 25 uM) against no treatment using pairwise student t-
test. (*) p-values <0.05, (**) p-values < 0.01, (***) p-values < 0.001. GAPDH was used as loading
control. Three trials were conducted (N=3). Protein levels were quantified using densitometry

on Imagel.
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3.3. Cellular Responses to MEI-1 treatment in AML-2 and HL-60 Cells

The MDM2: MDMX heterodimer is the primary form of the MDM?2 E3 ligase in the cell.
It has been shown that MDMX and p53 are directly targeted by MDM2 for ubiquitination and
proteasomal degradation (Chen & Pan, 2003; Linares et al., 2003). Therefore, inhibition of
MDM2/MDMX E3 ligase activity by MEI-1 is expected to prevent MDM?2 mediated auto-
ubiquitination and ubiquitination of MDMX and p53. In addition, MDM2 also serves as a
ubiquitin E3 ligase for two cellular regulatory proteins, Rb and Foxo3a, and has been shown to
regulate their stability in the cell. The effect of MEI-1 was examined on the steady levels of these

proteins through western blot analysis.

AML-2 and HL-60 cell lines were treated with a range of MEI-1 concentrations (0 - 8
uM) for 24 hours, respectively. The effect of MEI-1 treatment in AML-2 cells is shown in Figure
3.4A. The levels of MDM2 and MDMX exhibited a bimodule effect upon the addition of MEI-1.
An increase of MDM2/MDMX protein levels was observed at lower doses (0.5 — 2 uM) of MEI-
1. However, the levels of MDM2/MDMX were shown to decrease at higher doses (4 - 8 pM),
while increased cell death (>50% cell death) was observed under the same doses of MEI-1

treatment (Figure 3.4A).

HL-60 cells were treated with the same range concentrations of MEI-1. Similar to AML-
2 results, HL-60 cells also exhibited a bimodule effect on MDM2 and MDMX protein levels.
MDM2/MDMX levels increased at lower concentrations of MEI-1 (0.5 — 2 uM) and decreased at
higher concentrations (4 — 8 uM) (Figure 3.4B). Based on these results, MEI-1 appears to inhibit
MDM2/MDMX E3 ligase activity at a range of 0.5 - 2 uM, supporting MEI-1’s role as a

potential inhibitor of MDM2/MDMX at these concentrations. Under higher concentrations of
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MEI-1 treatment, MEI-1 induced the de-stabilization of MDM2/MDMX, which seems to

coincide with increased cell death in these cells.

The leukemia cell lines with wild type p53 were shown to be sensitive to pS3 activation
and p53-dependent apoptosis. To elucidate the effect of MEI-1 on p53 stability and activity
through MDM2/MDMX inhibition, AML-2 and HL-60 cancer cells were treated with MEI-1
under similar conditions as described above and the levels of total p53 and the transcriptionally

active form of p53 (phosphorylated p53 at serine 15) were examined.

As shown in Figure 3.4A, MEI-1 appeared to activate p53 in AML-2 leukemia cells.
Total p53 levels steadily increased and plateaued upon MEI-1 treatment (Figure 3.4A). The
levels of phosphorylated p53 increased from 4 uM and onwards (Figure 3.4A). These results
suggest that p5S3 could be stabilized by MEI-1, likely through the inhibition of MDM2/MDMX.
p53 activation was observed at higher doses of MEI-1 treatment, opposing to the decreasing
trend of MDM2/MDMX levels under these concentrations. Agreeing with the p53 null status of

HL-60 cells, p53 and phosphorylated p53 were not detected (Figure 3.4B).

Western blot analysis was performed to examine cleaved PARP (Poly ADP-ribose
polymerase) and cleaved caspase-9, which serve as cell apoptotic markers. Procaspase-9 is 47
kDa in size. Upon apoptotic stimulation, procaspase-9 is cleaved into its active form, the 35 kDa
caspase-9. In this study, only cleaved caspase-9 (35 kDa) was examined and shown. Full length
PARP is 116 kDa. In early apoptosis, PARP is cleaved by the executioner caspase-3 to be 89
kDa in size. As shown in Figure 3.4A, AML-2 cells exhibited a low level of cleaved caspase-9 in
the absence of MEI-1. A steady increase of cleaved caspase-9 was shown upon MEI-1 treatment,

with greater accumulation at doses of 4 — 8 uM (Figure 3.4A). Similarly, PARP cleavage steadily
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increased, while full length PARP decreased in AML-2 cells upon the MEI-1 treatment (Figure
3.4A). PARP cleavage was most noticeable at higher doses of MEI-1 treatment, 4 pM and
onwards (4 - 8 uM). These results suggest that increased cell death may be a result of apoptosis
upon treatment of MEI-1 in AML-2 cells. HL-60 cells exhibited a similar apoptotic response
upon MEI-1 treatment, with cleaved PARP and cleaved caspase-9 observed from 4 pM and
higher of MEI-1 (Figure 3.4B). These results suggest that the HL.-60 cells have also undergone

apoptosis with treatment of MEI-1.

Lastly, tumour suppressors Rb and Foxo3a have both been shown to be directly affected
by MDM2 E3 ligase activity. In order to determine whether MEI-1 treatment induced p53-
independent cellular responses, the effect of MEI-1 on Rb and Foxo3a protein levels was
examined. MEI-1 treatment resulted in the steady accumulation of Rb in both AML-2 and HL-60
cells, peaking at 2 uM (Figure 3.4), suggesting that MEI-1 could stabilize Rb through the
inhibition of MDM2/MDMX activity. Interestingly, the levels of Foxo3a exhibited a different
pattern upon MEI-1 treatment in AML-2 and HL-60 cells. At lower concentrations (0 — 2 uM) of
MEI-1 treatment, a stabilization of Foxo3a levels was observed in AML-2 cells, whereas Foxo3a
levels were shown to decrease at higher concentrations (4 - 8 uM) (Figure 3.4A). This result was
similar to the bimodule effect of MEI-1 previously observed in MDM2/MDMX. On the other
hand, MEI-1 treatment of HL-60 cells exhibited a steady accumulation of Foxo3a, following a
similar trend observed in Rb (Figure 3.4B), despite low signal intensity of Foxo3a in HL-60
cells. Taken together, Rb and Foxo3a levels were affected by MEI-1 treatment. Whether the
effect resulted from inhibition of Rb and Foxo3a ubiquitination by MEI-1 requires further

investigation.
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Figure 3.4 (A-B). Immunoblot analysis of AML-2 and HL-60 cells with MEI-1 treatment. (A)
AML-2 and (B) HL-60 cells were treated with a range of MEI-1 concentrations (0 - 8 uM) for 24
hours followed by immunoblotting for: MDM2, MDMX, p53, phosphorylated p53 at Ser 15, Rb,
Foxo3a, cleaved PARP and cleaved caspase-9. GAPDH was used as a loading control. 100

micrograms of total cell lysate was used for each lane. Asterisk (*) represents protein degradation.
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3.4. MEI-1 Decreases Cell Viability in HCT-116 pS3 WT and HCT-116 p53
Null Colorectal Cancer Cells

Two colorectal cancer cell lines were selected to further explore the p53-dependent and
pS3-independent effects of MEI-1 in cells. HCT-116 p53 WT features a wild type 7P53 gene
whereas HCT-116 p53 null has 7P53 gene knocked out. Unlike the AML-2 and HL-60 leukemia
cell lines, these two HCT-116 cell lines have a similar genetic background, and therefore were
specifically selected to reveal whether p53 status could affect the cellular responses to MEI-1
treatment.

The Celltiter-Glo 2.0 assay was used to measure cell viability of HCT-116 p53 WT and
HCT-116 p53 null cells in response to MEI-1 treatment. When HCT-116 p53 WT and HCT-116
p53 null cells were treated with MEI-1 at a range of concentrations (0-100 uM) for 24 hours,
both cell lines showed decreased cell viability but appeared to be less sensitive to MEI-1
treatment when compared to leukemia AML-2 and HL-60 cells (Figure 3.5B vs. Figure 3.1C).
As the concentration of MEI-1 increased from 0-100 uM, cell viability decreased to 7% in HCT-
116 p53 WT cells and 13% in HCT-116 p53 null cells, respectively. (Figure 3.5B). The cell
viability assay revealed that MEI-1 had a significant cytotoxic effect on both HCT-116 p53 WT
and HCT-116 p53 null cell lines. Furthermore, HCT-116 p53 WT treated cells were more
sensitive to MEI-1 treatment than HCT-116 p53 null treated cells. Statistical analysis (pairwise
Student T-test) showed a significant difference (p-value < 0.001) between the two cell types,
indicating HCT-116 p53 WT cells were significantly more sensitive than HCT-116 p53 null cells
to MEI-1 treatment (Figure 3.5B). The ICso values for HCT-116 p53 WT and HCT-116 p53 null
cells were 14.19 +2.04 and 32.66 + 0.31, respectively (Figure 3.5B). The fact that MEI-1
showed an increased inhibitory potency in HCT-116 p53 WT cells compared to HCT-116 p53

null cells suggests that MEI-1 played a role in the p53-dependent pathway. However, MEI-1 also
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exhibited cytotoxicity in HCT-116 p53 null cells, suggesting that MEI-1 partook in p53-

independent pathways, similar to previously discussed HL-60 treated cells.
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Figure 3.5 (A-B). The effect of MEI-1 on cell viability in HCT-116 pS3 WT and HCT-116
P53 null cells. (A) Schematic representation of MEI-1 treatment and cell viability assay. The
image was created with Biorender.com. (B) HCT-116 p53 WT and HCT-116 p53 null cell viability
under MEI-1 treatment. Three trials were conducted (N=3). Results were presented as percentage
of viability and normalized against initial cell number. The ICso values (uM) are represented by
Mean = SEM (£ 0.30 — 2.00 uM). SD values of both cell lines rounded to 2 decimal places for
each concentration of MEI-1 (0-100 uM). Statistical analysis (pairwise student t-test) graph
representation between two groups. (***) represents p-values < 0.001.
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3.5. The Effect of MEI-1 on HCT-116 p53 WT and HCT-116 p53 Null Cellular
Responses

Similar to what was described previously in the leukemia cells, MEI-1 was tested in both
colorectal cancer cell lines, HCT-116 p53 WT and HCT-116 p53 null, and immunoblotting was
performed to better understand the effect of MEI-1 on p53-dependent and p53-independent

cellular responses in these two genetically similar cell lines.

Both HCT-116 p53 WT and HCT-116 p53 null cells were treated with MEI-1, ranging
from 0 uM - 50 puM, for 24 hours. As shown in Figure 3.6A, MEI-1 treatment in HCT-116 p53
WT cells resulted in a bimodule effect on the MDM2/MDMX protein levels. MDM2/MDMX
levels appeared to be stable from 3 uM - 6 uM and degraded at higher concentrations of MEI-1
(25 - 50 uM) (Figure 3.6A). These results agreed with what was observed in the AML-2 and
HL-60 cells, supporting MEI-1 acting through inhibition of MDM2/MDMX E3 ligase and

destabilization of the MDM2/MDMX heterodimer.

HCT-116 p53 null cells were treated under similar conditions. In contrast to HCT-116
p53 WT, MDM2/MDMX protein levels in HCT-116 p53 null cells remained stable at 3 uM and
degraded at higher concentrations of MEI-1 (6 uM — 50 uM) (Figure 3.6B). Based on these
results, MEI-1 appeared to destabilize MDM2/MDMX heterodimer, which is independent of p53

(Figures 3.6B, 3.4B).

Next, MEI-1’s effect on p53 stability was examined in HCT-116 p53 WT cells. Total p53
protein levels and the transcriptionally active form of p53 (phosphorylated p53 at serine 15) were
examined with immunoblot analysis. As depicted in Figure 3.6A, total p53 and the

phosphorylated p53 levels appeared to be mildly increased in HCT-116 p53 WT cells at the
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MEI-1 concentrations between 3 pM — 12 uM. When compared to previously tested AML-2 p53
WT cells, the signals for serine 15 phosphorylated p53 were weaker in HCT-116 p53 WT cells
but the trend followed what was previously observed in AML-2 cells (Figures 3.4A, 3.6A). As
expected for HCT-116 p53 null cells, the total levels of p5S3 and phosphorylated p53 were not
observed (Figure 3.6B). These results in principle agreed with what was observed in AML-2 and
HL-60 cells and implied that MEI-1 could stabilize and activate p53 through the inhibition of

MDM2/MDMX.

The cleaved PARP and cleaved caspase-9 as cellular apoptotic markers were examined in
the HCT-116 colorectal cancer cell lines. In both cell lines, cleaved PARP was seen with MEI-1
treatment using the concentrations of 12 uM or greater (12 pM — 50 uM) (Figures 3.6A-B).
Cleaved caspase-9 was seen at low levels and became more prominent at 50 uM of MEI-1
treatment (Figures 3.6A-B). These results indicate there was induced apoptosis in HCT-116 p53

WT cells and HCT-116 p53 null cells upon MEI-1 treatment (Figures 3.5A-B).

Lastly, the effect of MEI-1 on two tumour suppressors, Rb and Foxo3a, were assessed in
HCT-116 colorectal cancer cells. In HCT-116 p53 WT cells, upon the addition of MEI-1, there
appeared to be a slight accumulation of Rb at the lower concentrations of MEI-1 (3 uM — 12 pM)
and a decrease of Rb at the greatest concentration (50 uM) (Figure 3.6A). In HCT-116 p53 null
cells, Rb did not appear to have a consistent response to MEI-1 treatment (Figure 3.6B). The
levels of Rb were lower at MEI-1 concentrations between 3 uM and 12 pM , and gradually
increased with higher concentrations of MEI-1 treatment (25 — 50 uM) (Figure 3.6B). Foxo3a
levels were examined in HCT-116 p53 WT and p53 null cells. Foxo3a protein levels were found

stabilized at lower concentrations of MEI-1 and degraded at higher concentrations of MEI-1 in
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both cell lines (Figure 3.6B). Although Rb and Foxo3a levels appeared to be affected by MEI-1
treatment, more experiments will be required to elucidate whether MEI-1 has an effect on Rb and

Foxo3a through inhibition of MDM2.
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Figure 3.6 (A-B). Immunoblotting of HCT-116 p53 WT and HCT-116 p53 null cells with
MEI-1 treatment. (A) HCT-116 p53 WT and (B) HCT-116 p53 null cells were treated with a
range of MEI-1 concentrations (0 - 50 pM) for 24 hours followed by immunoblotting for
MDM2, MDMX, p53, phosphorylated p53 at Ser 15, Rb, Foxo3a, cleaved PARP and cleaved
caspase-9. GAPDH was used as a loading control.
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3.6. MEI-1 Inhibits Cell Proliferation in HCT-116 pS3 WT and pS53 Null Cells
A proliferation assay was conducted in HCT-116 p53 WT and p53 null cells to determine
the effect of MEI-1 on cell growth. In this experiment, cells were treated with 0 uM or 12 uM
concentrations of MEI-1, respectively. The MEI-1 concentration of 12 uM chosen for cell
treatment in this assay was close to the ICso value of MEI-1 in HCT-116 p53 WT cells (Figure
3.5B). Cell growth was monitored for six days and cells were counted manually each day with a

hemocytometer (Figure 3.7A).

As shown in Figure 3.7B, in the absence of MEI-1, both colorectal cancer lines exhibited
a similar exponential growth over the course of six days (Figure 3.7B). MEI-1 treatment at
12 uM induced a continuous increase in cell death in both cell lines (Figure 3.7C-D). Compared
to HCT-116 p53 null cells, HCT-116 p53 WT treated cells showed a slightly accelerated cell
death (Figure 3.7C). These results showed that MEI-1 treatment inhibited cell proliferation in
both colorectal cancer cell lines, and the p5S3 WT cells were more responsive to MEI-1 treatment,

which was consistent with the previous findings of the cytotoxic effect of MEI-1 in these cells.
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Figure 3.7 (A-D). The effect of MEI-1 on cell growth of HCT-116 p53 WT and HCT-116 p53
null cells. (A) Schematic diagram of MEI-1 treatment in a cell proliferation assay. The image was
created with Biorender.com. (B-D) Cell growth was examined using a proliferation assay to
determine the effect of MEI-1 on growth inhibition in colorectal cancer cell lines. Cells were
treated with 0 uM or 12 uM of MEI-1, respectively, over a period of 6 days. Cells were counted
manually with a hemocytometer.
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3.7. The Cytotoxicity Effect of MEI-1 in Breast Carcinoma Cells and Normal
Fibroblast Cells

To survey the cytotoxicity of MEI-1 in normal versus cancer cells, a normal fibroblast
cell line, BJ-FB, and an adherent epithelial breast cancer line, MCF-7, were treated with MEI-1
and compared to AML-2, HL-60, and HCT-116 colorectal cancer cells.

MCF-7 and BJ-FB cells were treated with MEI-1 at a range of concentrations (0 - 50 uM)
for 24 hours (Figures 3.8A, B-C). MEI-1 treatment induced cytotoxicity and cell death in MCF-7
cells, with the ICso value at approximately 17.33 + 1.90 uM (Figures 3.8B, D). In contrast to
MCEF-7 cells, BJ fibroblast cells showed no response to MEI-1 treatment (0-50 uM) (Figures
3.8C-D), suggesting that BJ fibroblasts were more tolerant to MEI-1 treatment. Taken together,
these results showed that cancer cells were more sensitive and responsive to MEI-1 treatment. In
particular, the leukemia cells appeared to be most sensitive to MEI-1 treatment. Therefore, MEI-
1 has the potential as an anti-cancer therapeutic agent, particularly against hematopoietic cancers

(Figure 3.8D).
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Figure 3.8 (A-D): The effect of MEI-1 on cell viability in MCF-7 and BJ-FB cells. (A) Cell
viability was evaluated using Cel/Titer-Glo 2.0 reagent based on cellular ATP production. The
figure is adapted from Promega CellTiter-Glo 2.0 Assay Protocol. (B-C) MCF-7 and BJ-FB cell
viability under MEI-1 treatment. Three trials were conducted (N=3). Results were presented as
percentage of viability and normalized against initial cell number. The ICso values (uM) are
represented by Mean = SEM . (D) ICso values (uM) of cell lines treated with MEI-1, including p53

status.
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3.8. Purification of MDM2: MDMX RING Heterodimer through GST and His-
tagged Affinity Chromatography

To examine the physical interaction between the MDM2: MDMX heterodimer and
MEI-1, recombinant MDM2: MDMX RING domain heterodimer was purified. GST-tagged
MDM2 RING domain (residues 417-491) was cloned in the pGEX2TK vector and the Hiss-
tagged MDMX RING domain (residues 416-490) was cloned in pET15b plasmid.

The recombinant MDM2: MDMX RING heterodimer was purified through dual affinity
chromatography using both GST and His affinity purification. To achieve this, GST-tagged
MDM2 RING domain expressed E.coli BL21 DE3 cells were mixed with His-tagged MDMX
RING domain expressed E.coli cells (Figure 3.9A). Through RING domain dimerization, three
types of RING domain complexes would form in the cell lysate: GST-MDM2 RING homodimer,
GST-MDM2: His-MDMX RING heterodimer, and His-MDMX RING homodimer. Sequential
GST and Ni?* affinity chromatography was used to selectively purify GST-MDM2: His-MDMX
RING heterodimer. First, GST affinity chromatography could purify the GST-MDM2 RING
homodimer and GST-MDM?2 RING: His-MDMX RING heterodimer while removing His-
MDMX RING homodimer (Figures 3.9A-B). As shown in Figure 3.9B, the elution from GST
affinity chromatography contained a mixture of GST-MDM2 RING domain homodimer and
GST-MDM2 RING: His-MDMX RING domain heterodimer. Ni** affinity chromatography
purification was conducted next to separate the GST-MDM2: His-MDMX heterodimer from the
GST-MDM2 homodimer. As shown in Figure 3.9B lanes 5 and 6, the second elution contained
the purified GST-MDM2 RING: His-MDMX RING domain heterodimer. Purified recombinant
MDM2: MDMX RING heterodimer was used to examine the interaction between MEI-1 and the

MDM2: MDMX RING heterodimer shown in the following experiment.
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Figure 3.9 (A-B). Protein purification of recombinant MDM2: MDMX RING domain
heterodimer. (A) MDM2 and MDMX RING domain homodimers were purified using
sequential GST and His-tagged affinity purification. The image was created with Biorender.com
(B) GST-MDM2 RING and His-MDMX RING were mixed (T) and lysed (L) together. The
lysate was subject to 15 GST purification, shown in flow through (1-F) and elution (1-E). The 1
cluate was subject to 2" Ni?* affinity purification shown in flow through (2-F) and elution (2-E).
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3.9. MEI-1 interacts with the MDM2: MDMX RING Heterodimer

To further examine the binary interaction between MEI-1 and the MDM2: MDMX RING
heterodimer, a Biolayer Interferometry (BLI) assay was used. BLI is an optical analytical
technique used to measure biomolecular interactions. This method measures the shift in the
interference pattern of white light due to the change in the biological layer thickness of the
biosensor tip (Wartchow et al., 2011; Duncan & Shah, 2014) (Figure 3.10A). The thickness of
the biosensor tip is thus directly affected by light change and protein-protein interactions that
occur. The BLI Octet assay was used to measure the association and dissociation rates of the
molecular interaction between MEI-1 and MDM2: MDMX heterodimer.

As shown in Figure 3.10B step 1, a sensory probe coated with GST antibody was loaded
with GST-tagged MDM2: His-tagged MDMX RING heterodimer (Figure 3.10B). MDM2:
MDMX RING heterodimer was examined for physical binding with a series of increasing
concentrations of MEI-1 (13 uM, 27 uM, 56 uM, 80 uM, and 126 uM) in a step wise fashion
(steps 2-6) (Figure 3.10B). The baseline was established using 0 uM of MEI-1 (Figures 10B-C).
Between each step, the biosensor probe was washed with buffer and re-equilibrated for new
binding. There appeared to be a physical interaction between MEI-1 and the MDM2: MDMX
RING heterodimer (Figures 3.10B-C). As shown in steps 2-4, increasing association followed by
dissociated was observed between MDM2: MDMX and MEI-1 at concentrations of 13 uM, 27
uM and 56 uM, shown by the blue line (Figures 10B-C). The highest amount of binding was
observed at 56 pM of MEI-1 (Figures 10B-C). Fitting with one-substrate binding site model,
MEI-1 was shown to physically bind to the MDM2: MDMX RING heterodimer with a Kd value

of 12 uM. The BLI Octet experiment was repeated under similar conditions using a His probe
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and MDM2: MDMX RING heterodimer was found to bind MEI-1 with the same affinity as

shown with the GST-probe (data not shown).
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Figure 3.10 (A-C). MEI-1 binds to the MDM2: MDMX RING domain heterodimer. (A)
Schematic representation of Biolayer Interferometry (BLI) assay. The physical interaction
between MEI-1 and MDM2: MDMX RING heterodimer was measured by BLI octet. The figure
is adapted from fortéBIO, handbook of surface plasmon resonance, 2'¢ edition (2017). (B) The
association (red line) and dissociation (blue line) between MEI-1 and MDM2: MDMX
heterodimer was examined with BLI in a dose-dependent manner. GST alone was used as a
control. (C) Superposition of MEI-1 association curves.
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Chapter 4: Discussion
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MEI-1 was identified using in silico docking approach as an allosteric binder to the
MDM2: MDMX RING heterodimer. It was hypothesized that MEI-1 would inhibit the MDM2
RING domain and might have an effect on the overall stability of MDM?2 and its other substrate
proteins in cells. The purpose of this study was to validate MEI-1 as an inhibitor of MDM2 and
to evaluate its anti-cancer potential. Thus, this study investigated the effect of small molecule
MEI-1 in p53 wild type and p53 null leukemia and colorectal cancer cell lines to characterize

cellular responses of various cancer cells to MEI-1 treatment.

MEI-1 was assessed to determine whether it had any possible anti-cancer effects through
examining its cytotoxicity in cancer versus non-cancer cell lines. A cell viability assay was
performed in osteosarcoma, leukemia, colorectal cancer, breast carcinoma and normal fibroblast
cell lines. MEI-1 indeed induced cytotoxicity in the tested carcinogenic cells but showed little
effect in BJ-FB normal cells. Among the carcinogenic cell lines used in this study, leukemia cells
were found to be most sensitive to MEI-1 treatment with an inhibition constant ICso value as low
as 4.39 uM. In addition, colorectal and breast cancer cells also responded to MEI-1 treatment
with inhibition constant values ranging from 10 — 30 uM. These results agreed with previously
reported anti-cancer effects of Hinokiflavone, the chemical name for MEI-1. In previous studies,
Hinokiflavone was shown to induce apoptosis and present anti-tumour activity in colorectal
cancer, breast cancer, and melanoma cancer cells (Yang et al., 2018; Zhou et al., 2018; Huang et
al., 2019). Thus, MEI-1 is a potential natural compound with anti-cancer effects, which could be
further developed into a promising therapeutic agent to treat leukemia, osteosarcoma, breast and

colorectal cancers.
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Our second aim in this project was to determine if MDM?2 E3 ligase activity was affected by
MEI-1. Since MEI-1 was identified as a MDM2 RING domain allosteric binder, it was
hypothesized that MEI-1 would inhibit MDM2-mediated ubiquitination. A previous student in
the Sheng lab confirmed that MEI-1 inhibited MDM2-mediated ubiquitination in a biochemical
assay. In this study, a cellular ubiquitination assay was performed in AML-2 and HL-60
leukemia cells following MEI-1 treatment. Our results concluded that MEI-1 did in fact affect
MDM2 E3 ligase activity and inhibit MDM2-mediated ubiquitination. In p53 wild type leukemia
cell line AML-2, MEI-1 inhibited MDM2 auto-ubiquitination and p53 ubiquitination. In HL-60
p53 null leukemia cells, MDM2 auto-ubiquitination was inhibited by MEI-1. These results

agreed with the hypothesis and confirmed MEI-1’s ability to inhibit MDM?2 E3 ligase activity.

Cellular responses were assessed following MEI-1 treatment to determine its p5S3-dependent
and p53-independent effects in hemopoietic cancer and colorectal cancer cell lines. It was
hypothesized that MEI-1 could inhibit MDM2 to stabilize and activate p53 as a result of directly
targeting the RING domain of MDM2. Furthermore, MEI-1 was also expected to stabilize
additional MDM2 substrates, such as Rb and Foxo3a. To test this hypothesis, MDM2/MDMX
levels in both p53 wild type and p53 null leukemia and colorectal cancer lines were evaluated by
immunoblotting, following MEI-1 treatment. Interestingly, MEI-1 showed a bimodule effect on
MDM2/MDMX protein levels in these cancer cell lines. A mild stabilization was seen at lower
doses of MEI-1, while at greater concentrations, MEI-1 appeared to have degraded
MDM2/MDMX levels. This suggests that MEI-1 inhibited MDM2 E3 ligase activity at lower
concentrations, agreeing with the notion that MEI-1 targets the MDM?2 RING domain. However,

at higher doses, MEI-1 destabilized MDM2/MDMX proteins, although the mechanism was not
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fully characterized. Since MEI-1 has been shown to bind allosterically to the MDM2: MDMX
RING heterodimer interface through in silico structural docking analysis, MEI-1 could have a
possible effect on MDM2/MDMX dimerization. This was confirmed by Shloush and colleagues
with a pull-down analysis and a mutagenesis study that mutations at the dimerization interface
disrupted the structural stability of the MDM2: MDMX RING heterodimer (Shloush et al.,
2011). Therefore, MEI-1 is expected to affect the atomic network of the dimerization interface
through binding to the MDM2: MDMX RING domain heterodimer, thereby affecting its
structural stability. Thus, future studies should examine the dimerization status of the MDM?2:
MDMX RING domains in the presence of MEI-1. Circular Dichroism can be performed to
quantify MDM2: MDMX RING heterodimer thermostability in the presence of MEI-1 and to
determine if the small molecule has an effect on MDM2: MDMX RING heterodimer stability. In
addition, NMR titration experiments can be performed to assess the binding interface between

MEI-1 and the MDM2: MDMX RING domain.

Cellular responses were examined to explore possible effects of MEI-1 in leukemia and
colorectal cancer cell lines. MEI-1 was expected to stabilize and activate p53 through the
inhibition of MDM2 and induce apoptosis in a p5S3-dependent manner. Agreeing with this
hypothesis, MEI-1 stabilized and activated p53 in leukemia and colorectal cancer cell lines. This
was supported by increased levels of p53 and phosphorylated p53 at serine 15 upon MEI-1
treatment. These results suggest that MEI-1 stabilized and activated p53 by inhibiting
MDM2/MDMX and confirmed MEI-1’s capacity to act as an MDM2 inhibitor in a p53-
dependent way. In order to further validate if MEI-1 has an effect on p53 transcriptional activity

through inhibiting MDM2/MDMX, additional experiments should be conducted in these cell
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lines. For instance, p53 reporter assays could be conducted following MEI-1 treatment in future
experiments to evaluate the direct effect of MEI-1 on the transcriptional activity of p53.
Additionally, p53 target genes such as p21, PUMA, and Noxa can be examined to show the
effect of MEI-1 in p53 gene expression through assays such as quantitative real-time polymerase
chain reaction (QRT-PCR), microarray, and Northern blot. Performing these experiments would
provide further insight into the effect of MEI-1 on p53 signaling and transcriptional target gene

expression, validating p53 activation by MEI-1.

Furthermore, leukemia and colorectal cancer cells were treated with MEI-1 to assess p53-
independent MDM?2 substrates. It was speculated that MEI-1 treatment would stabilize additional
MDM2 substrate proteins, including Rb and Foxo3a. Indeed, Rb protein levels appeared to
increase in AML-2 and HL-60 cell lines upon MEI-1 treatment. Foxo3a protein levels also
exhibited a mild increase in these cell lines, suggesting that MEI-1 could affect MDM2 substrate
Rb and Foxo3a stability. However, the effect of MEI-1 seemed to be cell line dependent. As seen
in the colorectal cancer cells, results showed a mild or no effect in Rb and Foxo3a levels with
MEI-1 treatment. Collectively, these results imply that MEI-1 could act as an MDM2 inhibitor in
pathways independent of p53. Thus, it would be noteworthy to investigate other MDM?2 targets,
such as p21 and Nbs1, which have been shown to be directly ubiquitinated by MDM?2 to further
assess MEI-1 as a potential inhibitor of MDM2 (Jin et al., 2003; Zhang et al., 2004).
Additionally, it would be interesting to investigate MDM2-independent pathways to explore if
MEI-1 has potential anti-cancer effects independent of MDM2. Examining MEI-1’s anti-cancer
effects in an MDM2 knockout background would allow us to evaluate MEI-1’s role in MDM2-

independent pathways.
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p53 is a potent activator of cellular apoptosis. MEI-1 was expected to induce apoptosis
through the inhibition of MDM2, resulting in p53 activation. Two hallmarks of apoptosis,
cleaved PARP and cleaved caspase-9, were used to evaluate whether MEI-1 could induce
apoptosis in cancer cell lines. Our results showed that MEI-1 did in fact promote apoptotic cell
death in these cancer cells. Both leukemia and colorectal cancer cell lines revealed PARP and
caspase-9 cleavage at greater concentrations of MEI-1 treatment. These results were consistent
with what was reported in the cell viability assay, confirming that MEI-1 exhibited anti-cancer
effects through inducing apoptosis. Future studies could use flow cytometry and Annexin V

experiments to further confirm that MEI-1 induced apoptosis.

This study was limited in that only apoptosis was examined as the cause of MEI-1
mediated cell death. To investigate whether MEI-1 could induce other forms of cell death, future
studies should be conducted. For example, necrosis markers, including receptor-interacting
serine/threonine-protein kinase 3 (RIPK3) and mixed lineage kinase domain-like (MLKL), could
be used to examine the ability of MEI-1 to induce necrosis. MLKL is phosphorylated by RIPK3
and activates programmed necroptotic cell death (Yoon et al., 2017). Investigating additional
markers from different forms of cell death will allow us to further explore the potential and

mechanism of action of MEI-1 in inducing anti-cancer effects in cancer cells.

Two pairs of cancer cell lines were selected to examine p53 dependent and independent
effects. It was hypothesized that MEI-1 would induce anti-cancer effects in both p53 wild type
and p53 null cancer cells. Interestingly, cancer cell lines that were wild type for pS3 were found

to be more sensitive to MEI-1 treatment. Specifically, MEI-1 treatment showed a better
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inhibition with lower ICso values in p53 wild type cells. Moreover, MEI-1 inhibited cell
proliferation more efficiently in p53 wild type compared to p53 null HCT-116 colorectal cancer
cells. These results were further supported by p53 stabilization and activation observed in p53
wild type leukemia and colorectal cancer cells in MEI-1 dose dependent manner. Based on these
results, it can be concluded that MEI-1 induced p53 dependent anti-cancer effects through the
inhibition of MDM2. Furthermore, the anti-cancer effect of MEI-1 in the p53 null cell lines was
evident from this study. MEI-1 was shown to induce cytotoxicity upon treatment and cause
cellular growth inhibition in HCT-116 p53 null colorectal cancer cells. MEI-1 treatment
stabilized MDM2 substrates Foxo3a and Rb, which further supported MEI-1’s ability to act in a
p53-independent manner. These results suggested that MEI-1 does in fact inhibit MDM2 through
pS3-independent pathways in carcinogenic cell lines. Anti-cancer effects of MEI-1 in p53-
dependent and -independent pathways should be further assessed through additional experiments
in additional carcinogenic cell lines. Animal models should be used to test MEI-1’s potential as

an anti-cancer therapeutic agent.

Lastly, small molecule MEI-1 was investigated to determine its binding ability to the
recombinant MDM2: MDMX RING heterodimer domain. Agreeing with our initial speculation,
MEI-1 did in fact bind to the MDM2: MDMX RING heterodimer. Biolayer Interferometry
experiments confirmed that MEI-1 interacted with the MDM2: MDMX RING heterodimer in a
dose-dependent manner. To further validate the binding of MEI-1 to its heterodimer, future work
should explore the atomic details of the interaction using NMR based structural studies to map
the binding between MEI-1 and MDM2: MDMX RING heterodimer and evaluate its effect on

dimerization. Additionally, a mutagenesis study to mutate the binding site could be performed to
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further explore the mechanism of MEI-1 binding to its RING heterodimer and its effect on

MDM?2 stability.

Current knowledge of existing MDM2 inhibitors in cancer therapeutics have posed numerous
challenges. Nutlin-3a was shown to stimulate MDM?2 overexpression as a result of p53
stabilization and initiate pS3-independent tumorigenic activity of MDM2, possibly resulting in
carcinogenesis. RG7112 inhibitor was discontinued as usage resulted in detrimental
physiological on-site toxicities, including neutropenia and thrombocytopenia. Lastly, HLI
compounds HLI98 and HLI373 were developed to inhibit MDM2 E3 ligase activity. The use of
HLI98 was discontinued due its ability to induce p53-independent cellular toxicity and target
additional cellular E3 ligases. The HLI373 compound remains under investigation as potential
toxicities have yet to be determined. As a result of targeting the C-terminal RING domain of
MDM2, it is speculated that HLI373 may lead to MDM2 and p53 stabilization, thus preventing

p53 activation.

Noteworthy natural products have been successfully used in anti-cancer treatment, including
plant-derived anti-cancer drugs Paclitaxel and Etoposide. Paclitaxel is derived from the Pacific
yew tree, Taxus brevifola. It acts as a microtubule stabilizing drug that ceases cell division
therefore resulting in cellular death (Weaver, B., 2014). Paclitaxel is used in breast, lung, and
ovarian cancer treatment and has been approved by the FDA. Etoposide, another naturally
derived anti-cancer drug, comes from podophyllotoxin, a toxin lignin that is found in the roots of
Podophyllum genus plants. Etoposide inhibits DNA topoisomerase II and as a result, increases

DNA cleavage (Dholwani et al., 2008). It has been used in small cell lung cancer, leukemia and
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lymphoma treatments. Therefore, both Paclitaxel and Etoposide have been the front-line
therapeutic drugs used in cancer treatment. MEI-1 is a naturally derived product that has the
potential to inhibit MDM2 activity. MEI-1 was shown to induce anti-cancer effects in tested
cancer cell lines of this study. Although this project presented insight on small molecule MEI-1,
MEI-1 needs to be further explored to investigate possible toxicities overtime. As discussed,
natural products, such as Paclitaxel and Etoposide play an important role in current anti-cancer
therapeutics. Therefore, it would be interesting to assess naturally derived product MEI-1’s

potential as an anti-cancer therapeutic in cancer treatment.
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Concluding Remarks
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The overexpression of MDM2 has been associated with tumorigenesis and poor
prognosis, which is clinically important for several human cancers, including osteosarcoma,
leukemia, breast carcinoma, and colorectal cancers (reviewed in: Oliner et al., 2016; Hou et al.,
2019). This study presented a small molecule, MEI-1, as a potential MDM2 inhibitor with
promising anti-cancer effects in leukemia and colorectal cancer cell lines. Through cell viability
assays, MEI-1 was shown to induce cell death in leukemia, breast carcinoma and colorectal
cancer cell lines. Using cellular ubiquitination assays, MEI-1 was shown to inhibit MDM2 E3
ligase activity and block MDM2-mediated ubiquitination in leukemia cells. Small molecule
MEI-1 was also shown to de-stabilize MDM2/MDMX and induce p53 stabilization and
activation. MEI-1 also exhibited p53 independent anti-cancer effects through targeted MDM?2
substrates, such as Foxo3a and Rb. Lastly, a biochemical assay revealed MEI-1’s ability to

physically bind with the MDM2: MDMX RING domain heterodimer.

MEI-1 is a unique MDM?2 inhibitor compared to current available MDM2 antagonizers,
such as Nutlin and HLI98/HLI373 compounds. Both Nutlin and HLI373 family compounds lead
to MDM2 accumulation in cancer cell lines, which could be a potential oncogenic risk factor. In
contrast, MEI-1 is capable of stabilizing and activating p53 while de-stabilizing MDM?2 and
inhibiting E3 ligase activity in cells. Thus, MEI-1 seems to be a promising MDM2 inhibitor.
Whether MEI-1 could be used synergistically with Nutlin and HLI373 in cancer treatment

warrants further investigation.
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This project presented MEI-1 as a potential anti-cancer therapeutic agent that targets
cancer cells exhibiting an overexpression of MDM2. In summary, our work contributes to a
better understanding whether targeting MDM?2 E3 ligase activity is a feasible anti-cancer
therapeutic approach. This study provides further insight into MEI-1’s role as the inhibitor of
MDM?2 and serves as a good framework for the future development of MEI-1 into a therapeutic

agent against cancers with MDM2 overexpression.
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Appendix

Table 1: AML-2 and HL-60 cell viability statistical analysis

Concentration (uM) AML-2 (Mean = SEM) HL-60 (Mean £ SEM)
0 100 £ 0.00 100 +0.00
3 62 +£0.03 103 +0.06
6 22+£0.01 84 + 0.04
12 7+0.01 42 +£0.03
25 1+0.00 2+0.00

Table 2: HCT-116 p53 WT and HCT-116 p53 null cell viability statistical analysis

Concentration (uM) HCT-116 p53 WT (Mean £ | HCT-116 p53 Null (Mean £
SEM) SEM)
0 100 + 0.00 100 £ 0.00
6 44 +0.00 80 £ 0.00
12 36+ 0.00 72 +0.00
25 24 £ 0.00 54 +0.00
50 15+0.00 254 0.00
100 7+0.00 13 +0.00

Table 3: MCF-7 and BJ-FB cell viability statistical analysis

Concentration (uM) MCF-7 (Mean + SEM) BJ-FB (Mean £ SEM)
0 100 £ 0.00 100 +0.00
3 111 £0.02 84 +0.02
6 93 £0.04 104 + 0.02
12 87+0.13 93 £0.06
25 49 + 0.09 125+ 0.04
50 34+ 0.05 118 +£0.09

Appendix A. Cell viability statistical analysis of cancer and non-cancer cell lines at various
concentrations of MEI-1. Three trials were conducted (N=3) for each cell line. Cell viability was
quantified at each MEI-1 concentration (uM) and represented by percentage of viable cells
normalized with cells without MEI-1 treatment. Cell viability were shown as percentage (%) of
Mean + SEM for each concentration tested.
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