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ABSTRACT

Speckle-type POZ protein (SPOP), an E3 ubiquitin ligase adaptor protein, and ubiquitin-
specific protease 7 (USP7), a deubiquitinating enzyme, have previously been implicated in prostate
cancer pathogenesis. The objective of this project was to identify novel substrates of SPOP and
USP7 to provide insight on the molecular mechanisms contributing to prostate cancer. Employing
biochemical and cellular biology techniques, we identified, murine double minute 2 (MDMZ2), an
E3 ubiquitin ligase, as a potential substrate of SPOP. We demonstrated that SPOP interacts with
MDM2 through its MATH domain in vitro and negatively regulates its stability in vivo. Moreover,
we identified sirtuin 2 (SIRT2), an NAD*-dependent deacetylase, as a novel substrate of USP7.
We demonstrated that USP7 interacts and regulates the stability of SIRT2 in vivo. Collectively,
our results suggest that SPOP and USP7 through the regulation of MDM2 and SIRT2, may

contribute to prostate cancer, however further studies are required to verify this.
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CHAPTER 1: INTRODUCTION

1.1 Overview of the Ubiquitin-Proteasome Pathway

Protein homeostasis— the controlled balance of protein synthesis, folding, assembly,
modifications, conformational states, localization, and degradation— is essential for normal
cellular function, development, and ultimately, organism viability (Kevei & Hoppe, 2014).
Maintaining the structural, quantitative, and functional integrity of the proteome is a constant
challenge and requires effective cellular systems to monitor protein homeostasis (Cheng et al.,
2018). The ubiquitin-proteasome degradation pathway is one example of a highly conserved
cellular system employed to regulate protein turnover — through the ubiquitination of proteins,
and subsequent, recognition and degradation by the 26S proteasome (Figure 1-1) (Hochstrasser,
1996). The ubiquitin-proteasome degradation pathway functions in protein quality control by
removing defective, aggregated, and misfolded proteins that arise within the cell as a result of
errors in protein synthesis, upon exposure to environmental and metabolic stressors, as well as
over the lifespan of an organism due to aging (Kevei & Hoppe, 2014). The ubiquitin-proteasome
degradation pathway also regulates the temporal and spatial cellular persistence of regulatory
proteins critical for controlling cellular activities such as gene transcription, signal transduction,
and cell cycle progression (Zheng et al., 2009; Micel et al., 2013). Dysregulation of any component
of the ubiquitin-proteasome degradation pathway regulating the clearance of damaged,
unnecessary, and/or regulatory proteins result in proteome imbalances, and has been implicated in

many diseases including cancer pathogenesis (An et al., 2014).
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Figure 1-1. Overview of the ubiquitin-proteasome degradation pathway. The ubiquitin-proteasome
degradation pathway involves two distinct and consecutive steps: (1) the covalent attachment of ubiquitin
molecules to proteins catalyzed by three distinct enzymes, a ubiquitin activating enzyme (E1), a ubiquitin
conjugating enzyme (E2), and a ubiquitin protein ligase (E3) (2) recognition and degradation of the proteins by
the 26S proteasome along with the regeneration and release of free ubiquitin mediated by deubiquitinating
enzymes (DUBs). Modified from (Leestemaker & Ovaa, 2017) with BioRender.com.
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1.2 Ubiquitination

Ubiquitin often referred to as the “molecular kiss of death” is a 76 amino acid residue
protein highly conserved in eukaryotes, that is unsurprisingly ubiquitous in regard to its abundance
as well as its regulatory control within the cell (Pickart, 2001). The covalent attachment of a
ubiquitin tag to a protein substrate is a process termed ubiquitination and involves the formation
of an isopeptide bond between the C-terminal glycine 76 residue of ubiquitin to the e-amino group
of a lysine residue of the protein substrate (Pickart, 2001). Although best known for its proteolytic
function, that is targeting proteins for degradation by the 26S proteasome, lysosome, or
autophagosome, ubiquitination regulates various non-proteolytic cellular processes as well, such
as but not limited to: regulating protein interactions, activity, and subcellular localization (Clague
& Urbé, 2010; Komander & Rape, 2012). The regulatory impact of ubiquitin and consequently,
the fate of the substrate varies depending on the form of ubiquitination. Monoubiquitination refers
to the attachment of a single ubiquitin molecule to a single lysine residue of the substrate and
multi-monoubiquitination refers to the attachment of several individual ubiquitin molecules to
multiple lysine residues of the substrate (Hochstrasser, 1996). Generally, these forms of
ubiquitination regulate localization, interaction, activity, DNA repair, and endocytosis
(Hochstrasser, 1996; Sun & Chen, 2004). Polyubiquitination refers to the formation of a branched
or linear polyubiquitin chain on a single lysine residue of the substrate by the sequential addition
of ubiquitin molecules (Komander & Rape, 2012). The formation of a polyubiquitin chain results
from the isopeptide linkage of the C-terminal glycine 76 residue of ubiquitin to one of the seven
lysine residues: K6, K11, K27, K29, K33, K48 and K63, or the N-terminal methionine in the
preceding ubiquitin molecule (Pickart, 2001). The presence of a polyubiquitin chain composed of
at least five ubiquitin molecules with K48 linkages, tags the substrate for recognition and
subsequent degradation by the 26S proteasome (Sun & Chen, 2004).

Addition of ubiquitin to a substrate involves a three-step mechanism catalyzed by three
distinct enzymes: E1, a ubiquitin activating enzyme, E2, a ubiquitin conjugating enzyme, and E3,
a ubiquitin protein ligase (Figure 1-2) (Pickart, 2001). First, in an ATP-dependent reaction,
ubiquitin is activated at its C-terminal glycine 76 residue by forming a thioester bond to the
cysteine residue in the active site of E1 (Pickart, 2001). Ubiquitin is then transferred from E1 and
attached to E2, similarly at a cysteine residue within its active site, forming a thioester bond

(Pickart, 2001). E3 then catalyzes the transfers the ubiquitin either directly or indirectly from E2



to the substrate at its lysine residue or to another ubiquitin molecule previously linked to the
substrate (Berndsen & Wolberger, 2014).

Ubiquitin Ubiquitin d
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Figure 1-2. Overview of the process of ubiquitination. The covalent attachment of ubiquitin molecules to
protein is catalyzed by three distinct enzymes: E1, a ubiquitin activating enzyme, E2, a ubiquitin conjugating
enzyme, and E3, a ubiquitin protein ligase. Ubiquitin is first activated in an ATP dependent reaction and attached
to E1. Ubiquitin is then transferred from E1 to E2 to E3. E3 then catalyzes the direct or indirect transfer of
ubiquitin to the substrate. Modified from (Witting et al., 2017) with BioRender.com.

The human genome encodes for two E1 ubiquitin activating enzymes (UBA1 and UBAG),
38 E2 ubiquitin conjugating enzymes, and approximately 600—-1000 E3 ubiquitin protein ligases
(Ye & Rape, 2009). Currently, E3 ubiquitin protein ligases can be classified into three main classes
based upon the presence of specific domains and the mechanism of ubiquitin transfer: the Really
Interesting New Gene (RING) class, the Homologous to the E6-AP Carboxyl Terminus (HECT)
class, and the RING-between-RING (RBR) class (Buetow et al., 2016). The HECT and RBR class
of E3 ubiquitin protein ligases mediate the indirect transfer of ubiquitin to the substrate through
the formation of an E3-ubiquitin thioester intermediate (Berndsen & Wolberger, 2014). The RING
class are the most abundant type of E3 ubiquitin protein ligases that do not form a catalytic
intermediate with ubiquitin but facilitate direct ubiquitin transfer by bringing the E2 ubiquitin
conjugating enzyme and the substrate in close proximity (Buetow et al., 2016; Berndsen &
Wolberger, 2014).

The Cullin-RING E3 ubiquitin protein ligases are the largest subset of the RING class of
E3 ubiquitin protein ligases (Figure 1-3) (Nguyen et al., 2017). The Cullin-RING E3 ubiquitin
protein ligases are a multi-subunit protein complex consisting of the central molecular scaffold
cullin protein that serves as a docking site for other proteins to bind (Nguyen et al., 2017). At the
N-termini of cullin, there is a substrate-specific adaptor protein responsible for recruiting and
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binding substrates intended to be tagged with ubiquitin (Nguyen et al., 2017). At the C-termini of
cullin, there is a catalytic RING-box (Rbx) protein responsible for recruiting E2 ubiquitin
conjugating enzymes with bound ubiquitin (Nguyen et al., 2017). The human genome encodes for
seven cullin proteins, (Cull, Cul2, Cul3, Culda, Culdb, Cul5 or Cul7), two RING-box proteins
(Rbx1 and Rbx2), and a diverse array of substrate adaptors (Nguyen et al., 2017).

/‘\
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Rbx | Adaptorl
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Figure 1-3. Schematic of the Cullin-RING E3 ubiquitin protein ligase. The Cullin-RING E3 ubiquitin protein
ligases are a largest subset of the RING class of E3 ubiquitin protein ligases. The Cullin-RING E3 ubiquitin
protein ligases are a multi-subunit protein complex consisting of a central cullin protein, an adaptor protein, and
a RING-box protein, which collectively function to directly transfer ubiquitin to the bound substrate. Modified
from (Nguyen et al., 2017) with BioRender.com.
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1.3 Deubiquitination

It is important to note that the process of ubiquitination is reversible (Micel et al., 2013).
The process of cleaving ubiquitin from substrates by deubiquitinating enzymes (DUBS) is
called deubiquitination (Micel et al., 2013). Deubiquitination involves the hydrolysis of the
isopeptide bond between ubiquitin molecules or the isopeptide bond between ubiquitin and the
substrate (Nininahazwe et al., 2021). DUBs are critical components of the ubiquitin-proteasome
degradation pathway that regulate the removal of ubiquitin from substrates after initiation of
degradation by the 26S proteasome, promoting the regeneration and release of free ubiquitin
(Ristic et al., 2014). In contrast, DUBs can also function to remove ubiquitin prior to initiation and
commitment to degradation by the 26S proteasome (Micel et al., 2013). This reversion of the
proteolytic ubiquitin signal rescues substrates from degradation promoting their stability within
the cell (Micel et al., 2013). Additional functions of the DUBs besides ubiquitin recycling and
reversion of the ubiquitin signal, proteolytic or non-proteolytic, include processing of ubiquitin
precursors to produce active, monomeric, and free ubiquitin molecules, as well as, proofreading
and editing ubiquitin chains promoting an alternative ubiquitin signal (Figure 1-4) (Micel et al.,
2013; Ristic et al., 2014; Pozhidaeva & Bezsonova, 2019).

The human genome encodes more than 100 DUBs which can be divided into seven families
based upon sequence and structural similarity (Valles et al., 2020; Nininahazwe et al., 2021). The
ubiquitin specific proteases (USPs) are the largest family of DUBs comprised of 56 members and
are classified as cysteine proteases defined by their highly conserved catalytic triad comprised of
a cysteine residue, a histidine residue, and an aspartic acid residue within their active site
(Nininahazwe et al., 2021). Additional DUBs classified as cysteine proteases include the ubiquitin
carboxyl-terminal hydrolases (UCHs), Machado Joseph Diseases (MJD) proteases, ovarian tumor
(OTU) proteases, zinc finger UB-specific proteases (ZUP), and monocyte chemotactic protein-
induced proteins (MCPIP) (Nininahazwe et al., 2021). Metalloproteases are another class of DUBs
defined by their dependence on zinc and consists of the JABL/MPN/Mov34 metalloenzyme
(JAMM) (Nininahazwe et al., 2021).
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Figure 1-4. Overview of diverse functions of DUBs. DUBs function to process ubiquitin precursors, reverse
both proteolytic and non-proteolytic signals, and proofread and edit ubiquitin chains. Modified from (Komander

et al., 2009) with BioRender.com.
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1.4 Degradation via the 26S Proteasome

The addition of a polyubiquitin chain with K48 linkages tags substates for recognition and
degradation by the 26S proteasome (Sun & Chen, 2004). The 26S proteasome is a 2.5 MDa multi-
subunit complex located in the nucleus and cytosol (Schrader et al., 2009). The 26S proteasome is
composed of a catalytic hollow barrel-shaped 20S core component and two 19S regulatory
particles, which associate with the ends of the 20S core (Schrader et al., 2009). The 19S regulatory
particles consist of two substructures, a lid and a base comprised of multiple subunits that
contain ubiquitin binding sites, ATPase active sites, and deubiquitinating activity (Mani &
Gelmann, 2005; Schrader et al., 2009). The 19S lid is involved in substrate recognition and
preparation, whereas the 19S base is involved in ATP-dependent unfolding and gate opening, as
well as translocation of the substrate to the 20S core component (Murata et al., 2009; Mani &
Gelmann, 2005). The 20S core component is composed of four stacked heptameric rings (Lecker
et al., 2006). The two outer a- rings of the stack consist of seven a subunits each, which function
to form a narrow gate regulating access of substrates into the proteolytic interior cavity (Lecker et
al., 2006; Murata et al., 2009). The two inner 3 rings of the stack which form the proteolytic interior
cavity similarly consist of seven B subunits, however only three of the subunits of each B ring
contain proteolytic active sites positioned towards the interior of the cavity (Lecker et al., 2006).

Recognition of proteins with K48-linked polyubiquitin chains is mediated by subunits of
the 19S lid containing ubiquitin-binding domains (Schrader et al., 2009). Upon binding and
commitment to degradation, deubiquitinating enzymes, either those that are subunits or reversibly
associate with the 19S cap, cleave the ubiquitin tag (Schrader et al., 2009). Some deubiquitinating
enzymes act by cleaving the entire polyubiquitin chain off of proteins, whereas others act by
sequentially trimming the polyubiquitin chain from the distal end (Schrader et al., 2009).
Deubiquitination is essential as the polyubiquitin chain has been suggested to hinder unfolding
and translocation of the polypeptide into the proteolytic core and allows free ubiquitin to be
regenerated and recycled (Schrader et al., 2009). After recognition and deubiquitination, proteins
are unfolded by the action of the 19S subunits containing ATPase activity (Lecker et al., 2006).
Unfolding and linearization of proteins is required for translocation through the narrow-gated
channel of the 20S outer ring into proteolytic interior core cavity (Lecker et al., 2006). After entry
into the 20S core, the polypeptide is cleaved by the six proteolytic active sites resulting in the

formation of small peptides, which are released from the 26S proteasome and subsequently



degraded into amino acids by cytosolic endopeptidases and exopeptidases to synthesize new

proteins or to yield energy (Lecker et al., 2006).



1.5 Speckle-Type POZ Protein (SPOP)
1.5.1 SPOP Function and Regulatory Impact

Speckle-type POZ protein (SPOP) discovered in 1997 and named after its discrete speckled
pattern in the nuclei and homology to the POZ domain, is a substrate adaptor protein associated
with the Cullin 3-RING E3 ubiquitin ligase complex (Nagai et al., 1997; van Geersdaele et al.,
2013). The primary function of SPOP within the Cullin 3-RING E3 ubiquitin ligase complex is to
recruit and bind substrates destined to be tagged with ubiquitin and promote their degradation by
the 26S proteasome (Figure 1-5) (Mani, 2014).
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( cullin3 ) ( cullin3 )

Protein Degradation + Ubiquitin Regeneration

Figure 1-5. SPOP is associated with the Cullin 3-RING E3 ubiquitin ligase complex. SPOP is substrate
adaptor protein associated with the Cullin 3-RING E3 ubiquitin ligase complex, that mediates the ubiquitination
and degradation of its target substrates via the 26S proteasome. Schematic created with BioRender.com.

Within this complex, SPOP regulates the cellular persistence of several substrates such as
the death domain-associated protein (DAXX) involved in apoptosis, the pancreatic duodenal
homeobox-1 (PDX1) involved in the development of the pancreas, and the androgen receptor (AR)
involved in hormone-dependent signaling (Table 1-1) (Mani, 2014; Kwon et al., 2006; Liu et al.,
2004; Anetal., 2014). Additional cellular processes and functions regulated by SPOP by targeting
its substrates for ubiquitination and proteasomal degradation include cellular senescence,
transcription, cell cycle progression, DNA damage response, and epigenetic regulation (Mani,
2014). It is important to note in some cases, SPOP delegates non-proteolytic regulatory functions
on select substrates by promoting the attachment of other forms of ubiquitination (Mani, 2014).
For instance, ubiquitination of the histone variant, MacroH2A1.2 by the SPOP-Cullin 3-RING E3
ubiquitin ligase complex results in its deposition onto the X chromosome leading to stable
inactivation (Takahashi et al., 2002; Hernandez-Munoz et al., 2005). Similarly, B cell-specific
Moloney murine leukemia virus integration site 1 (BMI1), a component of the Polycomb
Repressive Complex 1 (PRC1) is an additional substrate of SPOP, where ubiquitination of BMI1
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serves a regulatory function related to recruitment to the X chromosome and remodelling rather

than degradation by the 26S proteasome (Hernandez-Munoz et al., 2005).

Table 1-1. List of SPOP substrates. 2 SB = SPOP Binding. ® SB motif of PDX1 has two mismatch deviations.
Retrieved from (Cuneo & Mittag, 2019).

Substrate SB maotifs® Substrate function

Androgen receptor 5] Muclear receptor related
astrogen receptor 2 Muclear receptor related
Progesterons receptor 5] Muclear receptor related
TRIMZ24: tripartite motif-containing 24 4 Muclear receptor related

SRC3 12 Muclear receptor related
BRDZ2/3/4: bromo domain-containing proteins 218 Epigenetic/chromatin remodelling
BMIT: B ymphoma Mo-MLV insertion region 1 homolog 3 Epigenetic/chromatin remodelling
Histone variant MacroH2A 2 Epigenatic/chromatin remodelling
SETD2: histone-lysine N-methyltransferase 25 Epigenetic/chromatin remodelling
GLYR1: ghyoxylate reductase 1 homolog 1 Epigenetic/chromatin remodelling
SCAF1: SR-related CTD-aszociated factor 1 13 Mucleic acid transactions

WIZ: widely interspaced zinc finger motifs 2 Mucleic acid transactions

DEK: DEK proto oncogene 1 Mucleic acid transactions
BAMST: breast cancer metastasis-suppressor 1 Transcription

PDX1: pancreatic and duodenal homeobox 1" Transcription

MANOG: homeobox transcription factor 5] Transcription

CAPRINT: cell cyole-associated protein 1 & Cell cycle

CDC20: cell division cycle protein 20 homalog 2 Cell cycle

Cyclin E1 2 Call cycle

chdYC: Mye proto-oncogene pratein 5] Cell cycle

DAXK ! Cell cycle

ERG: ETS transcription factor 3 Cell cycle {transcription}
Gh2/Gl3: glioma-associated oncogene family zine finger 89 Transcription

DUSPE/7: dualspecificity phosphatase 212 Phosphataze/call signalling

PTEM 2 Phosphataseftumour suppressar
INF2: inverted formin, FH2 and WH2 domain containing 5 Cytoskelstan
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1.5.2 SPOP Structure

SPOP is a 374 amino acid residue protein with a molecular mass of 42 kDa located
primarily in the nucleus (Zhuang et al., 2009). It is comprised of four distinct domains: an N-
terminal meprin and TRAF-C homology (MATH) domain consisting of amino acid residues 28-
166, an internal bric-a-brac, tramtrack and broad complex (BTB) domain also known as POZ
domain, consisting of amino acid residues 177-296, a C-terminal Kelch (BACK) domain
consisting of amino acid residues 296-359, and a C-terminal nuclear localization domain
consisting of amino acid residues 359-374 (Figure 1-6A) (Zhuang et al., 2009; Errington et al.,
2012; van Geersdaele et al., 2013; Cuneo & Mittag, 2019).

The MATH domain of SPOP mediates substrate recognition and binding and has been
identified as the site containing majority of cancer associated SPOP mutations (Figure 1-6B)
(Zhuang et al., 2009; Barbieri et al., 2012). The MATH domain consists of a sandwich of two
antiparallel B-sheets that form a central shallow groove that is the recognition and binding site of
substrates possessing SPOP binding consensus (SBC) motifs (Zhuang et al., 2009). The SBC motif
is a five-residue linear motif with the consensus sequence: ¢-n-S/T-S/T-S/T, where ¢ = nonpolar,
n = polar, , S = serine, T = threonine) (Zhuang et al., 2009). The interaction between the MATH
domain of SPOP, more specifically, the amino acid residues Tyr®’, Phe'%, Tyr'% Trp3, and
Phe®3 and the SBC motifs of substrates consist of hydrophobic and polar interactions (Zhuang et
al., 2009). Albeit the SBC motif is a fundamental component for substrate recognition and binding
to the MATH domain of SPOP, the interface between SPOP and its substrates have previously
shown to extend beyond the core SBC motif (Ostertag et al. 2019).

The BTB domain of SPOP mediates Cullin 3 interaction and is involved in SPOP
dimerization (Figure 1-6C) (Zhuang et al., 2009). The BTB domain contains an a3-p4 loop that
possesses a core ¢-x-E motif (¢ = hydrophobic residue, often methionine or leucine, x = non-
conserved residue, and E = glutamic acid) (Errington et al., 2012). The ¢-x-E motif corresponds
to the residues Met?®3, Gluz**, and Glu?*®, where residue Met?** has been identified to be a critical
residue mediating Cullin 3 and SPOP interactions (Errington et al., 2012). In addition to facilitating
Cullin 3 interaction, the BTB domain, more specifically, the hydrophobic interface involving
residues Leu'®, Leu®®, L% and Ile?!’, enables dimerization of SPOP (Zhuang et al., 2009). The
resulting SPOP dimer engages two Cullin 3 molecules forming a 2:2 complex that possesses two

substrate-binding sites from SPOP and two catalytic cores from the Cullin 3-RING-box 1 complex
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(Zhuang et al., 2009; Mani, 2014). Mutations of the hydrophobic contacts that promote
dimerization of SPOP do not alter Cullin 3 interactions but significantly reduce ubiquitination
activity (Zhuang et al., 2009).

The BACK domain of SPOP extends the Cullin 3 binding surface enhancing interaction
between Cullin 3 and SPOP (Figure 1-6D) (Zhuang et al., 2009; Errington et al., 2012). The
BACK domain is contiguous with the BTB domain and contains a paired a-helix motif termed the
3-box (Zhuang et al., 2009; Errington et al., 2012). The 3-box is analogous to the F-box and SOCS
box present in other adaptor proteins bound to cullin such as Skp1-Cullin 1 and EloC-Cullin 5,
respectively, that functions to extend the interaction surface (Zhuang et al., 2009). The BACK
domain also promotes dynamic high-order oligomerization of SPOP (Errington et al., 2012). The
BACK domain of SPOP resembles the N-terminal portion of the BACK domain of Kelch-type
adaptors also associated with Cullin 3 (van Geersdaele et al., 2013). The BACK domain of Kelch-
type adaptors consists of 3—4 repeats of a paired a-helix motif followed by the Kelch repeat
substrate binding domain (Errington et al., 2012). In SPOP, the 3-box corresponds to the first
paired a-helix repeat within the BACK domain of Kelch-type Cullin 3 adaptors, however, as
previously mentioned in SPOP, the substrate binding MATH domain is N-terminal to the BTB
domain (Errington et al., 2012). Albeit, the BACK domain of Kelch-type adaptors has not been
shown to promote high order oligomerization, the atypical truncated BACK domain of SPOP
directs the formation of high order oligomerization (van Geersdaele et al., 2013; Errington et al.,
2012).

Collectively, SPOP possesses two types of oligomerization domains: the BTB domain and
BACK domain, that function together to form multimeric (>25mers), high molecular mass
(>500 kDa) SPOP oligomers that dynamically associate and dissociate in a concentration
dependent manner (Figure 1-6E and Figure 1-6F) (Errington et al., 2012; van Geersdaele et al.,
2013; Marzahn et al., 2016). Moreover, each BTB domain in a SPOP oligomer can recruit a Cullin
3-RING-box 1 complex, generating a SPOP-Cullin 3-RING-box 1 oligomer that augments the rate
and processivity of substrate ubiquitination compared to SPOP-Cullin 3-RING-box 1 dimers
(Figure 1-6G) (Errington et al., 2012). Oligomerization results in increased ubiquitination
efficiency of the SPOP-Cullin 3-RING E3 ubiquitin ligase complex through the presentation of
multiple binding sites and catalytic centers for substrates, as well as preassembly of optimal

conformation of components within the complex (Errington et al., 2012).
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Figure 1-6. SPOP domain, structure, and organization. (a) Schematic of the domains of SPOP. (b) Green
ribbon representation of the crystal structure of the SPOP MATH domain with a substrate peptide shown in
yellow. (c) Ribbon representation of the crystal structure of the SPOP BTB domain dimer, with one monomer
shown in red and the other grey. (d) Ribbon representation of the crystal structure of the SPOP BACK domain
dimer, with one monomer shown in blue and the other in grey. () A schematic diagram depicting the high-order
oligomerization of SPOP. (f) Model of the SPOP oligomer. (g) Model of the SPOP and Cullin 3 oligomer, where
the cullin component is shown in orange. Modified from (Marzahn et al., 2016; Cuneo & Mittag, 2019; Zhuang
et al., 2009; Errington et al., 2012; van Geersdaele et al., 2013).
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1.5.3 SPOP and its Role in Cancer

In recent years, the role of SPOP in cancer development and progression, has gained
significant attention and investigation (Clark & Burleson, 2020). The majority of studies
examining the role of SPOP in cancer development has been in the context of prostate cancer
(Clark & Burleson, 2020). SPOP was first identified as a statistically significant mutated gene in
a study detecting somatic mutations in 58 human primary prostate tumour samples using mismatch
repair detection (MRD) technology (Kan et al., 2010). Genome-wide sequencing studies have
further revealed that SPOP is the most frequently mutated gene in 10% of primary prostate cancers
(Barbieri et al., 2012). Mutations in SPOP associated with prostate cancer have been identified
within the substrate binding MATH domain as recurrent missense mutations in specific amino acid
residues; the residue phenylalanine 133 being the most frequently mutated (Figure 1-7) (Cuneo &
Mittag, 2019; Mani, 2014). Mutations in the MATH domain of SPOP disrupt substrate recognition
and binding, and consequently, allows substrates to escape ubiquitination and their fate of
degradation (Batra & Lai, 2014). As mentioned previously, maintaining protein homeostasis is
essential for normal cellular function, development, and viability (Kevei & Hoppe, 2014).
Dysregulation of the ubiquitin-proteasome degradation pathway as a result of loss of function
mutations of SPOP, leads to increased cellular persistence of its substrates implicated in essential
cellular processes, and ultimately promotes the progression of prostate cancer (Cuneo & Mittag,
2019).

A Prostate cancer-associated mutations

2 g0 F133VIL
2
8
3 Flo2cy W131G
b YB7CINe T Fio5
O 0 . . - w & ° “ .
. T
0 100 200 300 374 aa
SPOP sequence

Figure 1-7. Schematic of the prostate-cancer associated mutations in SPOP. Prostate cancer-associated
missense mutations are localized primarily in the SPOP MATH substrate binding domain. Retrieved from
(Cuneo & Mittag, 2019).

A well characterized example in which SPOP mutations contribute to prostate cancer
development is by affecting androgen receptor (AR) stability and activity (Batra & Lai, 2014).

The AR is a member of the nuclear receptor superfamily and is essential for normal prostate cell
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growth and development, as well as for the initiation and progression of prostate cancer (Li et al.,
2014). Prostate cancer associated mutations in the MATH domain of SPOP, allow the AR to escape
SPOP-mediated 26S proteasome degradation and thus, AR activity and downstream signalling is
maintained (Anetal., 2014). SRC-3, atranscriptional co-activator for hormone-activated androgen
receptor, is a member of the p160 SRC family and similar to the AR, is a substrate of SPOP (Mani,
2014). Mutations in SPOP prevent ubiquitination and degradation of SRC-3 resulting in its
accumulation within the cell (Geng et al., 2013). Stabilization of SRC-3 increases the
transcriptional activity and signalling of AR, consequently promoting prostate cancer development
(Geng et al., 2013). In addition to promoting the stability of the AR and SRC-3, prostate cancer-
associated SPOP mutants promote the stability of other oncogenic substrates due to decreased
ubiquitination and proteasomal degradation such as but not limited to: DEK proto-oncogene
(DEK)), tripartate motif containing 24 (TRIM24) and the bromodomain-containing 2/3/4 proteins
(BRD2/3/4), cell division cycle protein 20 homolog (Cdc20), ETS Transcription Factor ERG
(ERG), and Cyclin E1 (CCNEL) (Theurillat et al., 2014; Groner et al., 2016; Zhang et al., 2017,
Wu et al., 2017; Gan et al., 2015; Ju et al., 2019).

SPOP has also been linked to other cancers such as endometrial, kidney, thyroid, colorectal,
breast, lung, and ovarian cancers (Clark & Burleson, 2020; Wang et al., 2020). However, the type
of mutation in the SPOP gene and the prevalence of the mutation varies depending on the cancer
subtype (Table 1-2). It is important to highlight that the biological function of SPOP as a tumour
suppressor or an oncogene varies depending on the cancer subtype, the differential expression and
availability of SPOP substrates, as well as expression levels of SPOP (Mani, 2014; Clark &
Burleson, 2020; Wang et al., 2020). In the context of prostate cancer, SPOP is a mutated tumor
suppressor gene, however in the context of kidney cancer, SPOP has a tumor promoting role (Mani,
2014; Wang et al., 2020).
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Table 1-2. List of SPOP alterations in different cancer subtypes. Retrieved from (Cuneo & Mittag, 2019).

Organ Type(s) of Alteration(s)
Prostate ~ Missense Mutations, Loss of Expression
Endometrium Missense Mutations, Loss of Expression
Breast Loss of Expression
Brain Loss of Expression
Colorectal Loss of Expression
Gastric Loss of Expression
Kidney Overexpression, Cytoplasmic
Localization
Liver Missense Mutations
Ovary Amplification, Deletion
Thyroid Missense Mutations
Lung Loss of Expression

Recurrent missense mutations in SPOP have been identified in approximately 5% of
endometrial cancer patients (Cuneo & Mittag, 2019). However, unlike in prostate cancer, the
recurrent missense mutations are located outside of the central substrate binding cleft of the MATH
domain (Cuneo & Mittag, 2019). Studies have shown these mutations in SPOP associated with
endometrial cancer act as loss of function mutations, decreasing ubiquitination of substrates such
as estrogen receptor (ER) but also surprisingly act as gain of function mutations, enhancing
ubiquitination of other substrates such as SRC-3 (Cuneo & Mittag, 2019). The molecular
mechanism of differential function of SPOP towards substrates remains unknown (Cuneo &
Mittag, 2019). Overexpression of SPOP and mislocalization of SPOP to the cytoplasm instead of
the nucleus are associated with kidney cancer (Cuneo & Mittag, 2019; Wei et al., 2018). This
results in SPOP-mediated ubiquitination of non-target SPOP substrates containing SBC motifs
such as dual-specificity phosphatases (DUSPs) promoting tumorigenesis (Wei et al., 2018; Cuneo
& Mittag, 2019). Loss of expression or down regulation of SPOP has been implicated in breast
cancer initiation, proliferation, and progression, as a result of increased cellular persistence of
progesterone receptors (PRs) promoting dysregulated PR signaling upon increased progestogen
binding (Gao et al., 2015; Wei et al., 2018).
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1.6 Ubiquitin-Specific Protease 7 (USP7)
1.6.1 USP7 Function and Regulatory Impact

Ubiquitin-specific protease 7 (USP7), also known as Herpesvirus associated ubiquitin-
specific protease (HAUSP) is one of most extensively studied deubiquitinating enzymes found to
interact with a diverse array of viral proteins, as well as cellular proteins regulating their stability,
and accordingly has been implicated in several biological processes such as viral replication and
infection, epigenetic regulation, DNA repair, transcription, tumour suppression, DNA damage
response, and immunity (Table 1-3) (Pozhidaeva & Bezsonova, 2019; Bojagora & Saridakis,
2020; Al-Eidan et al., 2020). USP7 was initially discovered and characterized in the 1990s, as a
binding partner of the herpes simplex virus type 1 (HSV-1) regulatory protein, infected cell
polypeptide O (ICPOQ), previously known as Vmw110 (Everett et al., 1997). Following its
discovery, additional viral binding partners of USP7 have been identified including the viral
interferon regulatory factor 1 protein (vVIRF1) of Kaposi’s sarcoma associated herpesvirus (KSHV)
and Epstein-Barr nuclear antigen 1 (EBNA1) of Epstein-Barr virus (EBV) (Chavoshi et al., 2016;
Holowaty et al., 2003). The first cellular substrate identified to be deubiquitinated and stabilized
by USP7 was the tumor suppressor protein p53 (Li et al., 2002). Since then, the list of USP7
cellular substrates continues to grow and includes transcription factors such as forkhead box O4
(FOXO04) and nuclear factor E2-related factor 1 (Nrfl), E3 ubiquitin protein ligases such as
checkpoint with forkhead and RING finger domain (CHFR) and mouse double minute 2 homolog
(MDM2), as well as epigenetic regulators such as lysine-specific demethylase 1 (LSD1) and DNA
methyltransferase 1 (DNMT1) (van der Horst et al., 2006; Han et al., 2021; Oh et al., 2007; Li et
al., 2004; Yi et al., 2016; Cheng et al., 2015) It is important to note that although USP7 is well
known for regulating the stability of its cellular substrates by removing the proteolytic ubiquitin
signal corresponding to degradation mediated by the 26S proteasome, it also regulates the activity
and localization of cellular substrates by removing non-proteolytic ubiquitin signals (Figure 1-8)
(Bojagora & Saridakis, 2020; Pozhidaeva & Bezsonova, 2019).
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Table 1-3. List of USP7 substrates/binding partners. Retrieved from (Pozhidaeva & Bezsonova, 2019).

Substrate name
Transcription factors
pa3

HDM2

Rb

FOX(O)3

FOX(OM

PTEN

[B-catenin

PPARY

N-Myc

DNA replication/Cell cycle control
CHEFR

Bub3

SUMO

DNA damage response/DNA repair
DAXX

Polymerase 1)
HLTF

Rad18

Clapsin

Chk1

UVSSA

Mule/ARE-BP1

Substrate name
Epigenetic control of gene expression
RINGI1B

Bmil

Histone H2B
DNMT1

UHRF1

RNF168

MLLS

Tip60

UbEZE1

PHF&

Telomere proteins
TPP1

Immune response
NIFxB

TRAF6

KKy

TRIM27

Viral proteins
EBNAI from EBV
ICPO from HSV-1
vIRF1 from KSHV

vIRF4 from KSHV
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Figure 1-8. Overview of USP7 regulatory roles. USP7 regulates the stability, activity, and localization of its
substrates by removing the ubiquitin signal. Schematic created with BioRender.com.
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1.6.2 USP7 Structure

USP7 is a 1102 amino acid residue protein with a molecular mass of 135 kDa located
primary in the nucleus (Pozhidaeva & Bezsonova, 2019; Nininahazwe et al., 2021). USP7 is
composed of three distinct domains: the N-terminal tumor necrosis factor receptor—associated
factor (TRAF)-like domain consisting of amino acid residues 63-205, followed by the central
catalytic core domain (CAT) consisting of amino acid residues 208-560, and the carboxy-terminal
domain (CTD) consisting of amino acid residues 562—-1102, which is comprised of five tandem
ubiquitin-like (Ubl 1-5) subdomains (Figure 1-9A and Figure 1-9B) (Pozhidaeva & Bezsonova,
2019; Nininahazwe et al., 2021).

The N-terminus of USP7, required for localization to the nucleus, is comprised of an
unstructured region of approximately 50 amino acid residues containing a polyglutamine stretch,
followed by the TRAF-like domain (Valles et al., 2020). The N-terminal TRAF-like domain
represents one of the two interaction sites of USP7 (Figure 1-9C) (Valles et al., 2020). The N-
terminal TRAF-like domain consists of an eight-stranded, anti-parallel 3-sandwich fold, which
mediates recognition and binding of various substrates/binding partners such as but not limited to
p53, Epstein-Barr nuclear antigen 1 (EBNAZ1), murine double minute 2 (MDMZ2), ubiquitin-
conjugating enzyme E2 E1 (UbE2E1), DEAD-box helicase 24 (DDX24), and mini-chromosome
maintenance complex-binding protein (MCM-BP) (Saridakis et al., 2005; Sheng et al., 2006;
Sarkari et al., 2013; Georges et al., 2018; Jagannathan et al., 2014). Substrates of USP7 that
interact with the TRAF-like domain possess a common P/A/ExxS motif (where P = proline, A =
alanine, E = glutamic acid, x = any amino acid, and S = serine) (Saridakis et al., 2005; Sheng et
al., 2006). This P/A/ExxS motif is recognized by USP7 through the *DWGF®" motif (where D
= aspartic acid, W = tryptophan, G = glycine, and F = phenylalanine) located in (3-strand 7 which
lines the shallow grove on the surface of the TRAF-like domain (Saridakis et al., 2005; Sheng et
al., 2006; Sarkari et al., 2013). The Asp*®* and Trp*®° residues within the **DWGF*’ motif are
essential for mediating the interaction between USP7 and its substrates/binding partners; mutations
of these residues have been shown to abolish interactions (Sarkari et al., 2013).

The central CAT domain of USP7 is responsible for binding ubiquitin and harbours the
active site where hydrolysis of the isopeptide bond between ubiquitin and the substrate occurs
(Nininahazwe et al., 2021). The CAT domain of USP7 adopt a right hand-like architecture formed
by three subdomains referred to as “fingers, thumb, and palm” (Hu et al., 2002). The finger
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subdomain is where ubiquitin binding occurs. The hydrophobic cleft between the thumb and palm
subdomains is where the catalytic triad of USP7 consisting of residues Cys??%, His** and Asp*8!
is located (Hu et al., 2002). The Cys?? residue of the triad performs the nucleophilic attack of the
isopeptide bond between ubiquitin and the substrate, upon deprotonation by His** residue which
functions as a proton acceptor. The Asp*! residue within this triad functions to restrict rotation
and stabilize the sidechain of the His*®* residue (Pozhidaeva & Bezsonova, 2019; Nininahazwe et
al., 2021). Studies have shown that the active site within the catalytic domain of USP7 exists in an
inactive conformation, where the residues of the catalytic triad are misaligned and non-reactive
(Kim et al., 2016; Faesen et al., 2011). Upon binding of ubiquitin, the CAT domain undergoes an
active conformational change that results in the alignment of the catalytic triad enabling its
deubiquitination activity (Faesen et al., 2011). The conformational change of the CAT domain
upon ubiquitin binding involves the interaction of a small loop near the active site of USP7 also
referred to as the “switching loop” consisting of residues 285-291 with the CTD of USP7 (Faesen
etal., 2011).

The CTD of USP7 functions as an additional interaction site and enhances the catalytic
activity of USP7 (Pozhidaeva & Bezsonova, 2019; Valles et al., 2020). The C-terminal domain of
USP7 consists of an a-helix connecting the CAT domain to its five Ubl subdomains (Ubl1-5),
which exhibit the common B-grasp ubiquitin fold structure, despite having low sequence similarity
to ubiquitin and to each other (Kim et al., 2016; Valles et al., 2020) The Ubl1-5 subdomains are
organized into a 2:1:2 configuration, where Ubl1 closely associates with Ubl2 (Ubl12), UbI3 is
separated from Ubl2 and Ubl4 by flexible linker regions, and Ubl4 closely associates with Ubl5
(Ubl45) (Nininahazwe et al., 2021). The Ub12 subdomain represents the second interaction site of
USP7 (Pfoh et al., 2015) (Figure 1-9D). More specifically the " DELMDGD"%* motif (where D
= aspartic acid, E = glutamic acid, L = leucine, M = methionine, and G = glycine) located in a loop
ahead of B-strand 4 interacts with substrates/binding partners possessing a highly conserved
KxxxK motif (where K = lysine and x = any amino acid) (Pfoh et al., 2015). The lysine residues
in the KxxxK motif directly interact with the Asp’6?and Asp®* residues in the " DELMDGD"%
motif; mutations of the lysine or aspartic acid residues have shown to decrease binding, revealing
that these residues are essential for mediating interaction between USP7 and its substrates/binding
partners (Pfoh et al., 2015). Substrates/binding partners shown to interact with the CTD of USP7
include ICPO, enhancer of zeste homolog 2 (EZH2), ring finger protein 169 (RNF169), ubiquitin-
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like with PHD and RING finger domains 1 (UHRF1), and DNA methyltransferase 1 (DNMT1)
(Pfoh et al., 2015; Gagarina et al., 2020; An et al., 2017; Zhang et al., 2015; Cheng et al., 2015).
Not only does the CTD of USP7 mediate recognition and interaction of substrates/binding partners,
the CTD domain of USP7 also promotes increased catalytic activity of USP7 (Faesen et al., 2011).
Previous studies have shown compared to full-length USP7, the isolated CAT domain of USP7
has weak intrinsic deubiquitinating activity (Faesen et al., 2011; Rougé et al., 2016; (Kim et al.,
2016). Further investigation revealed in order to achieve efficient deubiquitinating activity, the
direct interaction of the CAT domain with the CTD domain, specifically the Ubl45 subdomain is
required (Faesen et al., 2011).
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Figure 1-9. USP7 domain, structure, and organization (a) Schematic of the domains of USP7. (b) A model
of full-length USP7, where the N-terminal TRAF-like domain is shown in purple, the CAT domain is shown in
dark blue/purple, and the C-terminal domain containing five ubiquitin-like subdomains, where Ubl1 is shown in
light blue, Ubl2 is shown in green, Ubl3 is shown is yellow, Ubl4 is shown in orange, and UbI5 is shown in red.
(c) A model of the Ubl2 subdomain shown in green interacting with a substrate peptide shown in black containing
the USP7 binding motif: KxxxKxK. Please note the Ubl2 subdomain can also bind substrates containing the
USP7 binding motif: KxxxK. (d) A model of the TRAF-like domain shown in purple interacting with a substrate
peptide shown in black containing the USP7 binding motif: P/AxxS. Please note the TRAF-like domain can also
bind substrates containing the USP7 binding motif: P/A/ExxS. Modified from (Pozhidaeva & Bezsonova, 2019)
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1.6.3 USP7 and its Role in Cancer

As mentioned previously, USP7 regulates the stability, activity, and localization of various
substrates involved in essential cellular processes such as cell cycle control, DNA damage
response, tumour suppression, and epigenetic regulation (Pozhidaeva & Bezsonova, 2019;
Bojagora & Saridakis, 2020; Al-Eidan et al., 2020). Dysregulation of such substrates as a result of
overexpression or aberrant activation of USP7 has been implicated in cancer initiation and
progression (Nininahazwe et al., 2021). In fact, USP7 has been found to be overexpressed in a
wide variety of cancers such as prostate, breast, lung, ovarian, esophageal, and cervical cancer
(Nininahazwe et al., 2021; Hu et al., 2018; Qin et al., 2016). A well characterized example in which
USP7 contributes to prostate cancer development is by affecting androgen receptor (AR) stability
and activity (Chen et al., 2015). In prostate cancer cells, USP7 has been reported to interact with
and mediate AR deubiquitination in an androgen-dependent manner, promoting its stabilization
(Chen et al., 2015). Moreover, USP7 has been identified as a co-regulator of AR, facilitating the
binding of androgen-activated AR to the chromatin resulting in expression of genes involved in
cell proliferation or differentiation (Chen et al., 2015). An additional well-established substrate of
USP7 implicated in prostate cancer is enhancer of zeste homolog 2 (EZH2) (Lee et al., 2020).
EZH2 is a component of the polycomb repressor complex 2 (PRC2), which mediates the
trimethylation of histone 3 at lysine 27 (H3K27) resulting in the silencing of genes involved in cell
fate decision, cell differentiation, cell cycle regulation, and senescence (Chang & Hung, 2012). In
prostate cancer cells, USP7 overexpression had been reported to directly correlate with tumor
aggressiveness and promote cell migration, invasion, and sphere formation partly as a result of
EZH2 stabilization (Song et al., 2008; Lee et al., 2020). Phosphatase and tensin homolog (PTEN)
is another example of a USP7 substrate implicated in prostate cancer as well as leukemia (Song et
al., 2008; Morotti et al., 2014) PTEN is a tumor suppressor that localizes to the nucleus upon
monoubiquitination where it functions to maintain genomic integrity and suppress cell growth
(Song et al., 2008; Morotti et al., 2014). However, upon deubiquitination by USP7, PTEN is
excluded from the nucleus and shuttled into the cytoplasm where it accumulates and is unable to
perform its nuclear function (Song et al., 2008; Morotti et al., 2014). In breast cancer, USP7 has
also been shown to deubiquitinate and stabilize histone demethylase PHD finger protein 8 (PHF8),
leading to the upregulation of cyclin A2, which subsequently activates cyclin dependent kinase 2

(CDK2) and cyclin dependent kinase 1 (CDK1) resulting in cell growth and proliferation (Wang
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et al., 2016). Moreover, in non-small cell lung cancer, USP7 promotes cell proliferation through
the deubiquitination and stabilization of Ki-67 protein which is implicated in the progression of
mitosis (Zhang et al., 2016)
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1.7 Thesis Rationale, Objective, and Approach

Prostate cancer is the most common cancer among Canadian men and is the third leading
cause of death (“Prostate cancer statistics: Canadian Cancer Society,” 2020). Androgen
deprivation therapy, which functions to decrease the circulating levels of androgens, is commonly
used to treat prostate cancer, however, yields temporary effectiveness, as patients typically develop
and progress to castration-resistant forms of prostate cancer caused by various mechanisms such
as overexpression of AR leading to androgen-hypersensitivity or mutations in AR resulting in
androgen-independent activation (Wadosky & Koochekpour, 2016). These limitations in AR
targeted therapies highlight the significance in developing alternative therapeutic targets in the
treatment of prostate cancer. Genome-wide sequencing studies have revealed that SPOP is the
most frequently mutated gene in primary prostate cancers (Barbieri et al., 2012). Moreover, USP7
has been reported to be overexpressed in prostate cancer and is directly correlated to tumor
aggressiveness. These findings together suggest USP7 and SPOP may be potential and promising
therapeutic targets in the treatment of prostate cancer. Hence, the objective of this project is to
identify novel substrates of SPOP and USP7, and characterize their mode of binding and regulation
to provide further insight on the molecular mechanisms in which SPOP and USP7 contribute to
prostate cancer development that may have potential in combination to be targeted therapeutically.

After years of extensive research on USP7, the Saridakis lab has newly discovered
sequence and structural similarity between the substrate binding N-terminal TRAF-like domain of
USP7 and the substrate binding MATH domain of SPOP (Figure 1-10 and Figure 1-11). In
addition, the SPOP binding consensus motif (¢-n-S/T-S/T-S/T, where ¢ = nonpolar and © = polar)
possessed by substrates of SPOP resembles the USP7 binding consensus motif (P/A/EXxS)
possessed by substates of USP7. Individual studies focused on identifying novel substrates of
USP7 and individual studies focused on identifying novel substrates of SPOP, also reveal many
overlapping substrates (Figure 1-12). Collectively, these findings provide a basis for selecting and
identify novel substrates of SPOP and USP7 by examining previously established substrates of
USP7 and SPOP, respectively.
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USP7 TRAF-like DOMAIN: *°!SRRISHLFFHKEN |DWGF|SNFMAWSEVTDPE!®?
SPOP MATH DOMAIN: HTMESQRAYRFVQGK|DWGF|KKFIRRDFLLDEA*¢

Figure 1-10. Sequence alignment of the USP7 TRAF-like domain and SPOP MATH domain. Complete
sequences of the TRAF-like domain of USP7 consisting of residues 68-195 (Q93009) and MATH domain of
SPOP consisting of residues 31-161 (04379) were retrieved from UniProt.

Figure 1-11. Structural alignment of USP7 TRAF-like domain and SPOP MATH domain. Ribbon
representation of the structural alignment of USP7 TRAF-like domain shown in blue and SPOP MATH domain
shown in green. Retrieved from (Helen Liu, 2019, unpublished).

In order to screen for potential novel substrates of SPOP and USP7, we performed a
bioinformatic search using the Eukaryotic Linear Motif (ELM) computational biology resource to
detect for SPOP binding consensus motifs (¢-n-S/T-S/T-S/T) in established USP7 substrates and
USP7 binding consensus motifs (P/A/ExxS) in established SPOP substrates. Here, we investigated
whether the SPOP substrate, sirtuin 2 (SIRT2), an NAD*-dependent deacetylase is a novel
substrate of USP7, and whether the USP7 substrate, murine double minute 2 (MDM2), an E3
ubiquitin protein ligase is a novel substrate of SPOP. The relationship between SPOP and MDMZ2,
as well as USP7 and SIRT2, were investigated by employing a combination of biochemical and
cell biology techniques as His-tagged based pulldowns, co-immunoprecipitations, SiRNA-
mediated knockdown, overexpression via transfection, and western blotting. The content of
Chapter 2 and Chapter 3 focus on exploring the relationship between SPOP and MDM2, and USP7
and SIRT2, respectively.
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Figure 1-12. Protein interaction map of USP7 and SPOP. Dashed lines represent proteins currently being

investigated as potential substrates of SPOP and USP7. Schematic created with BioRender.com.
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CHAPTER 2: Investigation of MDM2 as a Novel Substrate
of SPOP

2.1 Introduction
2.1.1 MDM2 Function

Murine double minute 2 (MDMZ2) discovered in 1987, is an oncogenic E3 ubiquitin ligase
of the RING class, which recruits and mediates the transfer of ubiquitin from an E2 ubiquitin
conjugating enzyme to its target substrate, regulating its stability, activity, and/or localization
(Cahilly-Snyder et al., 1987; Marine & Lozano, 2010). MDMZ2 is best known for its role as the
“master regulator” of the tumor suppressor, p53 (Momand et al., 2000). p53 is a transcription factor
commonly referred to as the “guardian of the genome” due to its ability to promote DNA repair,
senescence, or apoptosis in response to cellular stressors such as DNA damage by activating the
expression of its target genes (Shadfan et al., 2012). In the absence of such stressors, the
transcriptional activity and intracellular levels of p53 must be regulated to promote normal cell
growth and viability (Shadfan et al., 2012). As mentioned previously, MDM2 is a key regulator of
p53 (Momand et al., 2000). MDM2 negatively regulates p53 stability, activity, and localization
using various mechanisms (Zhao et al., 2014). First, MDM2 can bind to the transactivation domain
of p53 inhibiting its transcriptional activity of its target genes (Zhao et al., 2014). MDM2 also can
bind to and promote polyubiquitination of p53, corresponding to degradation via the 26S
proteasome (Zhao et al., 2014). Lastly, MDM2 can bind to and promote monoubiquitination of
p53, corresponding to nuclear export of p53, preventing activation of its target genes (Zhao et al.,
2014). Albeit p53 is a well-established substrate of MDMZ2, additional substrates of MDM2 have
been identified. For instance, MDM2 can interact with Numb, implicated in cell fate determination,
by promoting its relocalization to the nucleus (Juven-Gershon et al., 1998). MDM2 also binds to
the retinoblastoma (Rb) protein inhibiting its activity in promoting cell cycle arrest (Xiao et al.,
1995). Moreover, MDM2 can also bind to members of the FOXO (forkhead O) class of
transcription factors such as FOXO1 and FOXO3A promoting their ubiquitination and subsequent
degradation (Fu et al., 2009).
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2.1.2 MDM2 Structure

The human MDM2 gene is located on chromosome 12 (Hou et al., 2019). The full-length
mMRNA transcript of the MDM2 gene encodes a 491 amino acid residue protein with a molecular
weight of 90 kDa (Hou et al., 2019). It is important to note that the pre-MRNA transcript of the
MDM2 gene can also undergo alternative splicing producing an isoform with a molecular weight
of 75 kDa (Cheng & Cohen, 2006). MDM2 is composed of four distinct domains: the N-terminal
p53-binding domain, the central acidic domain and zinc finger domain, and the C-terminal RING
domain (Figure 2-1) (Zhao et al., 2014). The N-terminal p53-binding domain as its name suggests,
interacts with the p53 transactivation domain which functions to downregulate p53 transcription
activity (Zhao et al., 2014). The N-terminal p53-binding region can also mediate other protein-
protein interactions (Hou et al., 2019). The central region of MDM2 contains a nuclear localization
sequence (NLS) and nuclear export sequence (NES) which allows MDM2 to shuttle between the
cytoplasm and nucleus, as well as the acidic domain and zinc finger domain (Zhao et al., 2014).
The central acidic domain is the site of multiple post-translational modifications such as
phosphorylation as well as functions as an additional binding site of p53 (Priest et al., 2010;
Kulikov et al., 2006). The central zinc finger domain is the binding site of regulatory proteins such
as ribosomal proteins (Lindstrom et al., 2007). Collectively, the central acidic and zinc finger
domains regulate MDM2 function (Kawai et al., 2003; Lindstrom et al., 2007). The RING domain
is responsible for the E3 ubiquitin ligase activity of MDM2, which functions to recruit the E2
ubiquitin conjugating enzyme with bound ubiquitin to promote the ubiquitination of its substrate
(Priest et al., 2010). The RING domain also mediates MDM2 homodimerization and/or
heterodimerization with the homologous protein murine double minute 4 (MDM4) also known as
MDMX (Leslie et al., 2015). Similar to MDM2, MDMX also binds and regulates p53
transcriptional activity, however, lacks intrinsic E3 ubiquitin ligase activity (Leslie et al., 2015;
Zhao et al., 2014). MDMX is also involved in stabilizing MDM2 by inhibiting its self-
ubiquitination and thus, facilitates ubiquitination of p53 mediated by MDM2 and subsequent
degradation by the 26S proteasome (Zhao et al., 2014).

NES

H p53 Binding —— - —  Acidic — Zn ——{ RING [

1 100 NLS 200 280300 330 438 491

Figure 2-1. Schematic of the domains of MDM2. Modified from (Linke et al., 2008) with BioRender.com.
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2.1.3 Project Overview

Here, we investigated whether the USP7 substrate, MDM2, is a novel substrate of SPOP.
Initially, His-tagged based pulldowns were performed using purified wildtype and mutated HIS-
SPOP MATH domain constructs to determine if SPOP interacts with MDMZ2 and the specific
amino acid residues required for this interaction. Next, to determine whether SPOP regulates the
stability of MDM2 within the Cullin 3-RING E3 ubiquitin protein ligase, we examined
endogenous levels of MDM2 upon overexpression of SPOP via transfection, as well as sSiRNA-
mediated knockdown of SPOP followed by western blot analysis. Treatment with proteasome and
lysosome inhibitors were used to investigate whether SPOP targets MDM?2 for degradation via the

26S proteasome or the lysosome.
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2.2 Material and Methods
2.2.1 Cell Lines

The human embryonic kidney cell line stably expressing the SV40 large T antigen (293T
or HEK293T) was kindly provided as a gift by Dr. Lori Frappier (University of Toronto) and was
cultured in DMEM media (Wisent Inc.) supplemented with 10% fetal bovine serum (FBS, Gibco)
and 1% Penicillin-Streptomycin (P/S, Wisent Inc.) at 37°C and 5% CO2. The human osteosarcoma
(U20S) cell line was kindly provided as a gift by Dr. Samuel Benchimol (York University) and
was cultured in McCoy’s media (Wisent Inc.) supplemented with 10% FBS and 1% P/S at 37°C
and 5% CO2. The immortal human Henrietta Lacks (HeLa) cell line was kindly provided as a gift
by Dr. Samuel Benchimol (York University) and was cultured in DMEM media supplemented
with 10% FBS and 1% P/S at 37°C and 5% CO..

2.2.2 Plasmids

Plasmids used for transfections were isolated and purified using the Plasmid Maxi Plus Kit
(Qiagen) following the manufacturer’s protocol. Before use, plasmids were verified by sequencing
by the Centre for Applied Genomics (TCAG) operated by The Hospital for Sick
Children (SickKids, Toronto). The plasmids used for mammalian transfection include:
pcDNAS3.1/FLAG and pcDNA3.1/FLAG-SPOP. pcDNA3.1/FLAG-SPOP was kindly provided as
a gift from Dr. Gil Privé (University of Toronto).

2.2.3 DNA Transfection

18-24 hours prior to transfection, cells were seeded into 10 cm plates to reach a confluency
of 70-80% at the time of transfection. Media containing 10% FBS and 1% P/S was changed 30
minutes prior to transfection. Cells were transiently transfected with plasmids using Polyjet™ In
Vitro DNA transfection reagent (SignaGen Laboratories). Unless otherwise stated, 5 pug of plasmid
DNA was transfected with 15 uL of Polyjet™. To reduce cytotoxicity, the media containing the
PolyJet™/DNA complex was removed 5 hours after transfection and replaced with fresh media

containing 10% FBS and 1% P/S. Cells were then harvested 24 hours post-transfection.
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2.2.4 siRNA Transfection

18-24 hours prior to transfection, cells were seeded into 10 cm plates, to reach a confluency
of 70% at the time of transfection. Media containing 10% FBS and 1% P/S was changed 30
minutes prior to transfection. Cells were transiently transfected with siRNA purchased from
GenePharma Co., Ltd. (Shanghai, China) using Lipofectamine 3000 (Thermo, USA) (Table 2-1).
The siRNA mediated knockdown of endogenous SPOP was performed using 50 mM of siSPOP
#1 and siSPOP #2. A scrambled siRNA was used as a negative control. To reduce cytotoxicity,
the media containing the Lipofectamine 3000/siRNA complex was removed 5 hours after
transfection and replaced with fresh media containing 10% FBS and 1% P/S. Cells were then

harvested 72 hours post-initial transfection.

Table 2-1. List of double stranded siRNA sequences used. siRNA molecules were purchased from
GenePharma Co., Ltd. (Shanghai GenePharma).

SiRNA target Sequence 5°-3°

Human SPOP #1 GGAGAACGCUGCAGAAAUUTT
AAUUUCUGCAGCGUUCUCCTT

Human SPOP #2 GCAAACGCCUGAAGCAAUCTT
GAUUGCUUCAGGCGUUUGCTT

Scrambled Negative Control GUAGGACGACGUAUGAACATT
UGUUCAUACGUCGUCCUACTT

2.2.5 Harvest, Lysis, and Sample Preparation

Cells were incubated with 0.25% trypsin-EDTA (Gibco) for 5 minutes at 37°C and 5%
CO2 followed by the addition of McCoys or DMEM media supplemented with 10% FBS, and 1%
P/S to inhibit and neutralize further trypsinization. Detached cells were harvested by centrifugation
at 1000 x g for 5 minutes at room temperature. The cellular pellet was washed twice with ice-cold
PBS to remove residual media and was either stored at -80°C or immediately lysed with 1% NP-
40 Buffer [50 mM Tris-HCI, pH 8, 150 mM NaCl, 1% (v/v) NP-40, 1 mM benzamidine, 1 mM
PMSF, 1 x cOmplete protease inhibitor cocktail (Roche)] or RIPA buffer [50 mM Tris-HCI, pH 8,
150 mM NaCl, 1% (v/v) NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM benzamidine, 1
mM PMSF, 1 x cOmplete protease inhibitor cocktail (Roche)] by mechanical rotation for 45
minutes at 4°C or by sonication at 10% amplitude for 0.5 seconds ON and 10 seconds OFF, a total
of three times on ice (Sonic Dismembrator Model 500, Fisher Scientific). Cellular debris was

pelleted by centrifugation at 17,000 x g for 15 minutes at 4°C and the supernatant was collected.
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Protein concentration was determined using the BCA reagent following the manufacturer’s
instructions (Thermo Scientific Pierce BCA Protein Assay Kit, 23225). Samples containing equal
amounts of protein were prepared by boiling the lysate with 1 x SDS loading dye [5% pB-
mercaptoethanol, 10% SDS, 30% glycerol, 250 mM Tris-HCI, pH 6.8, 0.02% Bromophenol blue]
for 5 minutes. Samples were stored at -20°C for later use or immediately resolved on a 12% SDS-

polyacrylamide gel.

2.2.6 Immunoblotting

Samples containing equal amounts of proteins were separated by electrophoresis set to
160V for 1.5 hours using a 12% SDS-polyacrylamide gels. Resolved proteins were transferred to
a 0.45 um Immobilon-P PVDF membrane (Millipore) activated with methanol and equilibrated
with 1 x Western Transfer buffer [25 mM Tris, pH 8.3, 192 mM Glycine, 20% methanol].
Traditional wet transfers were performed at 4°C and on ice, set to 80V for 1.5 to 2 hours. The
membrane was then blocked in 5% non-fat dry milk in 1 x PBS-T [1 x PBS, 0.1% Tween-20] for
1 hour at room temperature. After blocking, the membrane was cut into strips according to the
visible protein marker and incubated with the corresponding diluted primary antibody overnight
at 4°C with gentle rocking. The following day, the membranes were washed with 1 x PBS-T in 5-
minute intervals a total of 3 times, followed by incubation with diluted secondary rabbit or mouse
antibody conjugated with horseradish peroxidase for 1 hour at room temperature. The membranes
were then washed a total of three times with 1 x PBS-T in 15-minute intervals and incubated with
Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare) for 2-3 minutes.
Excess ECL reagent was removed, and the signals were detected using MicroChemi (DNR

Biolmaging System).

2.2.7 Antibodies

The following primary antibodies were used for immunoblotting: anti-GAPDH (0411)
mouse monoclonal (Santa Cruz Biotechnology Inc, 47724), anti-His (H-3) mouse monoclonal
(Santa Cruz Biotechnology Inc, 8036), anti-BMI1 (D42B3) rabbit monoclonal (Cell Signaling
Technology, 5856), anti-MDM2 (D1V2Z) rabbit monoclonal (Cell Signaling Technology, 86934),
anti-DAXX (25C12) rabbit monoclonal (Cell Signaling Technology, 4533), anti-p53 mouse
monoclonal (Santa Cruz Biotechnology Inc, 126), anti-SPOP rabbit polyclonal (Proteintech,

35



16750-1-AP), and anti-FLAG (clone M2) mouse monoclonal (Sigma-Aldrich, F1804) (Table 2.2).
The following secondary antibodies were used for immunoblotting: anti-mouse 1gG HRP-
conjugated goat polyclonal (ThermoFisher Scientific, 31430) and anti-rabbit IgG HRP-linked
(Cell Signalling Technology, 7074) (Table 2.2).

Table 2-2. List of primary and secondary antibodies.

Target Company Catalogue Species | Dilution Application
Number
BMI1 Cell Signaling 5856 Rabbit 1:1000 in 5% Immunoblotting
Technology wiv BSA in 1 x
PBS-T
DAXX Cell Signaling 86934 Rabbit 1:2000 in 5% Immunoblotting
Technology w/v BSA in 1 x
PBS-T
FLAG Sigma-Aldrich F1804 Mouse 1:2000 in 5% Immunoblotting
non-fat dry milk
in1 xPBS-T
GAPDH Santa Cruz SC-47724 Mouse 1:10,000 in 5% Immunoblotting
Biotechnology Inc non-fat dry milk
in1xPBS-T
His Santa Cruz sc-8036 Mouse 1:1000 in 5% Immunoblotting
Biotechnology Inc non-fat dry milk
in 1 xPBS-T
MDM2 Cell Signaling 86934 Rabbit 1:2000 in 5% Immunoblotting
Technology wiv BSAin 1 x
PBS-T
SPOP Proteintech 16750-1-AP Rabbit 1:2000 in 5% Immunoblotting
non-fat dry milk
in1xPBS-T
anti-mouse 1IgG | ThermoFisher 31430 Goat 0.1:2000 in 2% Immunoblotting
HRP-conjugated | Scientific non-fat dry milk
in1xPBS-T
anti-rabbit 19G Cell Signalling 7074 Goat 1:2000 in 5% Immunoblotting
HRP-linked Technology non-fat dry milk
in1 xPBS-T

2.2.8 FLAG-SPOP Dose Dependent Overexpression

293T cells were seeded into 10 cm plates and were transiently transfected with
pcDNAS3.1/FLAG-SPOP in a dose dependent manner (5 ug, 7.5 pg, and 10 pg). Cells were
harvested 24 hours post-transfection and were lysed in 1% NP-40 Buffer [50 mM Tris-HCI, pH 8,
150 mM NacCl, 1% (v/v) NP-40, 1 mM benzamidine, 1 mM PMSF, 1 x cOmplete protease inhibitor

cocktail (Roche)] under mechanical agitation for 45 minutes at 4°C. 50 ug of samples were
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prepared with 1 x SDS loading dye and resolved using a 12% SDS-polyacrylamide gel followed

by immunoblotting with the indicated antibodies.

2.2.9 MG132 Treatment

U20S, HeLla, and 293T cells were treated with 10 uM MG132 for 8 hours to inhibit
degradation mediated by the 26S proteasome. DMSO was used as a negative control. U20S cells
transiently transfected with pcDNA3.1/FLAG or pcDNA3.1/FLAG-SPOP for 24 hours were
treated with 20 uM MG132 for 4 hours. DMSO was used as a negative control. U20S cells
transiently transfected with pcDNA3.1/FLAG or pcDNA3.1/FLAG-SPOP for 24 hours were
treated with 20 uM MG132 for 10 hours or 20 uM chloroquine (CQ) for 9 hours. DMSO was used

as a negative control.

2.2.10 Protein Expression and Purification

All 6xHis tagged SPOP MATH constructs were expressed in BL21 mgk Escherichia coli
(E.coli) in Luria Broth (LB) media (Bioshop) with 100 pg/ml ampicillin (Bioshop) and 50 pg/ml
kanamycin (Bioshop) (Table 2-3). The cultures were grown at 37°C at 200 rpm until the ODsoonm
of 0.8 was reached, followed by induction with 0.4 mM of Isopropyl B-D-1 thiogalactopyranoside
(IPTG, Bioshop) overnight at 16°C at 200 rpm. The cells were pelleted by centrifugation at 6,000
X g at room temperature for 20 minutes with a JLA 16.250 Beckman rotor (Beckman Coulter
Avanti J-E centrifuge). The pellets were resuspended in ice-cold binding/lysis buffer [50 mM Tris,
pH 7.5, 500 mM NaCl, 5 mM Imidazole, and 5% Glycerol] with protease inhibitors [1 mM
benzamidine, 1 mM PMSF, 1 x cOmplete protease inhibitor cocktail (Roche)]. The resuspended
pellets were sonicated on ice at 30% amplitude for a total of 4 minutes (15 seconds ON, 30 seconds
OFF) (Branson Digital Sonifier D450). The supernatants were collected by centrifugation at
30,000 x g at 4°C for 30 minutes with a JA-25.50 Beckman rotor (Beckman Coulter Avanti J-E
centrifuge). The supernatants were then incubated with 1 mL of Ni?*-NTA-agarose beads (Qiagen)
for 1 hour at 4°C on the rotator. After incubation, the beads were washed a total of six times with
ice-cold wash buffer [50 mM Tris, pH 7.5, 500 NaCl, 20 mM Imidazole, and 5% Glycerol] and
stored at -80°C until needed.
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All 6xHis tagged USP7 NTD constructs were expressed in BL21 mgk E.coli, induced with
IPTG, pelleted, and stored at -80°C by a previous student in the Saridakis lab (Table 2-3). These
constructs were purified following the same method described previously.

Table 2-3. Plasmid constructs used for bacterial expression and purification.

Protein Vector Tag | Residues Mutation
6xHis-SPOP MATHPWGF pET15b His 28-166 WT
6xHis-SPOP MATHPWEV pET15b His 28-166 F133V
6xHis-SPOP MATHPPGF pET15b His 28-166 W131D
6xHis-SPOP MATHDPAGA pET15b His 28-166 W131A/F133A
6xHis-USP7 NTDPWGF pET15b His 62-205 WT
6xHis-USP7 NTDAACF pET15b His 62-205 D164A/W165A

2.2.11 His Pull-Down Assay

293T cells were lysed in ice-cold 1% NP-40 buffer [50 mM Tris-HCI, pH 8, 150 mM NacCl,
1% (v/v) NP-40] containing protease inhibitors [1 mM benzamidine, 1 mM PMSF, 1 x cOmplete
protease inhibitor cocktail (Roche)] on a rotary shaker at 4°C for 45 minutes. The cell lysate was
centrifuged at 17,000 x g for 15 minutes at 4°C to pellet cellular debris. Protein concentration of

the clarified lysate was measured using the BCA assay following the manufacturer’s instructions

(Thermo Scientific Pierce BCA Protein Assay Kit, 23225).

To reduce non-specific binding, the clarified lysate was incubated with 50 uL of empty
Ni2*-NTA Agarose beads under constant rotation at 4°C for 1 hour. 6xHis tagged SPOP MATH
and USP7 NTD constructs bound to Ni?*-NTA agarose beads were pre-blocked with 5% BSA in
1 x PBS for 1 hour rotating at 4°C. 1000 ug of the pre-cleared lysate was incubated with 20 uL of
pre-blocked Ni**-NTA-agarose beads with bound 6xHis tagged SPOP MATH and USP7 NTD
constructs in a total volume of 500 uL. After incubation at 4°C for 2 hours, the beads were washed
six times with 1 mL of high salt wash buffer [50 mM Tris-HCI, pH 7.4, 500mM NacCl, 0.1% (v/v)
NP-40] in 5-minute intervals on a rotating device at 4°C. Samples were prepared by boiling the
6xHis tagged SPOP MATH and USP7 NTD constructs bound to Ni?*-NTA agarose beads with 1
x SDS loading dye for 5 minutes. Samples were resolved on 12% SDS-polyacrylamide gels

followed by immunoblotting with the indicated antibodies.
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2.3 Results
2.3.1 Analysis of MDM2 as a potential substrate of SPOP

In order to screen for potential novel substrates of SPOP, we performed a bioinformatic
search using the Eukaryotic Linear Motif (ELM) computational biology resource to detect for
SPOP binding consensus motifs (¢p-n-S/T-S/T-S/T, where ¢ = nonpolar and = = polar) in
established USP7 substrates. Analysis of the full-length protein sequence of MDMZ2 revealed the
presence of two putative SPOP binding consensus motifs: 1°6PSTSS'®0 and 397PSTSS40L,
Alignment of the putative SPOP binding sites of MDM2 with the SPOP binding consensus motifs
of established SPOP substrates suggests that SPOP may interact with MDM2 through its MATH
domain (Figure 2-2). Moreover, the two putative SPOP binding consensus motifs of MDM2 are
identical to the putative SPOP binding consensus motif of BMI1 (?®PSTSS?7%) a known SPOP
substrate, albeit the exact binding site of BMI1 mediating its interaction with SPOP remains
unconfirmed (Hernandez-Munoz et al., 2005). These findings together prompted us to investigate
whether MDM2 is a novel substrate of USP7.

SPOP Binding Motif:
@-n-S/T-S/T-S/T

« | DAXX 605AGM |VSSTS | FNGO1°
< | DAXX 677APV |ADSST|RVD®87
g AR 642EGE |ASSTT| SPTS5!
2 | NANOG 630DS | PDSST| SPK'3
S| ERG 39EMT |ASSSS| DYG*®
% ERG 420p1,p |vTSSS| FFA430
2| BRD2 280KRK |ADTTT | PTP2°0
S| DEK 282yKK |ADSST | TKK?292

c-MYC 261ETP |PTTSS|DSE272

MDM2 153ySR |PSTSS | RRR163

MDM2 394y5Q | PSTSS| SST1404

Figure 2-2. Putative SPOP binding sites of MDM2. Sequence alignment and comparison of the
putative SPOP binding sites in MDM2 with the SPOP binding consensus motif defined in known SPOP
substrates.
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2.3.2 SPOP interacts with MDM2, through the “DWGF” motif in its N-terminal

MATH domain

The N-terminal MATH domain of SPOP is responsible for substrate recognition and
binding (Mani, 2014). Previous studies have shown that mutations in SPOP associated with
prostate cancer are localized within the MATH domain, preventing substrate binding, and thus
ubiquitination mediated degradation (Cuneo & Mittag, 2019; Batra & Lai, 2014). To determine if
SPOP can interact with MDM2 through its N-terminal MATH domain and the specific amino acid
residues required for this interaction, we employed a series of His-tagged based pulldowns using
the following purified constructs: wildtype HIS-SPOP MATHPWEF double mutant HIS-SPOP
MATHPAGA in which residue Trp*3!and Phe!3® were changed to alanine residues, and prostate
cancer associated mutants, HIS-SPOP MATHPWEV in which residue Phe*3was changed to a valine
residue, and HIS-SPOP MATHPPCF in which residue Trp!3! was changed to an aspartic acid
residue (Figure 2-3B). Since MDMZ2 has been previously established as a USP7 substrate, and the
substrate binding N-terminal TRAF-like domain of USP7 exhibits sequence and structural
similarity with the substrate binding MATH domain of SPOP, we also employed His-tagged based
pulldowns using purified wildtype HIS-USP7 NTDPWCF and double mutant HIS-USP7 NTDAACF
as a positive control (Figure 2-3C). The indicated purified His-tagged constructs bound to Ni-
NTA agarose beads were incubated with lysate derived from 293T cells. As expected and
previously shown, MDM?2 interacts with wildtype HIS-USP7 NTDPWCF, whereas this interaction
is abolished with double mutant HIS-USP7 NTDAASF in which residue Asp'®* and Trp*6® were
changed to alanine residues. Notably and similar to the pulldowns with HIS-USP7 NTD, MDM?2
interacts with wildtype HIS-SPOP MATHPWGF whereas this interaction is abolished with the
double mutant HIS-SPOP MATHPAGA and prostate cancer associated mutant, HIS-SPOP
MATHPPCF - Surprisingly, MDM2 was found to slightly interact with the prostate cancer
associated mutant HIS-SPOP MATHPWGV  however, this interaction is not as strong in
comparison to the wildtype. DAXX and BMI1 are established substrates of both USP7 and SPOP
substrate and consequently were used additional controls. As expected and similar to MDM2,
DAXX and BMI1 bind to wildtype HIS-SPOP MATHPWEF and HIS-USP7 NTDPWEF and this
interaction is not observed with double mutants HIS-SPOP MATHPACA and HIS-USP7 NTDAACF,
or the prostate cancer associated mutant, HIS-SPOP MATHPPGF, DAXX and BMI1 were also
found to slightly interact with the prostate cancer associated mutant, His-SPOP MATHPWGV,
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Overall, the results of this His-tagged based pulldowns indicate that the 2*°DWGF*33 motif within
the N-terminal MATH domain of SPOP is essential for the interaction with MDM2 (Figure 2-
3A).
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Figure 2-3. SPOP interacts with MDM2 via the “DWGF” motif in its N-terminal MATH domain.

(a) Schematic representation of HIS-SPOP MATH constructs. Binding capacity of MDM2 to HIS-SPOP MATH
constructs is indicated with the symbol (+/-). (b) His-tagged based pulldowns using purified wildtype HIS-SPOP
MATHPWEF double mutant HIS-SPOP MATHPACA  prostate cancer associated mutants HIS-SPOP MATHPWEY
and HIS-SPOP MATHPCSCF hound to Ni**-NTA-agarose beads incubated with 1000 ug of whole cell lysate
derived from 293T cells. (c) His-tagged based pulldowns using purified wildtype HIS-USP7 NTDPWCF and
double mutant HIS-USP7 NTDAASF hound to Ni?*-NTA-agarose beads incubated with 1000 pg of whole cell
lysate derived from 293T cells. In = Input, PD = Pulldown. For each pulldown, lane 1 (input) represents the
purified HIS-USP7/SPOP construct, lane 2 (input) represents 50 pg of whole cell lysate derived from 293T cells,

and lane 3 represents the result of the His-tagged based pulldown after extensive washing.
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2.3.2 SPOP negatively regulates the stability of endogenous MDM?2

To determine whether SPOP regulates the stability of endogenous MDM2, FLAG-SPOP
was transfected into 293T cells in a dose dependent manner. DAXX, previously identified as an
SPOP substrate targeted for degradation by the 26S proteasome, was used as a positive control
(Kwon et al., 2006). BMI1 also identified as an SPOP substrate was used as a control as well,
however unlike DAXX, ubiquitination of BMI1 mediated by SPOP-Cullin 3-RING
E3 ubiquitin ligase complex serves a regulatory function related to recruitment to the X
chromosome rather than degradation by the 26S proteasome (Hernandez-Munoz et al., 2005). As
shown in (Figure 2-4A), upon overexpression of FLAG SPOP, the endogenous levels of MDM2
decrease in a dose dependent manner similar to DAXX and unlike BMI1, where no changes in
stability were observed. Moreover, sSiRNA-mediated knockdown of endogenous SPOP in U20S
cells slightly increased the endogenous levels of MDM2 similar to DAXX, where BMI1 levels
remain once again unchanged (Figure 2-4B). Together, the results suggest that SPOP negatively
regulates the stability of MDM2.
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FLAG-SPOP

a. b.
IB: DAXX IB: DAXX
1B: MDM2 IB: MDM2
IB: BMI1 IB: BMIL

Figure 2-4. SPOP regulates the stability of endogenous MDM2. (a) Western blot of WCLs of 293T cells
transfected with the indicated plasmid in a dose dependent manner (5, 7.5, and 10 ug) for 24 hours. (b) Western
blot of WCLs of U20S cells transfected with 50 nM of control or siRNAs against SPOP for 72 hours.
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2.3.3 SPOP regulates MDM2 stability in a proteasome-dependent manner

We next investigated whether SPOP regulates the stability of MDMZ2 in a proteasome-
dependent manner by first verifying that the ubiquitin-proteasome system is involved in MDM2
stability. As seen in (Figure 2-5A), treatment with the proteasome inhibitor, MG132, increased
MDM2 levels compared to the DMSO control in 293T, U20S, and HeLa cells. Moreover, as seen
in (Figure 2-5B), overexpression of FLAG-SPOP followed by treatment with MG132 slightly
rescued SPOP-mediated degradation of MDM2 in U20S cells. Considering that another major
pathway regulating protein degradation is mediated by the lysosome, we wanted to determine if
SPOP targets MDMZ2 for lysosomal degradation. In contrast to the proteasomal inhibitor MG132,
the lysosome inhibitor, chloroquine, had no effect on SPOP-mediated degradation of MDM?2
(Figure 2-5C). Overall, these results indicated that SPOP negatively regulates the stability of
MDM2 potentially via the ubiquitin-proteasome degradation pathway instead of the lysosomal-

degradation pathway.
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a proteasome-dependent manner. (a) Western blot of WCLs
uM MG132 for 8 hours. (b) Western blot of WCLs of U20S
cells transfected with the indicated plasmids for 24 hours, followed by treatment with 20uM MG132 or DMSO
for 4 hours. (c) Western blot of WCLs of U20S cells transfected with the indicated plasmids for 24 hours,
followed by treatment with 20 uM MG132 for 10 hours, 20 uM chloroquine (CQ) for 9 hours, or DMSO for 10
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2.4 Discussion

The objective of this project was to identify a novel substrate of SPOP and characterize its
mode of binding and regulation to provide further insight on the molecular mechanisms in which
SPOP contributes to prostate cancer development. Here, we demonstrated that SPOP interacts
specifically with MDMZ2 through the *°*DWGF'* motif within its N-terminal MATH domain in
vitro. We further showed that SPOP negatively regulates the stability of MDMZ2 in vivo via the
ubiquitin-proteasome degradation pathway. Together, these results suggest that MDM2 may be a
novel substrate of SPOP.

2.4.1 SPOP interacts with MDM2, through the “DWGF” motif in its N-terminal

MATH domain

Analysis of the full-length protein sequence of MDM2 revealed the presence of two
putative SPOP binding consensus motifs: 16PSTSS and 3¥/PSTSS* suggesting that SPOP may
interact with MDMZ2. Previous studies have shown that the N-terminal MATH domain of SPOP is
responsible for substrate recognition and binding (Mani, 2014). Moreover, mutations in SPOP
associated with prostate cancer are localized within the MATH domain, preventing substrate
binding (Cuneo & Mittag, 2019; Batra & Lai, 2014). To determine if SPOP can interact with
MDM2 through its N-terminal MATH domain, we employed a series of His-tagged based
pulldowns using the following purified constructs bound to Ni-NTA agarose beads: wildtype HIS-
SPOP MATHPWEF ' double mutant HIS-SPOP MATHPAGA  and prostate cancer association
mutants, HIS-SPOP MATHPWGY and HIS-SPOP MATHPPCF, After incubation with lysate derived
from 293T cells and extensive washing, the results of the His-tagged based pulldowns show that
endogenous MDM?2 interacts with wildtype HIS-SPOP MATHPWCF whereas this interaction is
abolished with the double mutant HIS-SPOP MATHPACA and prostate cancer associated mutant
HIS-SPOP MATHPPCF Surprisingly, MDM2 was found to slightly interact with the prostate
cancer associated mutant HIS-SPOP MATHPWEY  however, this interaction is not as strong in
comparison to the wildtype HIS-SPOP MATHPWCF, This weak interaction may be a result of the
hydrophobic nature of the amino acid residue phenylalanine being retained by the hydrophobic
amino acid residue, valine, suggesting that the prostate cancer associated SPOP mutant, F113V,
may be capable of binding and promoting the polyubiquitination and degradation of its substrates

to a lesser extent compared to wildtype SPOP. However, in contrast to this, previous studies have
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demonstrated that the prostate cancer associated SPOP mutant, F113V, is defective in binding,
polyubiquitinating, and degrading various substrates in vivo such as the activating transcription
factor 2 (ATF2), inverted formin 2 (INF2), AR, and Geminin (Ma et al., 2018; Jin et al., 2017;
Geng et al., 2014; An et al., 2014; Ma et al., 2021). Consequently, this suggest that albeit HIS-
SPOP MATHPWEV slightly interacts with endogenous MDM2, as well as other established SPOP
substrates, DAXX and BMI1, in vitro, this interaction may not occur in vivo. To verify this, co-
immunoprecipitation and in vivo ubiquitination assays should be performed to determine if this
SPOP mutant, F113V, interacts with endogenous MDM?2 and promotes it polyubiquitination.
Moreover, MDM2 levels should be examined upon overexpression of this prostate cancer
associated SPOP mutant to determine if it destabilizes MDMZ2 in comparison to wildtype SPOP.

Overall, the results of this His-tagged based pulldowns indicate that the *°DWGF*3 motif
within the N-terminal MATH domain of SPOP is essential for the recognition of and interaction
with MDMZ2 in vitro. In order to determine if this interaction between SPOP and MDMZ2 occurs in
vivo, endogenous co-immunoprecipitations in a normal benign prostate cell lines such as RWPE-
1 and the malignant prostate cancer cell lines such as LNCaP, DU145, and PC3 need to be
performed.

2.4.2 SPOP negatively regulates the stability of endogenous MDMZ2 in a proteasome-

dependent manner

To determine whether SPOP regulates the stability of endogenous MDM?2, FLAG-SPOP
was transfected into 293T cells in a dose dependent manner. Upon overexpression of FLAG SPOP,
the endogenous levels of MDM2 decreased in a dose dependent manner. Conversely, sSiIRNA-
mediated knockdown of endogenous SPOP in U20S cells slightly increased the endogenous levels
of MDM2. Together, these results suggest that SPOP negatively regulates the stability of MDM2.
As mentioned previously, mutations in SPOP associated with prostate cancer have been identified
within the MATH domain disrupting substrate binding and attachment of the proteolytic
polyubiquitination signal, ultimately leading to increased cellular persistence of SPOP substrates
(Mani, 2014). Consequently, we suspect that overexpression of prostate cancer associated mutants
of SPOP such as F133V, W131G, and W131D will stabilize MDM2 levels in comparison to

wildtype SPOP. However, in order to verify this, further experiments need to be performed.
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MDM2 negatively regulates the activity, localization, and stability of the tumor suppressor,
p53 (Zhao et al., 2014). p53 is a transcription factor that activates the expression of its target genes
implicated in DNA repair, cell-cycle arrest, senescence, or apoptosis in response to cellular
stressors such as DNA damage (Shadfan et al., 2012). Overexpression of MDM2 resulting in the
inhibition of tumor suppressive activity of p53 has been reported in a wide variety of cancers
(Nininahazwe et al., 2021). Inactivation of p53 favours the development of cancer due to the
accumulation of unrepaired DNA damage and uncontrolled cell proliferation (Chene, 2003).
Consequently, inhibiting the MDM2-p53 interaction to reactive p53 has emerged as a promising
cancer therapy (Chéne, 2003). Upon discovering that overexpression of wildtype SPOP negatively
regulates the stability of MDMZ2, it would be interesting to further investigate the downstream
functions of MDM2 on p53. It is suspected that since MDMZ2 polyubiquitinates p53 targeting it
for degradation by the 26S proteasome, destabilization of MDM?2 upon overexpression of wildtype
SPOP, should stabilize p53 levels. In contrast, overexpression of prostate cancer associated
mutants of SPOP, should stabilize MDMZ2, and thus destabilize p53 levels. If so, this may reveal a
novel molecular mechanism in which SPOP promotes prostate cancer progression and
development through the regulation of the MDM2 and its downstream function on p53. However,
in order to verify this, further experiments need to be performed.

We next investigated whether SPOP regulates the stability of MDM2 in a proteasome-
dependent manner. We found that overexpression of FLAG-SPOP followed by treatment with
MG132 slightly rescued SPOP-mediated degradation of MDM2 in U20S cells. It is important to
note that treatment with MG132 did not completely rescue or block SPOP-mediated degradation
of MDM2 as expected. This effect may be a result of insufficient treatment time with MG132. In
contrast to the proteasome inhibitor, the lysosome inhibitor, chloroquine, had no effect on SPOP-
mediated degradation of MDM2. Overall, these results indicate that SPOP negatively regulates the
stability of MDM2 via the ubiquitin-proteasome degradation pathway instead of the lysosomal-
degradation pathway. This finding is consistent with previous studies investigating whether SPOP
regulates the stability of other substrates in a proteasome-dependent manner such as but limited to
zinc finger and BTB domain containing 3 (ZBTB3), DNA damage inducible transcript 3 (DDIT3)
Cyclin E1, and ATF2 (Jin et al., 2019; Zhang et al., 2014; Ju et al., 201l; Ma et al., 2018). More
specifically, treatment with proteasome inhibitors MG132 and bortezomib blocked degradation of
ZBTB3, ATF2, and DDIT3 mediated by SPOP whereas the lysosome inhibitor, chloroquine had
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no effect (Jin et al., 2019; Ma et al., 2018; Zhang et al., 2014). Moreover, treatment with
proteasome inhibitor MG132 blocked SPOP-mediated degradation of Cyclin E1, whereas
treatment with the lysosomal inhibitors NH4ClI or chloroquine had no effect (Ju et al., 201l).

The SPOP-Cullin 3-RING E3 ubiquitin ligase complex promotes the degradation of its
substrates by the 26S proteasome through the addition of polyubiquitination chains with K48
linkages (Mani, 2014). Consequently, similar to other substrates of SPOP, we suspect that the
SPOP-Cullin 3-RING E3 ubiquitin ligase complex polyubiquitinates MDM2. To determine
whether degradation of MDM2 is the result of polyubiquitination mediated by SPOP-Cullin 3-
RING E3 ubiquitin ligase complex, in vivo ubiquitination assays need to be performed by
transfecting HA-Ub, HA-Ub and FLAG-MDM2, and HA-Ub, FLAG-MDM2, and MY C-SPOP,
followed by immunoprecipitation of FLAG-MDMZ2. It is expected that overexpression of SPOP
will increase the polyubiquitination of overexpressed MDM2 compared to the additional

transfection controls.
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CHAPTER 3: Investigation of SIRT?2 as a Novel Substrate of
USP7

3.1 Introduction
3.1.1 The Sirtuin Family

Sirtuins (SIRTs) are an evolutionarily conserved family of nicotinamide adenine
dinucleotide (NAD)*- dependent deacetylases, founded by the silent information regulator 2 (Sir2)
in budding yeast, Saccharomyces cerevisiae (Kupis et al., 2016). Sirtuins target histone and non-
histone substrates such as transcription factors, cell signalling molecules, DNA repair proteins,
tumor suppressors, and structural proteins for deacetylation, and consequently regulate a range of
biological processes, such as cell cycle progression, differentiation, genomic stability, gene
expression, metabolism, and aging (Olmos et al., 2011). Sirtuins function to transfer the acetyl
group from the lysine residue of a substrate to the NAD* cofactor, resulting in nicotinamide
(NAM), 2'-O-acetyl-ADP-ribose, and a deacetylated substrate (Figure 3-1). (Fiorino et al., 2014).
In mammals, seven sirtuin homologs (SIRT1-SIRT7) have been identified, which share a
conserved central NAD* binding catalytic core domain but possess distinct N-terminal and C-
terminal domains of varying lengths that are targets of posttranslational modifications regulating
substrate binding and sirtuin activity (Kupis et al., 2016; Flick & Luscher, 2012). The seven
mammalian sirtuins are ubiquitously expressed, however differ with respect to subcellular
locations, isoforms, enzymatic activities, well as substrate targets (Flick & Luscher, 2012; Kupis
et al., 2016; ). More specifically, SIRT1 is primarily located in the nucleus but can also shuttle to
the cytoplasm, SIRT®6 is located in the nucleus whereas SIRT7 is located in the nucleolus, SIRT3,
SIRT4, and SIRTS localize to the mitochondria, and SIRTZ2 is primarily located in the cytoplasm
but can also localize to the nucleus in a cell-cycle dependent manner (Kupis et al., 2016). SIRTL,
SIRT2, and SIRT3 exhibit strong deacetylase activity in contrast to SIRT4, SIRTS5, SIRT6, and
SIRT7 which exhibit weak deacetylase activity (Hirschey, 2011). Moreover, the SIRT5, SIRTS3,
and SIRT2 genes encode for 4, 2, and 3 isoforms respectively (Du et al., 2018; Bao et al., 2010;
Maxwell et al., 2011). Of all the mammalian sirtuins, SIRT1 is the best characterized, whereas
SIRT2 is one of the least studied (Kupis et al., 2016; North et al., 2014).
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Figure 3-1. Sirtuins are NAD*- dependent deacetylase. Sirtuins catalyze the transfer the acetyl group from
the lysine residue of a substrate to the nicotinamide adenine dinucleotide (NAD)™* resulting in nicotinamide
(NAM), 2’-O-acetyl-ADP-ribose, and a deacetylated substrate. Modified from (Fiorino et al., 2014) with
BioRender.com.

3.1.2 SIRT?2 Structure and Regulatory Impact

The human SIRT2 gene is located on chromosome 19 (Zhang et al., 2017). The SIRT2
gene produces three distinct isoforms as a result of alternative splicing and/or alternative
translational start sites: full-length isoform 1 containing all 16 exons and two translational start
sites, isoform 2 where the exon 2 is spliced out resulting in pre-mature termination, and isoform 3
where exons 2, 3, and 4 are spliced out resulting in one translational start site (North & Verdin,
2007; Maxwell et al., 2011; Zhang et al., 2017). Isoforms 1 and 2 undergo phosphorylation at two
sites: serine residues 368 and 372, and serine residues 331 and 335, respectively, which function
to regulate mitotic progression and deacetylase activity (North & Verdin, 2007; Nahhas et al.,
2007). Of the three isoforms, isoform 3 is the least characterized (Maxwell et al., 2011). As
mentioned previously, SIRT2 is primarily a cytoplasmic protein, but can also shuttle to the nucleus,
and as a result can target and deacetylate both cytoplasmic and nuclear proteins implicated in
various processes ranging from cell cycle regulation, cancer progression, longevity, adipocyte
differentiation, and lipid and glucose metabolism (de Oliveira et al., 2012). The first identified
cytoplasmic substrate of SIRT2 was a-tubulin (North et al., 2003). It is suspected that
deacetylation of a-tubulin at the lysine 40 residue by SIRT2 regulates microtubule dynamics and
stability, however, the function of this modification currently remains unknown (North et al.,
2003). Another cytoplasmic substrate of SIRT2 is the mitotic spindle assembly checkpoint
protein kinase BubR1, previously implicated in aging in mice (North et al., 2014). SIRT2
deacetylates BubR1 at the lysine 668 residue which promote BubR1 stability, by inhibiting
ubiquitination corresponding to degradation by the 26S proteasome (North et al., 2014).

Interestingly, overexpression of SIRT2 in mice hypomorphic for BubR1 increases lifespan (North
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et al., 2014). This finding links SIRT2 to longevity and aging as previously described in budding
yeast, Saccharomyces cerevisiae, nematode, Caenorhabditis elegans, and fruit flies, Drosophila
melanogaster with respect to the Sir2, sir2.1, and dsir2 homologs (Kaeberlein et al., 1999;
Tissenbaum & Guarente, 2001; Rogina & Helfand, 2004). A notable nuclear substrate of SIRT2
is histone H4 (Vaquero et al., 2006). More specifically, SIRT2 shuttles to the nucleus by an
unknown mechanism during the G2/M transition of mitosis (North & Verdin, 2007; Vaquero et
al., 2006). In the nucleus, SIRT2 associates with chromatin, where it deacetylates the histone H4
lysine 16 (H4K16) (Vaquero et al., 2006). SIRT2 also regulates the deposition of H4K20mel by
deacetylating the lysine 90 residue of the histone methyltransferase, PR-SET7, promoting its
enzymatic activity and localization to the chromatin (Serrano et al., 2013). The function of these
histone modifications (H4K20mel and H4K16) have been shown to regulate chromosomal
condensation, genome stability during mitosis, as well as cell cycle progression (Serrano et al.,
2013; Vaquero et al., 2006).

3.1.3 Project Overview

Here, we investigated whether SIRT2, an established SPOP substrate is a novel substrate
of USP7. Initially, overexpressed and endogenous co-immunoprecipitations were performed to
verify protein-protein interactions in vivo. In order to identify and map the domain mediating the
interaction, His-tagged based pulldowns were performed using purified wildtype and mutated HIS-
USP7 constructs. To determine whether USP7 regulates the stability of SIRT2, we examined
endogenous levels of SIRT2 upon overexpression of MYC-USP7, and in wildtype and USP7
knockout HCT116 cell lines via western blot analysis.
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3.2 Material and Methods
3.2.1 Cell Lines

The human osteosarcoma (U20S) cell line was kindly provided as a gift by Dr. Samuel
Benchimol (York University) and was cultured in McCoy’s media (Wisent Inc.) supplemented
with 10% fetal bovine serum (FBS, Gibco) and 1% Penicillin-Streptomycin (P/S, Wisent Inc.) at
37°C and 5% COz2. The wildtype human colorectal carcinoma cell line (HCT116) and USP7
knockout human colorectal carcinoma cell line (HCT116 USP7-) were kindly provided as a gift
by Dr. Bert Vogelstein (John Hopkins) and were cultured in McCoy’s media containing 10% FBS
and 1% P/S.

3.2.2 Plasmids

Plasmids used for transfections were isolated and purified using the Plasmid Maxi Plus Kit
(Qiagen) following the manufacturer’s protocol. Before use, plasmids were verified by sequencing
by the Centre for Applied Genomics (TCAG) operated by The Hospital for Sick
Children (SickKids, Toronto). The plasmids used for mammalian transfection include: pcDNAS3,
PCAN/Myc-USP7WT, and pcDNA3.1+/FLAG-SIRT2. pcDNA3.1+/FLAG-SIRT2 was kindly
provided as a gift from Eric Verdin (Addgene plasmid # 13813; http://n2t.net/addgene:13813;
RRID:Addgene_13813).

3.2.3 DNA Transfection

18-24 hours prior to transfection, cells were seeded into 10 cm plates to reach a confluency
of 70-80% at the time of transfection. Media containing 10% FBS and 1% P/S was changed 30
minutes prior to transfection. Cells were transiently transfected with plasmids using Polyjet™ In
Vitro DNA transfection reagent (SignaGen Laboratories. Unless otherwise stated, 5 ug of plasmid
DNA was transfected with 15 uL of Polyjet™ per 10 cm plate. To reduce cytotoxicity, the media
containing the PolyJet™/DNA complex was removed 5 hours after transfection and replaced with

fresh media. Cells were then harvested 24 hours post-transfection.
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3.2.4 Harvest, Lysis, and Sample Preparation

Cells were incubated with 0.25% trypsin-EDTA (Gibco) for 5 minutes at 37°C and 5%
CO2followed by the addition of McCoys or DMEM media supplemented with 10% FBS, and 1%
P/S to inhibit and neutralize further trypsinization. Detached cells were harvested by centrifugation
at 1000 x g for 5 minutes at room temperature. The cellular pellet was washed twice with ice-cold
PBS to remove residual media and was either stored at -80°C or immediately lysed with 1% NP-
40 Buffer [50 mM Tris-HCI, pH 8, 150 mM NaCl, 1% (v/v) NP-40, 1 mM benzamidine, 1 mM
PMSF, 1 x cOmplete protease inhibitor cocktail (Roche)] or RIPA buffer [50 mM Tris-HCI, pH 8,
150 mM NaCl, 1% (v/v) NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM benzamidine, 1
mM PMSF, 1 x cOmplete protease inhibitor cocktail (Roche)] by mechanical rotation for 45
minutes at 4°C or by sonication at 10% amplitude for 0.5 seconds ON and 10 seconds OFF, a total
of three times on ice (Sonic Dismembrator Model 500, Fisher Scientific). Cellular debris was
pelleted by centrifugation at 17,000 x g for 15 minutes at 4°C and the supernatant was collected.
Protein concentration was determined using the BCA reagent following the manufacturer’s
instructions (Thermo Scientific Pierce BCA Protein Assay Kit, 23225). Samples containing equal
amounts of protein were prepared by boiling the lysate with 1 x SDS loading dye [5% pB-
mercaptoethanol, 10% SDS, 30% glycerol, 250 mM Tris-HCI, pH 6.8, 0.02% Bromophenol blue]
for 5 minutes. Samples were stored at -20°C for later use or immediately resolved on a 12% SDS-

polyacrylamide gel.

3.2.5 Immunoblotting

Samples containing equal amounts of proteins were separated by electrophoresis set to
160V for 1.5 hours using a 12% SDS-polyacrylamide gels. Resolved proteins were transferred to
a 0.45 um Immobilon-P PVDF membrane (Millipore) activated with methanol and equilibrated
with 1 x Western Transfer buffer [25 mM Tris, pH 8.3, 192 mM Glycine, 20% methanol].
Traditional wet transfers were performed at 4°C and on ice, set to 80V for 1.5 to 2 hours. The
membrane was then blocked in 5% non-fat dry milk in 1 x PBS-T [1 x PBS, 0.1% Tween-20] for
1 hour at room temperature. After blocking, the membrane was cut into strips according to the
visible protein marker and incubated with the corresponding diluted primary antibody overnight
at 4°C with gentle rocking. The following day, the membranes were washed with 1 x PBS-T in 5-

minute intervals a total of 3 times, followed by incubation with diluted secondary rabbit or mouse
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antibody conjugated with horseradish peroxidase for 1 hour at room temperature. The membranes
were then washed a total of three times with 1 x PBS-T in 15-minute intervals and incubated with
Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare) for 2-3 minutes.
Excess ECL reagent was removed, and the signals were detected using MicroChemi (DNR

Biolmaging System).

3.2.6 Antibodies

The following primary antibodies were used for immunoblotting: anti-GAPDH (0411)
mouse monoclonal (Santa Cruz Biotechnology Inc, 47724), anti-His (H-3) mouse monoclonal
(Santa Cruz Biotechnology Inc, 8036), anti-SIRT2 rabbit polyclonal (MilliporeSigma, 09-843),
anti-SIRT2 (EPR20411-105) rabbit monoclonal (Abcam, ab211033), anti-USP7 (clone 1G7)
mouse monoclonal (MilliporeSigma, 05-1946), anti-FLAG (clone M2) mouse monoclonal
(Sigma-Aldrich, F1804), anti-MYC (clone 4A6) mouse monoclonal (MilliporeSigma, 05-724),
and anti-BubR1 rabbit polyclonal (Bethyl Laboratories Inc, A300-386A) (Table 3-1). The
following secondary antibodies were used for immunoblotting: anti-mouse IgG HRP-conjugated
goat polyclonal (ThermoFisher Scientific, 31430), anti-rabbit 1IgG HRP-linked (Cell Signalling
Technology, 7074), and VeriBlot for IP detection HRP-linked (Abcam, ab131366) (Table 3-1).
The following primary antibodies were used for immunoprecipitation: anti-SIRT2 rabbit
polyclonal (MilliporeSigma, 09-843), normal rabbit IgG (Santa Cruz Biotechnology In, 2027),
anti-USP7 (clone 1G7) mouse monoclonal (MilliporeSigma, 05-1946), and normal mouse 1gG
(Santa Cruz Biotechnology In, 2025) (Table 3-1).
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Table 3-1. List of primary and secondary antibodies.

detection HRP-
linked

non-fat dry milk
in 1 xPBS-T

Target Company Catalogue Species | Dilution Application
Number
His Santa Cruz sc-8036 Mouse | 1:1000 in 5% Immunoblotting
Biotechnology Inc non-fat dry milk
in 1 x PBS-T
GAPDH Santa Cruz SC-47724 Mouse | 1:10,000 in 5% Immunoblotting
Biotechnology Inc non-fat dry milk
in 1 x PBS-T
SIRT2 MilliporeSigma 09-843 Rabbit | 1:1000 in 2% Immunoblotting,
non-fat dry milk | Immunoprecipitation
in1x PBS-T,
2o0r3ugperl
mg of protein
SIRT2 Abcam ab211033 Rabbit | 1:2000 in 5% Immunoblotting
non-fat dry milk
in1 x PBS-T
USP7 MilliporeSigma 05-1946 Mouse | 1:2000 in 5% Immunoblotting,
non-fat dry milk | Immunoprecipitation
in 1 x PBS-T,
2-3 ug per 1 mg
of protein
FLAG Sigma-Aldrich F1804 Mouse | 1:2000 in 5% Immunoblotting
non-fat dry milk
in 1 Xx PBS-T
MYC MilliporeSigma 05-724 Mouse | 1:10,000 in 5% Immunoblotting
non-fat dry milk
in1 xPBS-T
BubR1 Bethyl A300-386A | Rabbit | 1:2000 in 5% Immunoblotting
Laboratories Inc non-fat dry milk
in 1 xPBS-T
normal mouse Santa Cruz sc-2025 Mouse | 2-3ug per 1 mg | Immunoprecipitation
IgG Biotechnology Inc of protein
normal rabbit Santa Cruz sc-2027 Rabbit | 2-3 ug per L mg | Immunoprecipitation
IgG Biotechnology Inc of protein
anti-mouse 1gG | ThermoFisher 31430 Goat 0.1:2000 in 2% Immunoblotting
HRP-conjugated | Scientific non-fat dry milk
in 1 Xx PBS-T
anti-rabbit 1I9G Cell Signalling 7074 Goat 1:2000 in 5% Immunoblotting
HRP-linked Technology non-fat dry milk
in 1 x PBS-T
VeriBlot for IP Abcam ab131366 Rabbit | 1:10,000 in 5% Immunoblotting
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3.2.7 Endogenous Co-Immunoprecipitation of SIRT2 and USP7

Cells were lysed in 1% NP-40 buffer [50 mM Tris-HCI, pH 8, 150 mM NacCl, 1% (v/v)
NP-40, 1 mM benzamidine, 1 mM PMSF, 1 x cOmplete protease inhibitor cocktail (Roche)] under
mechanical rotation for 45 minutes at 4°C. The cell lysate was centrifuged at 17,000 x g for 15
minutes at 4°C to pellet cellular debris. Protein concentration of the clarified lysate was measured
using the BCA reagent following the manufacturer’s instructions (Thermo Scientific Pierce BCA
Protein Assay Kit, 23225). The cell lysate was pre-cleared with 1.0 ng of normal rabbit 19G
antibody and 20 uL of pre-blocked Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology
Inc, sc-2003). 1000 pg of the pre-cleared lysate was incubated with either 2 ug of primary rabbit
polyclonal antibody against SIRT2 or normal rabbit 1gG antibody as a negative control, in a total
volume of 500 uL, overnight rotating at 4°C. The following day, 50 uL of Protein A/G PLUS-
Agarose beads were pre-blocked with 5% BSA in 1 x PBS for 1 hour rotating at 4°C, before use
to reduce non-specific binding. 50 uL of pre-blocked Protein A/G PLUS-Agarose beads were
added and incubated for 1 hour rotating at 4°C to capture the immunocomplex, followed by
centrifugation at 1000 x g for 5 minutes at 4°C. The immunocomplex now bound to Protein A/G
PLUS-Agarose beads were washed 3 times with 500 uL of 1 x PBS followed by centrifugation at
1000 x g for 5 minutes at 4°C. Samples were prepared by boiling the Protein A/G PLUS-Agarose
beads with 40 uL of 1 x SDS-PAGE loading dye for 5 minutes. The supernatant and beads were
separated by centrifugation at 1000 x g for 5 minutes at 4°C and the supernatant was resolved on

a 10% SDS-polyacrylamide gel, followed by immunoblotting with the indicated antibodies.

3.2.8 Overexpressed Co-Immunoprecipitation of FLAG-SIRT2 and MYC-USP7

U20S cells in 10 cm plates were co-transfected with 2.5 ug of FLAG-SIRT2 and 2.5 ug of
MYC-USP7 and harvested 24 hours post-transfection. Reciprocal co-immunoprecipitations of
exogenously expressed MYC-USP7 and FLAG-SIRT2 were performed as previously described
above using 2 pg of primary rabbit polyclonal antibody against SIRT2 or normal rabbit 1gG
antibody as a negative control, and 2 ug of primary mouse monoclonal antibody against USP7 or

normal mouse 1gG used as a negative control.
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3.2.9 FLAG-SIRT2 and USP7 Co-Immunoprecipitation

U20S cells in 10 cm plates were co-transfected with 2.5 ug of FLAG SIRT2 and harvested
24 hours post-transfection. Co-immunoprecipitation of exogenously expressed FLAG-SIRT2 was
performed as previously described above using 2 pg of primary rabbit polyclonal antibody against

SIRT2 or normal rabbit IgG antibody as a negative control.

3.2.10 Protein Expression and Purification

6xHis tagged SPOP MATH constructs were expressed in BL21 mgk Escherichia coli
(E.coli) in Luria Broth (LB) media (Bioshop) with 100 pg/ml ampicillin (Bioshop) and 50 ug/ml
kanamycin (Bioshop) (Table 3-2). The cultures were grown at 37°C at 200 rpm until the ODeoonm
of 0.8 was reached, followed by induction with 0.4 mM of Isopropyl B-D-1 thiogalactopyranoside
(IPTG, Bioshop) overnight at 16°C at 200 rpm. The cells were pelleted by centrifugation at 6,000
X g at room temperature for 20 minutes with a JLA 16.250 Beckman rotor (Beckman Coulter
Avanti J-E centrifuge). The pellets were resuspended in ice-cold binding/lysis buffer [50 mM Tris,
pH 7.5, 500 mM NaCl, 5 mM Imidazole, and 5% Glycerol] with protease inhibitors [1 mM
benzamidine, 1 mM PMSF, 1 x cOmplete protease inhibitor cocktail (Roche)]. The resuspended
pellets were sonicated on ice at 30% amplitude for a total of 4 minutes (15 seconds ON, 30 seconds
OFF) (Branson Digital Sonifier D450). The supernatants were collected by centrifugation at
30,000 x g at 4°C for 30 minutes with a JA-25.50 Beckman rotor (Beckman Coulter Avanti J-E
centrifuge). The supernatants were then incubated with 1 mL of Ni?*-NTA-agarose beads (Qiagen)
for 1 hour at 4°C on the rotator. After incubation, the beads were washed a total of six times with
ice-cold wash buffer [50 mM Tris, pH 7.5, 500 NaCl, 20 mM Imidazole, and 5% Glycerol] and
stored at -80°C until needed.

All 6xHis tagged USP7 NTD and CTD constructs were expressed in BL21 mgk E.coli,
induced with IPTG, pelleted, and stored at -80°C by a previous student in the Saridakis lab (Table
3-2). Full-length His-USP7 construct was expressed in Spodoptera frugiperda (Sf9) cells using
the baculovirus expression system and stored at -80°C by a previous student in the Saridakis lab.

These constructs were purified following the same method described previously.
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Table 3-2. Plasmid constructs used for bacterial expression and purification.

Protein Vector Tag Residues Mutation
6xHis-SPOP MATHPWCF pET15b His 28-166 WT
6xHis-SPOP MATHPACA pET15b His 28-166 W131A/F133A
6xHis-USP7 NTDPWGF pET15b His 62-205 WT
6xHis-USP7 NTDAACF pET15b His 62-205 D164A/W165A
6xHis-USP7 CTD pl5TVL His 535-1102 WT
6xHis-USP7 pFastBac His Full-length WT

3.2.11 His Pull-down Assay

U20S cells transfected with 5 ug of FLAG-SIRT2 for 24 hours were harvested and lysed
in ice-cold 1% NP-40 buffer [50 mM Tris-HCI, pH 8, 150 mM NaCl, 1% (v/v) NP-40] containing
protease inhibitors [1 mM benzamidine, 1 mM PMSF, 1 x cOmplete protease inhibitor cocktail
(Roche)] on a rotary shaker at 4°C for 45 minutes. The cell lysate was centrifuged at 17,000 x g
for 15 minutes at 4°C to pellet cellular debris. Protein concentration of the clarified lysate was
measured using the BCA assay following the manufacturer’s instructions (Thermo Scientific
Pierce BCA Protein Assay Kit, 23225). 500 pg of lysate containing overexpressed FLAG-SIRT2
was incubated with 20 uL of pre-blocked Ni?*-NTA-agarose beads with bound 6xHis tagged USP7
and SPOP constructs in a total volume of 500 uL. After incubation at 4°C for 2 hours, the beads
were washed three times with 500 uL of wash buffer [50 mM Tris-HCI, pH 7.4, 250 mM NaCl,
0.05% NP-40] in 1-minute intervals on a rotating device at 4°C. Samples were prepared by boiling
the 6xHis tagged USP7 and SPOP constructs bound to Ni?*-NTA agarose beads with 1 x SDS
loading dye for 5 minutes. Samples were resolved on 12% SDS-polyacrylamide gels followed by

immunoblotting with the indicated antibodies.

3.2.12 MG132 Treatment

HCT116 and HCT116 USP77 cells were treated with 40 uM MG132 for 1 hour to inhibit
degradation mediated by the 26S proteasome. DMSO was used as a negative control.
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3.3 Results
3.3.1 Analysis of SIRT2 as a potential substrate of USP7

In order to screen for potential novel substrates of USP7, we thoroughly reviewed current
literature on SPOP and its substrates and performed a bioinformatic search using the Eukaryotic
Linear Motif (ELM) computational biology resource to detect for USP7 binding consensus motifs
(P/A/ExxS). Analysis of the full-length protein sequence of SIRT2, an established substrate of
SPOP, revealed the presence of one putative USP7 binding consensus motif: 363PSTS366,
Alignment of the putative USP7 binding site of SIRT2 with the USP7 binding consensus motifs
of established USP7 substrates/binding partners suggests that USP7 may interact with SIRT2
through its N-terminal TRAF-like domain (Figure 3-2). Other members of the mammalian sirtuin
family, SIRT1 and SIRT7, have also been identified as USP7 substrates, albeit the exact binding
sites mediating the interaction are not verified (Song et al., 2019; Jiang et al., 2017). However,
sequence analysis of SIRT1 and SIRT7 using ELM reveals the presence of the following
corresponding USP7 binding consensus motifs: 1"*ASSS!* and 37°PLSS%7®. These findings

together prompted us to investigate whether SIRT2 is a novel substrate of USP7.

USP7 Binding Motif:

P/A/ExXxS

" p53 361GSR |AHSS |HKL37°
£o| P53 355GKE | PGGS | RAH?S
22 MDM2  153VSR|PSTS|SRR!¢?
25| mbm2  19“EEx |psss|HLvS3
2 | UbE2E1 5DSR |asTs|sss14
2 2| Mcm-BP  152RVS |PSTS|YTP!6!
22| ppx2a  33%DAG|EGPS|sLI34s
= VIRF1 445pG |EGPS | GTGS3

EBNA1  “4DPG|EGPS | TGP*5

SIRT2  36°VPN |PSTS|Asp36®

Figure 3-2. Putative USP7 binding site of SIRT2. Sequence alignment and comparison of the
putative USP7 binding site in SIRT2 with the USP7 binding consensus motif defined in known USP7 substrates.
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3.1.2 USP7 and SIRT?2 interact in vivo

To determine if SIRT2 is a novel USP7 substrate, we first examined whether exogenously
expressed MYC-USP7 and FLAG-SIRT2 interact in vivo, by performing reciprocal co-
immunoprecipitations using anti-SIRT2 rabbit polyclonal and anti-USP7 mouse monoclonal
antibodies, where normal rabbit IgG and normal mouse IgG were used as a control, respectively.
As shown in (Figure 3-3A), exogenously expressed FLAG-SIRT2 was co-immunoprecipitated by
MY C-USP7 and similarly, MY C-USP7 was co-immunoprecipitated by FLAG-SIRTZ2, suggesting
an interaction between the two exogenously expressed proteins in U20S cells. Next, we
investigated if exogenously expressed FLAG-SIRT2 interacts with endogenous USP7 by
performing co-immunoprecipitations as described previously. As shown in (Figure 3-3B),
endogenous USP7 was co-immunoprecipitated by FLAG-SIRT2. To verify if this interaction
occurs endogenously, we once again performed co-immunoprecipitations using anti-SIRT2 rabbit
polyclonal antibody and normal rabbit IgG as a control in three different cell lines: U20S, 293T,
and HeLa. As shown in (Figure 3-3C), USP7 was co-immunoprecipitated by SIRT2 in all cell
lines suggesting an endogenous interaction between the two proteins. Overall, our data together

demonstrates that SIRT2 and USP7 physically interact with each other in vivo.
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Figure 3-3. USP7 and SIRT2 interact in vivo. (a) Exogenous MYC-USP7 and FLAG-SIRT? interact in vivo.
Western blot of WCLs and co-IP samples of U20S cells co-transfected with pcDNA3.1+/FLAG-SIRT2 and
pCAN/MYC-USP7. (b) Exogenous FLAG-SIRT?2 interacts with endogenous USP7 in vivo. Western blot of
WCLs and co-IP samples of U20S cells transfected with pcDNA3.1+/FLAG-SIRT2. (c) Endogenous USP7
and SIRT2 interact in vivo in different cell lines. Western blot of WCLs and co-IP samples of U20S, 293T, and
HCT116 cells. IP= Immunoprecipitation * Exogenously expressed SIRT2 can be translated from two different
start sites. Endogenous SIRT2 exists as multiple isoforms (43 kDa, 39 kDa, and 36 kDa) due to either alternative
splicing and/or translational start sites. Two of the SIRT2 isoforms (43 kDa and 36 kDa) migrate as two distinct
species due to the post-translational phosphorylation modifications.
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3.1.3 USP7 interacts with SIRT?2 via the “DWGF” motif within its N-terminal

TRAF-like domain

Previous studies have shown that the N-terminal TRAF-like domain containing the
164DWGF%” motif and the C-terminal ubiquitin-like (Ubl2) subdomain containing the $:MDGD7%*
motif of USP7 mediates its interaction with substrates and/or binding partners containing the
P/A/ExxS motif and the KxxxK motif, respectively (Saridakis et al., 2005; Sarkari et al., 2013;
Pfoh et al., 2015). To map which substrate binding domains of USP7 mediates its interaction with
SIRT2, we employed a series of His-tagged based pulldowns using the following purified
constructs: full length HIS-USP7, wildtype HIS-USP7 NTDPWCF double mutant HIS-USP7
NTDAACGF and wildtype HIS-USP7 CTD (Figure 3-4B). Since SIRT2 has been previously
established as an SPOP substrate, and the substrate binding MATH domain of SPOP exhibits
sequence and structural similarity between the substrate binding N-terminal TRAF-like domain of
USP7, we also employed His-tagged based pulldowns using purified wildtype HIS-SPOP
MATHPWEF and double mutant HIS-SPOP MATHPAGA s a positive control (Figure 3-4B). The
indicated purified His-tagged constructs bound to Ni-NTA agarose beads were incubated with
lysate derived from U20S cells transfected with FLAG-SIRT2. As shown previously in vivo, full
length HIS-USP7 containing both substrate binding domains interacts with FLAG-SIRT2 in vitro.
As expected, FLAG-SIRT2 interacts with wildtype HIS-SPOP MATHPWGF  whereas this
interaction is abolished with double mutant HIS-SPOP MATHPAGA 'in which residue Trp!3! and
Phe!32 were changed to alanine residues. Notably and similar to the pulldowns with HIS-SPOP
MATH, FLAG-SIRT2 interacts with wildtype HIS-USP7 NTDPWCF whereas this interaction is
abolished with the double mutant HIS-USP7 NTDAASF in which residue Asp®* and Trp%® were
changed to alanine residues. DAXX, an established substrate of both USP7 and SPOP substrate,
was used an additional control. As expected, endogenous DAXX binds to wildtype HIS-SPOP
MATHPWCF and HIS-USP7 NTDPWEF and does not bind to the double mutant HIS-SPOP
MATHPAGA and HIS-USP7 NTDAACF, Lastly, FLAG-SIRT2 does not appear to interact with HIS-
USP7 CTD. Overall, the results of this His-tagged based pulldowns indicate that the %*DWGF¢’
motif within the N-terminal TRAF-like domain of USP7 mediates its interaction with
overexpressed FLAG-SIRT2 in vitro (Figure 3-4A).
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Figure 3-4. USP7 interacts with SIRT2 via the “DWGF” motif within its N-terminal TRAF-like domain.
(a) Schematic representation of HIS-USP7 constructs. Binding capacity of FLAG-SIRT2 to HIS-USP7
constructs is indicated with the symbol (+/-). (b) His-tagged based pulldowns using purified wildtype HIS-USP7
NTDPWEF, double mutant HIS-USP7 NTDAACF HIS-USP7 CTD, and full-length HIS-USP7 boundto Ni?*-NTA-
agarose beads incubated with 500 pg of whole cell lysate derived from U20S cells transfected with 5 pg of
FLAG-SIRT2. Purified wildtype HIS-SPOP MATHPWEF and HIS-SPOP MATHPACA hound to Ni?*-NTA-
agarose beads were used as positive controls. In = Input, PD = Pulldown. For each pulldown, lane 1 (input)
represents the purified HIS-USP7/SPOP construct, lane 2 (input) represents 50 ug the whole cell lysate derived
from U20S cells transfected with 5 ug of FLAG-SIRT2, and lane 3 represents the result of the His-tagged based
pulldown after extensive washing. *Exogenously expressed SIRT2 can be translated from two different start
sites. Endogenous SIRT2 exists as multiple isoforms (43 kDa, 39 kDa, and 36 kDa) due to either alternative
splicing and/or translational start sites. Two of the SIRT2 isoforms (43 kDa and 36 kDa) migrate as two distinct
species due to the post-translational phosphorylation modifications.
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3.1.4 SIRT?2 stability is UPS and USP7 dependent

Next, considering that USP7 plays a fundamental role in the stability of its substrates by
cleaving the ubiquitin signal associated with proteasomal degradation, we investigated if USP7
and the ubiquitin proteasome system are involved in SIRT2 stability (Bojagora & Saridakis, 2020).
First, we compared the levels of SIRT2 in wildtype human colorectal carcinoma cell line
(HCT116) and USP7 knockout (KO) human colorectal carcinoma cell line (HCT116 USP7-") after
treatment with the proteasomal inhibitor MG132 or DMSO as a control (Figure 3-5A). In both
wildtype and USP7 KO HCT116 cell lines treatment with MG132 increased the endogenous levels
of SIRT2 compared to the DMSO control, suggesting the involvement of the ubiquitin proteasome
system in SIRT2 stability. Moreover, SIRT2 levels were slightly lower in the USP7 KO HCT116
cell line compared to the wildtype HCT116 cell line after treatment with DMSO suggesting that
USP7 may also play a role in SIRT2 stability. This was further observed when comparing SIRT2
levels in the wildtype and USP7 KO HCT116 cell lines without the additional treatment of MG132
or DMSO as seen in (Figure 3-5B). Additionally, upon overexpression of MYC-USP7 in a dose-
dependent manner in U20S cells, we observed a slight increase in SIRT2 levels (Figure 3-5C).
Together, these results indicate that USP7 regulates the stability of SIRT2.
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Figure 3-5. SIRT2 stability is UPS and USP7 dependent. (a) Western blot of WCLs of HCT116 and HCT116
USP77 cells treated with 40uM MG132 or DMSO for 1 hour. (b) Western blot of WCLs of HCT116 and
HCT116 USP7 cells. (c) Western blot of WCLs of U20S cells transfected with the indicated plasmid in a dose
dependent manner (1, 2.5, and 5 pg) for 24 hours. *Endogenous SIRT2 exists as multiple isoforms (43 kDa, 39
kDa, and 36 kDa) due to either alternative splicing and/or translational start sites. Two of the SIRT2 isoforms
(43 kDa and 36 kDa) migrate as two distinct species due to the post-translational phosphorylation modifications.

67



3.1.4 USP7 may regulate SIRT2 function

We next investigated whether or not USP7 regulates the function of SIRT2 by examining
the downstream effects on BubR1, a mitotic checkpoint kinase previously established as a SIRT2
substrate, in response to stable USP7 knockout. As seen in (Figure 3-6), SIRT2 levels and notably,
BubR1 levels are decreased in the USP7 KO HCT116 cell line in comparison to the wildtype
HCT116 cell line suggesting that USP7 may regulate SIRT2 downstream function. This finding is
consistent with literature examining the relationship between SIRT2 and BubR1; SIRT2 has been
reported to interact and stabilize BubR1 levels by deacetylation of residue K668 (North et al.,
2014).
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Figure 3-6. USP7 may regulate SIRT2 downstream function. Western blot of WCLs of HCT116 and HCT116
USP77 cells. *Endogenous SIRT2 exists as multiple isoforms (43 kDa, 39 kDa, and 36 kDa) due to either
alternative splicing and/or translational start sites. Two of the SIRT2 isoforms (43 kDa and 36 kDa) migrate as
two distinct species due to the post-translational phosphorylation modifications.
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3.4 Discussion

The objective of this project was to identify a novel substrate of USP7 and characterize its
mode of binding and regulation. We identified SIRT2, an NAD*-dependent deacetylase, as a novel
substrate of USP7. We showed that USP7 interacts with SIRT2 in vivo as well as in vitro. We
further demonstrated that the N-terminal TRAF-like domain of USP7 is critical in mediating its
interaction with SIRT2 in vitro. Finally, we established that USP7 regulates SIRT2 stability and

downstream function.

3.4.1 USP7 and SIRT?2 interact in vivo

To determine if SIRT2 and USP7 physically interact with each other in vivo, we performed
a series of co-immunoprecipitations. We showed that exogenously expressed FLAG-SIRT2 was
co-immunoprecipitated by MYC-USP7 and similarly, exogenously expressed MYC-USP7 was
co-immunoprecipitated by FLAG-SIRTZ2, suggesting an interaction between the two exogenously
expressed proteins. Moreover, endogenous USP7 was co-immunoprecipitated by exogenously
expressed FLAG-SIRT2, however endogenous SIRT2 was not co-immunoprecipitated by
exogenously expressed MYC-USP7 (data not shown). Additionally, USP7 was co-
immunoprecipitated by SIRT2 in U20S, 293T, and HeLa cell lines, suggesting an endogenous
interaction between the two proteins. When performing the reciprocal co-immunoprecipitation,
SIRT2 was not co-immunoprecipitated by USP7 (data not shown). The inability to detect the co-
immunoprecipitation of endogenous SIRT2 by overexpressed MY C-USP7 and endogenous USP7
may be due to the low endogenous levels of SIRT2. Nonetheless, our data together demonstrates

that SIRT2 and USP7 physically interact with each other in vivo.

3.4.2 USP7 interacts with SIRT2 via the “DWGF” motif within its N-terminal

TRAF-like domain

Previous studies have shown that the N-terminal TRAF-like domain containing the
164DWGF¢” motif and C-terminal the ubiquitin-like (Ubl2) subdomain containing the ®MDGD76
motif of USP7 mediates its interaction with substrates and/or binding partners containing the
P/A/ExxS motif and the KxxxK motif, respectively (Saridakis et al., 2005; Sarkari et al., 2013;
Pfoh et al., 2015). Analysis of the full-length protein sequence of SIRT2 using ELM revealed the
presence of one putative USP7 binding consensus motif (P/A/ExxS) 363PSTS%¢, suggesting that
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USP7 interacts with SIRT2 through its N-terminal TRAF-like domain rather than its Ubl2 C-
terminal subdomain. To verify this, we employed a series of His-tagged based pulldowns using
the following purified constructs bound to Ni-NTA agarose beads: full length HIS-USP7, wildtype
HIS-USP7 NTDPWGF double mutant HIS-USP7 NTDAACGF and HIS-USP7 CTD. After incubation
with lysate derived from U20S cells overexpressing FLAG-SIRT2 and extensive washing, the
results of the His-tagged based pulldowns indicate that the N-terminal TRAF-domain of USP7
mediates its interaction with SIRT2. FLAG-SIRT2 was shown to interact with wildtype HIS-USP7
NTDPWCF, This interaction with FLAG-SIRT2 was abolished with the double mutant HIS-USP7
NTDAACF in which Asp'®* and Trp® were changed to alanine residues, suggesting that these
residues within the N-terminal TRAF-like domain are critical for mediating binding to SIRT2.
This finding is consistent with previous studies that similarly investigated which residues within
the N-terminal TRAF-like domain of USP7 mediates its interaction with the cellular substrate,
UbE2E1L, and the viral binding partner, VIRF1 (Sarkari et al., 2013; Chavoshi et al., 2016). In
analogous GST-tagged based pulldowns, wildtype GST-USP7 NTDPWCF hound to glutathione
(GSH) agarose beads was shown to bind purified HIS-UbE2E1, whereas the double mutant GST-
USP7 NTDAAGFwas unable to (Sarkari et al., 2013). Similarly, once again employing GST-tagged
based pulldowns, GST-VIRF1 bound to glutathione (GSH) agarose beads was shown to bind
purified wildtype HIS-USP7 NTDPWCF and unable to bind the purified double mutant HIS-USP7
NTDAACF (Chavoshi et al., 2016).

Moreover, the results of the His-tagged based pulldowns show that FLAG-SIRT2 does not
bind and interact with HIS-USP7 CTD possessing the Ubl2 subdomain. Considering that analysis
of the full-length protein sequence of SIRT2 using ELM did not detect a KxxxK motif, we did not
find this surprising. Overall, we demonstrated that 1**DWGF%” motif within the N-terminal TRAF-
like domain of USP7 mediates its interaction with overexpressed FLAG-SIRT2 in vitro as
previously shown with USP7 and its other substrates such as DDX24, UbE2E1, and MCM-BP
(Georges et al., 2018; Sarkari et al., 2013; Jagannathan et al., 2014).

3.4.3 SIRT2 stability is UPS and USP7 dependent

USP7 plays a fundamental role in the stability of its substrates by cleaving the ubiquitin
signal associated with proteasomal degradation (Bojagora & Saridakis, 2020). As a result, we

investigated if USP7 and the ubiquitin-proteasome pathway are involved in SIRT2 stability. In
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both wildtype and USP7 KO HCT116 cell lines treatment with the proteasome inhibitor, MG132,
increased the endogenous levels of SIRT2 compared to the DMSO control, indicating that SIRT2
stability is dependent on the ubiquitin-proteasome pathway. This finding is supported by previous
reports in which SIRT2 levels were stabilized upon treatment with proteasome inhibitors
lactacystin and epoxomicin in the human primary osteogenic sarcoma cell line (Saos2), and upon
treatment with MG132 in adenocarcinomic human alveolar basal epithelial (A549) cell line
(Dryden et al., 2003; Luo et al., 2017). To date, two E3 ubiquitin ligases, SPOP and HMG-CoA
reductase degradation protein 1 (HRD1) have been identified to promote SIRT2 ubiquitination and
degradation by the 26S proteasome (Luo et al., 2017; Liu et al., 2020). However, no
deubiquitinating enzymes have been identified to regulate SIRT2 stability. Here, we demonstrated
that SIRT2 levels are lower in the USP7 KO HCT116 cell line in comparison to the wildtype
HCT116 cell line suggesting that USP7 plays a role in SIRT2 stability. Moreover, upon
overexpression of USP7 in a dose-dependent manner in U20S cells, we observed a slight increase
in SIRT2 levels. This increase in SIRT2 levels is more evident upon transfection and expression
of 5 ug of MY C-USP7 compared to the empty vector control. Taken together, these results indicate
that USP7 is novel regulator of SIRT2 stability.

It is important to note that albeit the levels of SIRT2 are lower in USP7 KO HCT116 cell
line in comparison to the wildtype HCT116 cell line, stable knockout of USP7 did not result in the
complete loss or destabilization of SIRT2. This suggests that the stability of SIRT2 may be
influenced by additional regulatory proteins and/or post-translational modifications. As mentioned
previously, SIRT1 is the best characterized member of mammalian sirtuin family (Kupis et al.,
2016). SIRT1 similar to SIRT2 is a nuclear/cytoplasmic protein that has previously been identified
to be regulated by USP7, as well as another member of the UPS family, USP22, which similarly
mediates the deubiquitination and stabilization of SIRT1 (Song et al., 2019; Lin et al., 2012).
Moreover, another member of the mammalian sirtuin family, SIRT6 localized to the nucleus, has
been reported to be regulated by USP10 (Lin et al., 2013). Considering that USP22 and USP10 are
expressed in HCT116, these DUBs may promote SIRT2 stability by cleaving the ubiquitin signal
despite complete knockdown of USP7. To verify this, further research needs to be conducted to
determine if SIRT2 interacts with USP10 and/or USP22 and if USP10 and/or USP22 regulate
SIRT2 stability upon siRNA-mediated knockdown of USP22 and USP10. It would be interesting
to see if double siRNA-mediated knockdown of USP22 and USP7, or USP10 and USP7
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destabilizes SIRT2 levels more than the singular sSiRNA-mediated knockdown of USP7, USP22,
and USP10.

Considering that SIRT2 is polyubiquitinated and targeted for degradation by the 26S
proteasome and that USP7 rescues its substrates from degradation by the 26S proteasome through
its deubiquitination activity, we suspect that USP7 binds and cleaves K48-conjugated
polyubiquitin chains from SIRT2 promoting its stabilization (Liu et al., 2020; Nininahazwe et al.,
2021). However, in order to verify this, additional experiments need to be performed such as
overexpressing the catalytic inactive USP7 mutant (C223S) to examine if SIRT2 stability is
dependent on the enzymatic activity of USP7, as well as in vivo deubiquitination assay by
transfecting HA-Ub, HA-Ub and FLAG-SIRT2. and HA-Ub, FLAG-SIRT2, and MYC-USP7,
followed by immunoprecipitation of FLAG-SIRT2 to determine if overexpression of USP7
deubiquitinates and reduces the level of polyubiquitination of overexpressed SIRT2 in comparison

to the other transfection controls.

3.4.4 USP7 may regulate SIRT?2 function

Finally, we investigated whether or not USP7 regulates the function of SIRT2 by
examining the downstream effects on its cytoplasmic substrate, BubR1, a mitotic checkpoint
kinase which is a critical regulator of aging and longevity in mice (North et al., 2014). In response
to the stable knockout of USP7 in the HCT116 cell line, SIRT2 and BubR1 levels were lower
compared to the wildtype HCT116 cell line. This finding is consistent with literature examining
the relationship between SIRT2 and BubR1. SIRT2 has been reported to interact and
stabilize BubR1 levels by deacetylation of residue K668 (North et al., 2014). To verify if the
decreased levels of BubR1 is a direct result of the destablization of SIRT2 upon knockdown of
USP7, and overall if USP7 directly regulates SIRT2 function, acetylation and deacetylation levels
of the K668 residue of BubR1 levels should be further examined.

As mentioned previously SIRT2 is primarily a cytoplasmic protein but also shuttles to the
nucleus during the G2/M transition of mitosis where it associates with chromatin, and
deacetylates nuclear substates such as histone H4 lysine 16 (H4K16) regulating genome stability
and cell cycle progression (North & Verdin, 2007; Vaquero et al., 2006). Consequently, it would
be interesting to investigate if USP7 regulates SIRT2 stability and downstream function on H4

during its nuclear localization upon synchronization and arrest at G2/M phase of the cell cycle.
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Currently, it remains unknown how SIRT2 is transported to the nucleus as it lacks a nuclear
localization signal, however, phosphorylation of SIRT2 has been suggested to potentially play a
role (Flick & Luscher, 2012). Considering that USP7 also regulates the localization of its
substrates, it would be interesting to further investigate if USP7 is implicated in SIRT2 nuclear

transport by cleaving other forms of ubiquitination conjugated to SIRT2.

3.4.5 USP7, Sirtuins, and Prostate Cancer

As mentioned previously, USP7 has been reported to be overexpressed in prostate cancer
and is directly correlated to tumor aggressiveness (Song et al., 2008). Similar to USP7, SIRT1
have been reported to be significantly upregulated in prostate cancer cell lines compared to normal
prostate cell lines (Jung-Hynes et al., 2009). Further investigation of the role of SIRT1 in prostate
cancer revealed that inhibition of SIRT1 activity by nicotinamide and/or sirtinol, as well as post-
transcriptional gene silencing of SIRT1 via shRNA, significantly inhibited the growth and viability
of human prostate cancer cells, while having no effect on normal prostate cells (Jung-Hynes et al.,
2009). Therefore, inhibition of SIRT1 has been proposed as a potential novel target to prevent
and/or treat prostate cancer (Jung-Hynes et al., 2009). Recently, USP7 has been identified to
regulate the stability of SIRT1 through its deubiquitination activity, however the relationship
between USP7 and SIRTL1 in the context of prostate cancer has not been established (Song et al.,
2019). Considering that SIRT1 and USP7 have been implicated in prostate cancer in individual
studies, it is suspected that the relationship between USP7 and SIRT1 is relevant in prostate cancer
cells.

Similar to SIRT1, SIRT2 has been reported to be significantly upregulated in prostate
cancer cell lines compared to normal prostate cell lines, however the role in which SIRT2 plays in
prostate cancer remains unknown (Jung et al., 2007). Previous studies have shown that knockdown
of SIRTZ2 induces p53 accumulation, promoting apoptosis of cancerous cells (Li et al., 2010). This
finding although not in the context of prostate cancer, suggests that overexpression of SIRT2 is
involved in cancerous growth and survival. Here, we have identified that similar to SIRT1, USP7
interacts with SIRT2 revealing a potential novel molecular mechanism in which USP7 may
potentially contribute to prostate cancer development through the regulation of SIRT2 stability.
However, to determine if the relationship between USP7 and SIRT2 is significant in prostate

cancer, further investigation is required.
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Chapter 4: Conclusions

Dysregulation of the ubiquitin-proteasome degradation pathway result in proteome
imbalances and has been implicated in cancer initiation and progression (An etal., 2014). Genome-
wide sequencing studies have revealed that SPOP, a substrate adaptor protein associated with the
Cullin 3-RING E3 ubiquitin ligase complex is the most frequently mutated gene in primary
prostate cancers (Barbieri et al., 2012). Moreover, the deubiquitinating enzyme, USP7, has been
reported to be overexpressed in prostate cancer and is directly correlated to tumor aggressiveness
(Song et al., 2008). The objective of this project was to identify novel substrates of SPOP and
USP7 and characterize their mode of binding and regulation to provide further insight on the
molecular mechanisms in which SPOP and USP7 contribute to prostate cancer development. Due
to the sequence and structural similarity between the substrate binding N-terminal TRAF-like
domain of USP7 and MATH domain of SPOP, previously established substrates of USP7 and
SPOP provided a basis for selecting and identifying potential novel substrate of SPOP and USP7,
respectively. In order to screen for potential novel substrates of SPOP and USP7, we performed a
bioinformatic search using the Eukaryotic Linear Motif (ELM) computational biology resource to
detect for SPOP binding consensus motifs (¢-n-S/T-S/T-S/T) in established USP7 substrates and
USP7 binding consensus motifs (P/A/ExxS) in established SPOP substrates.

Analysis of the full-length protein sequence of MDMZ2, an E3 ubiquitin protein ligase,
revealed the presence of two putative SPOP binding consensus motifs: %6PSTSS and
397PSTSS*! prompting us to investigate whether MDM?2 is a novel substrate of SPOP (Figure 4-
1A). Using a series of His-tagged based pulldowns, we demonstrated that SPOP through the
0DWGF'* motif within its MATH domain interacts with MDM2 in vitro. Whereas prostate
cancer associated mutations of the SPOP MATH domain completely or partially disrupted this
interaction with MDM2. We further demonstrated that SPOP regulates the stability of MDM2 via
siRNA-mediated knockdown and overexpression via transfection. Upon treatment with MG132,
we determined that SPOP within the Cullin 3-RING E3 ubiquitin ligase complex targets MDM2
for degradation via the 26S proteasome. These findings collectively suggest that MDM2 may
potentially be a novel substrate of SPOP, however further experiments need to be performed to

verify this such as co-immunoprecipitation assays to determine if MDM2 and SPOP interact in
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vivo in prostate cancer cell lines, and in vivo ubiquitination assays to determine if the SPOP-Cullin
3-RING E3 ubiquitin ligase complex mediates the polyubiquitination of MDM2.

In addition, analysis of the full-length protein sequence of the NAD*-dependent
deacetylase, SIRT2, an established substrate of SPOP, revealed the presence of one putative USP7
binding consensus motif: 363PSTS3%6 prompting us to investigate whether SIRT2 is a novel
substrate of USP7 (Figure 4-1B). Here, we demonstrated that USP7 interacts with SIRT2 in vivo
in various cell lines, as well as in vitro. We further demonstrated using a series of His-tagged based
pulldowns, that the *DWGF’ motif within the N-terminal TRAF-like domain of USP7 is
critical in mediating its interaction with SIRT2. Finally, we established that USP7 regulates SIRT2
stability upon stable knockout of USP7 in the HCT116 cell line. Together, these results indicate
that SIRT2 is a novel substrate of USP7. However, further experiments need to be performed to
determine if USP7 regulates SIRT2 stability through its deubiquitination activity. Collectively, our
results suggest a potential mechanism in which SPOP and USP7 may contribute to prostate cancer
pathogenesis through the regulation of MDM2 and SIRTZ2, that may have potential in combination

to be targeted therapeutically, however further studies need to be conducted to shed light on this.
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Figure 4-1. Overview of the relationship of USP7 and SPOP with SIRT2 and MDMZ2. (a) MDM2 is an
established USP7 substrate. USP7 has previously been shown to regulate the stability of MDM2 through its
deubiquitinating activity. Notably, we demonstrated that SPOP interacts with MDM2 through its substrate
binding MATH domain in vitro and negatively regulates the stability of MDM2 in a proteasome dependent
manner in vivo. Further experiments are required to determine if SPOP interacts with MDMZ2 in vivo and if the
SPOP-Cullin 3-RING E3 ubiquitin ligase complex polyubiquitinates MDMZ2. (b) SIRT2 is an established SPOP
substrate. The SPOP-Cullin 3-RING E3 ubiquitin ligase complex has previously been shown to polyubiquitinate
and target SIRT2 for degradation by the 26S proteasome, thus regulating its stability. Notably, we demonstrated
that SIRT2 is a novel substate of USP7 and that USP7 regulates the stability of SIRT2 presumably through its
deubiquitination activity, however this needs to be confirmed by further experiments. Red arrows represent novel
findings by the Saridakis lab. Black arrows represent previous findings by other researchers. Red dashed arrows
represent processes that require further investigation and remain unconfirmed. Schematic created with
BioRender.com.
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