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ABSTRACT

The deubiquitinase, Ubiquitin-Specific Protease 7 (USP7) is an indispensable protein responsible
for regulating appropriate turnover of proteins involved in numerous signaling pathways and
biological processes including immune response, DNA damage response, DNA replication,
epigenetics and cell division. USP7 plays an important role in regulating the stability of several
tumour suppressors and oncogenic drivers, demonstrated by the extensive implication of USP7
in several human cancers. Furthermore, USP7 is frequently targeted by numerous viral proteins

to manipulate cellular processes to promote viral persistence and propagation.

USP7’s role in epigenetics is emerging and studies have demonstrated that USP7 modulates
several epigenetic modifiers. This thesis further explores USP7’s role in epigenetics,
investigating USP7’s novel regulation of two histone modifying enzymes highly implicated in
oncogenesis, Enhancer of Zeste Homolog 2 (EZH2) and Retinoblastoma Binding Protein 2
(RBP2). Based on previous findings, our group identified probable interaction sites in these

proteins and pursued to characterize the interactions.

Chapter 2 focuses on the functional relationship between USP7 and EZH2. EZH2, a H3K27
methyltransferase, is the catalytic component of the PRC2 complex, a transcriptional repressor of
genes involved in differentiation and development. Our group has previously co-crystallized
USP7 and EZH2, and I further explore the intricacies of this interaction and the regulation of
EZH2 downstream function. My work supports that EZH2 interacts with the 7' MDGD764
interaction site located in UbI2 of USP7 via the “®’PRKKKRK*’® sequence. Moreover, USP7
deubiquitinates EZH2 and affects the downstream function of EZH2.

In Chapter 3, I explore the regulatory axis of USP7 and RBP2, a H3K4 demethylating enzyme
that regulates the expression of loci associated with development, differentiation, circadian
rhythm, mitochondrial function, and oncogenesis. My work characterizes the novel interaction
between RBP2 and USP7 and suggests a regulatory relationship between USP7 and RBP2. The
data suggests RBP2 interacts with both the "**DWGF'®” and 7*'MDGD’% motifs of USP7.
Additionally, USP7 appears to regulate RBP2 stability and affect RBP2’s downstream function.
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CHAPTER 1 : INTRODUCTION

1.1 Ubiquitination

Ubiquitination is a cellular process that involves the conjugation of a 76-amino acid polypeptide,
ubiquitin, to a target protein . Living up to its name, ubiquitination is truly ubiquitous, evident
by its high degree of evolutionary conservation and universal expression in eukaryotic cells. This
multifaceted regulatory mechanism is involved in numerous biological processes, most notably
in regulating protein degradation, but has been shown to affect protein activity, protein-protein
interactions, and alter protein localization 2. The versatile effects of ubiquitination dictate its
involvement in a variety of cellular processes, such as endocytic trafficking, gene expression,
DNA repair, immune response and viral infection. Hence, it is not surprising that dysregulation
of ubiquitination system components is associated with numerous diseases such as cancer,
neurodegenerative and developmental disorders 3. The importance of ubiquitin-mediated protein
degradation was recognized in 2004 when the Nobel Prize in Chemistry was awarded to Aaron

Ciechanover, Avram Hershko and Irwin Rose for their contributions to this field *.

The structure of ubiquitin was published in 1987 by Kumar et al., demonstrating ubiquitin is a
highly stable protein consisting of a compact 3-grasp fold ° (Figure 1-1). In animals, ubiquitin is
produced as a monomer fused to a ribosomal protein encoded by UBAS52 and UBASO ¢7; or as a
polyubiquitin chain encoded by the polyubiquitin cassettes UBB and UBC 8. Under basal
conditions, ubiquitin is typically expressed as a monomeric ribosomal fusion protein or a
polyubiquitin chain °. In the response to cellular stress, the expression of ubiquitin from

polyubiquitin cassettes is upregulated, allowing for rapid increase in ubiquitination levels '°.

The fate of the ubiquitinated protein depends on both the type of modification
(monoubiquitination, multi-monoubiquitination, or polyubiquitination) as well as the type of
linkage !''. Ubiquitin is typically conjugated to substrate lysine (K) residues; however, it has also

been shown to undergo conjugation to cysteine (C), serine (S) and threonine (T) residues .

In polyubiquitination, ubiquitin is able to form eight different types of chains on itself through its

seven lysine (K) residues (K6, K11, K27, K29, K33, K48, K63) or the methionine residue (M1)
1



1314 (Figure 1-1). Furthermore, polyubiquitin chains can be homotypic or heterotypic, composed
of uniform or mixed linkages respectively. The most commonly observed polyubiquitin chains

appear to be K48 and K63 linked.

Figure 1-1. The structure of ubiquitin displaying seven Lysine residues and Methioninel.
Through one of seven lysine residues (K6, K11, K27, K29, K33, K48, K63) or M1, ubiquitin is
able to participate in the formation of polyubiquitin chains. Adapted from '3.

The addition of K48 polyubiquitin chains to a substrate targets it for degradation by the 26S
proteasome, a large 2.5 MDa ATP dependent protease complex '¢. Although K48-linked
polyubiquitin chains are a well-recognized signal for proteasomal degradation, several other
forms of ubiquitination have also been associated with protein turnover '’. For instance, K11-
linked polyubiquitin chains as well as heterotypic K11/K48 polyubiquitin chains have been

shown to target proteins for proteasomal degradation '8:1°,

Instead of facilitating protein turnover, K63 polyubiquitination appears to have several non-
proteolytic roles in endosomal trafficking and DNA damage repair 2**'. Additionally, K63 and
M1 polyubiquitination is associated with the regulation of inflammatory signaling, specifically
activation of the NF-xB pathway 222°. Less common polyubiquitin chains have also been
observed to play important roles in the cell. For instance, K27 polyubiquitination of H2A and
H2A X is critical in DNA damage response, responsible for recruiting DNA damage response
factors to DNA damage foci 4. K6 polyubiquitination has been linked with mitophagy, critical

for preventing the buildup of reactive oxygen species in the cell by facilitating the removal of



dysfunctional mitochondria #°. Additionally, K6 polyubiquitination appears to play a role in

mediating response to intracellular pathogens by promoting xenophagy 2.

Ubiquitin is covalently attached to lysine (K) residues on the target protein in an ATP-dependent
manner via an enzymatic cascade involving activating (E1), conjugating (E2), and ligating (E3)
enzymes. The process of attaching ubiquitin to a target first involves the E1 ubiquitin activating
enzyme (Figure 1-2) ?7. In an ATP-dependent manner, E1 activates and conjugates ubiquitin to
an active-site cysteine in E1, forming a thioester bond. Afterwards, ubiquitin is transferred to a
cysteine residue in the active site of a E2 ubiquitin-conjugating enzyme. Finally, a E3 ubiquitin
protein ligase enzyme is required to conjugate ubiquitin to lysine residues in the substrate. E3s
appear to be the most abundant enzymes in the ubiquitin conjugating cascade, encoding
approximately ~600 enzymes 3. The abundance of E3s is thought to confer substrate specificity
and allow for a discrete control of protein turnover in the cell. Three families of E3 enzymes
exist and they are defined by the domains they possess which include HECT (Homologous to the
E6AP Carboxyl (C) Terminus), RING (Really Interesting New Gene), or RBR (RING-between-
RING) domains.

RING-E3s function as scaffolds, facilitating the transfer of ubiquitin directly from E2 to the
substrate. RING-E3s contain the RING motif, a zinc-binding domain which facilitates interaction
with E2s 28, A notable example of a RING-E3 is BRCA1 (Breast cancer type 1 susceptibility
protein), a tumour suppressor whose mutation is highly associated with an increased
predisposition to breast and ovarian cancer *-°. Other prominent examples include
HDM2/HDMX, PML (promyelocytic leukemia protein), and the HSV-1 protein, ICPO (Infected

cell protein 0) 31-33,

In contrast, the HECT- and RBR-type E3 ligases transfer the ubiquitin to the substrate in a two-
step process. The first step involves the transfer of ubiquitin from E2 to the HECT- or RBR-E3s.
This is followed by transfer from the HECT or RBR-E3 to the substrate. The HECT domain was
initially discovered in the E6-AP cellular ubiquitin ligase that was found to bind the E6 HPV
(human papillomavirus) oncoprotein *. The recruitment of E6-AP by E6 results in the
ubiquitination and subsequent degradation of the human tumour suppressor pS3. The

downregulation of p53 by HPV promotes cell proliferation and thus development of cervical



cancer. In contrast, RBR E3 ligases are composed of a RING1, in-between RING and a RING2
domain *. Parkin is an extensively studied RBR E3 ligase that regulates mitochondrial recycling

and implicated with familial Parkinson’s disease 3.
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Figure 1-2. The ubiquitination pathway. Three types of enzymes are required to ubiquitinate a
substrate: ubiquitin-activating (E1), ubiquitin-conjugating (E2) and ubiquitin-protein ligase (E3)
enzymes. The conjugation of ubiquitin to a substrate begins with an E1-mediated ATP-
dependent reaction. This reaction involves the formation of a thioester bond between an active
site cysteine in the E1 enzyme and the C terminus of the ubiquitin. Afterwards, the ubiquitin
moiety is transferred from E1 to an E2 cysteine residue. Finally, the E3 enzyme facilitates the
last step of ubiquitination by catalyzing the conjugation of ubiquitin to the target substrate. The
abundance of E3s encoded in the human genome confers substrate specificity. Three families of
E3s exist: RING, HECT, and RBR. RING E3s carry out the conjugation of ubiquitin directly to
the target substrate from E2. In comparison, HECT or RBR E3s function in a two-step process;
transferring the ubiquitin from the E2 to the E3, and finally to the substrate. Ubiquitin can be
removed from a substrate by deubiquitinases (DUBs). Adapted from 3.

1.2 Deubiquitination

The ubiquitination of proteins is reversed by a class of proteases called deubiquitinases (DUBs).
DUBs reverse the process of ubiquitination by hydrolyzing the bonds between the ubiquitin
moieties or between ubiquitin and the substrate. DUBs possess several biological roles required
for the regeneration of the free ubiquitin pool in the cell (Figure 1-3). As previously mentioned,
ubiquitin is expressed as a polyubiquitin chain (encoded by UBC, UBB) or a fusion to a
ribosomal subunit (encoded by UBAS52, UBA80). DUBs are responsible for generating mature
ubiquitin by processing ubiquitin precursors into free ubiquitin molecules. Additional avenues by
which DUBs regenerate the free ubiquitin pool in the cell involve the deubiquitination of

ubiquitinated proteins.



Perhaps the most well-known role of DUBs is their ability to stabilize proteins by removing a
ubiquitin tag to salvage the protein from proteolysis by the 26S proteasome. Additionally, certain
DUBs associate with the 26S proteasome and deubiquitinate proteins destined for degradation,
thereby aiding in ubiquitin recycling. DUBs are also involved in removing non-proteolytic
ubiquitin signals from proteins. When a ubiquitin chain is removed from a protein en bloc, DUBs
are necessary for cleaving the chains to generate free ubiquitin molecules. Aside from this, some
DUBSs can modify existing ubiquitin tags; In doing so, DUBs can effectively cause the shift from

one ubiquitin signal to another.

’O pus @ Ubiquitin

a Precursor processing

b Rescue from
degradation

%o

[
‘
'
|
\
\
\

¢ Removal of
non-degradative
ubiquitin signal

G000
é

e
Degradative % @ ! Non-degradative
signal | signal
d ReC)\/cling f Edi'ting

FeR O

Degradati g
R O . Free ubiquitin pool .~ O
27 g I ot 3 A qg

574

QS @

Figure 1-3. Roles of DUBs in the cell. (a) DUBs are required for generating free ubiquitin from
precursor molecules. As mentioned previously, ubiquitin is expressed as a ribosomal fusion
(UBAS52, UBAS8O) or a polyubiquitin chain (UBC, UBB). (b) DUBs stabilize proteins by
removing a ubiquitin signal that would otherwise target the protein for degradation. (c) Non-
proteolytic ubiquitin signals can be reversed by DUBs as well. (d) Certain DUBs associate with
the 26S proteasome to facilitate the removal of ubiquitin from proteins targeted for degradation.
(e) If the ubiquitin chain is removed from a substrate as a whole, DUBs are required to
deconstruct the polyubiquitin chains to regenerate the free ubiquitin pool. (f) It is thought that
some DUBs can edit ubiquitin chains, resulting in a different ubiquitin signal. Collectively, the
various roles of DUBs in the cell generate free ubiquitin molecules that can be ligated to target
proteins via the E1-E2-E3 ubiquitination cascade. Adapted from ¥,



Collectively, the numerous functions DUBs demonstrate the importance of DUBs in a cell. In
combination with the plethora of variable ubiquitin signals, one can appreciate the complexity of

ubiquitination system in the cell.

The human genome encodes approximately 100 DUBs that are divided into six families:
ubiquitin specific proteases (USP), ubiquitin C-terminal hydrolases (UCH), Machado-Joseph
domain protease (MJD), ovarian tumour related proteases (OTU), JAMM motif proteases
(JAMM), and motif interacting with Ub containing novel DUB family (MINDY) (Figure 1-4) 8.
Comparative analysis of the DUB subclasses revealed variance in the secondary structure
between the subclasses. The majority of DUBs are cysteine proteases, with the exception of
JAMM domain containing metalloproteases. Cysteine proteases are defined by a catalytic
cysteine located in the active site, which cooperates with adjacent histidine and aspartate residues

to form a catalytic triad ¥’.

The largest DUB family is the USP class, with over 50 known members *. This class of cysteine
proteases exhibits a high degree of sequence variation in the non-catalytic domains which is
thought to confer substrate specificity. Interestingly, three catalytic residues in the catalytic
domain have been found to be conserved amongst members of this class, including: Cys (C), His
(H), and Asp(D)/Asn(N) ¥*. In 2002, the structure of a USP catalytic domain belonging to
USP7/HAUSP was determined, providing a definition for the USP fold “°. The USP fold is
characterized by a thumb, palm and finger architecture, with the catalytic residues located in the

thumb and the palm.
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Figure 1-4. Organization of DUB subfamilies. There are two major types of DUBs, cysteine
proteases and metalloproteases, which are further grouped into subfamilies. The metalloproteases
consist of only one group, the JAMM motif proteases (JAMM). The Cysteine proteases include
the largest group ubiquitin specific proteases (USP), as well as ubiquitin C-terminal hydrolases
(UCH), ovarian tumour related proteases (OTU), Machado-Joseph domain protease (MJD), and
motif interacting with Ub containing novel DUB family (MINDY). Adapted from *!.

1.3 USP7

Human ubiquitin-specific protease 7 (USP7; also known as Herpesvirus-associated ubiquitin-
specific protease (HAUSP)) consists of 1102 amino acids (135 kDa) and belongs to the USP
class 42, USP7 was discovered in 1997 by Everett et al. and initially found to interact with a
herpes simplex virus type 1 (HSV-1) viral protein, ICPO 43. USP7 exhibits a high degree of
evolutionary conservation as well as sequence homology (~98.6%) with mouse and rat
orthologues *. USP7 is expressed in all tissue types and is critical for maintaining normal cell

function, as perturbations to its expression levels have been associated with numerous



pathological conditions . The functional importance of USP7 has been experimentally
demonstrated in USP7 knock-out mice 4. During development, the knock-out mice embryos
exhibited embryonic lethality thought to be due to USP7’s involvement in the p53-HDM2
pathway, resulting in the stabilization of p53 and subsequent growth arrest. The generation of
p53 and USP7 null mice extended embryonic development but was unsuccessful in fully
rescuing the embryonic lethality of the knock-out mice, suggesting novel roles outside the p53-
HDM?2 context. In more recent years, individuals carrying haploinsufficiencies in the USP7 gene
were identified, manifesting clinical features of a neurodevelopmental disorder *’. The
individuals affected exhibited both neurological and behavioral symptoms such as; intellectual

disability, autism spectrum disorder, seizures, hypotonia, and speech delays.

Numerous reports have solidified USP7 as an essential protein playing crucial cellular roles with
extensive implications in oncogenesis and viral infections 4°. Aberrant expression of USP7 has
been associated with various forms of cancer such as, prostate *¥, breast *°, colon *°, lung
squamous cell carcinoma 3!, chronic lymphocytic leukemia 32. Furthermore, USP7 appears to be
frequently deregulated upon viral infection to benefit survival and propagation of the viral niche
(Bojagora and Saridakis, 2020). On the basis of these findings, USP7 has been suggested as a
promising drug target for cancer therapy and antiviral interventions 3>, USP7 inhibitors are an

active field of investigation and existing research has delivered encouraging results.

Nevertheless, certain challenges remain, as the majority of USP7 inhibitors demonstrate low
selectivity and potency 3. This is in part due to the high degree of homology between the
catalytic domains of USPs. Thus, it has been suggested that identifying novel allosteric binding

sites is critical for developing selective and potent USP7 inhibitors.

1.3.1 USP7 Domain Organization, Structure, and Characteristics

USP7 possesses 3 notable domains, the first being an amino-terminal (NTD) tumor necrosis
factor receptor—associated factor (TRAF)-like domain (also referred to as MATH), followed by a
central catalytic core domain (CAT), and a carboxy-terminal domain (CTD) containing five
ubiquitin-like (Ubl 1-5) folds 4535, Encompassing residues 53-205, the TR AF-like domain is
characterized by an eight-stranded, anti-parallel B-sandwich fold 3. The TRAF-like domain

8



contains one of two interaction sites USP7 utilizes to interact with its target proteins. The CAT
domain is responsible for the catalytic function of USP7, binding ubiquitin and cleaving the
isopeptide bond. Spanning residues 208-560, the CAT domain contains the catalytic triad: C223,
H464, and D481 %°. Structurally, the CAT domain resembles a right hand, possessing regions
termed the Palm, Thumb, and Fingers. The ubiquitin molecule interacts with the Fingers of the
CAT domain while the C-terminus is positioned amid the Palm and Thumb which contain the
catalytic cleft. In the hydrophobic catalytic cleft, the histidine residue deprotonates the thiol of
the catalytic cysteine, enabling the cysteine to carry out a nucleophilic attack on the isopeptide
bond. The aspartate residue functions by stabilizing the positive charge of the histidine residue
and polarizing the histidine residue and resulting in cysteine deprotonation. However, apo USP7
is found in an inactive conformation, and undergoes conformational changes upon binding
ubiquitin. These conformational changes involve interactions between the CAT and the CTD

domains.

The CTD contains five ubiquitin-like (Ubl) folds, each consisting of a 31p2af33p4 fold that is
structurally similar to ubiquitin yet dissimilar in sequence to ubiquitin -7, Structural analysis of
USP7-CTD revealed that the Ubl folds engage in associations amongst each other, forming di-
Ubl units, resulting in a 12-3-45 Ubl domain organization *¢. The last di-Ubl, Ubl45, is thought to
be involved in USP7 activation by binding to a small loop near the active site termed the
“switching loop” located in the CAT domain. The binding of Ubl45 to the “switching loop”
enhances binding of ubiquitin and the catalytic activity of USP7 by 100-fold. In contrast, another
group has suggested that only the C-terminal residues 1084-1102 bind the activation cleft located
in the catalytic domain . The binding of the C-terminal peptide was suggested to stabilize the
active conformation of USP7. Interestingly, upon interaction with USP7’s Ubl 12 domains, the
protein GMPS (Guanine Monophosphate Synthetase) is able to allosterically activate USP7 and
increase the efficiency of its catalytic activity . Our group has shown the presence of hinges
between the Ubl12 and Ubl45 dimers and Ubl3 *°, as well as a 26 amino-acid a-helical linker
located between the CAT domain and the CTD . These flexible regions allow USP7 to

undergo rearrangements, permitting the enzyme to switch between active and inactive states.

To interact with proteins, USP7 has been shown to primarily utilize one of two domains, TRAF-

like > or UbI2 *. The TRAF-like domain possesses a '*DWGF'” motif located in 3-strand 7 that
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binds interacting proteins containing a (P/A/E)XXS motif 62, Structural analysis demonstrated
that interacting proteins bind to a shallow groove on the surface of the NTD, and that the D164
and W 165 residues in the '*DWGF'*” motif play an indispensable role in mediating interactions
6, Among the first proteins shown to utilize the NTD interaction domain were the EBNA1
(Epstein-Barr Virus Nuclear Antigen 1) Epstein-Barr viral protein >, as well as the cellular
proteins p53, HDM2, HDMX -, Since then, crystal structures have been determined of NTD
bound to MCM-BP (Minichromosome maintenance binding protein), UbE2E1 (Ubiquitin-
conjugating enzyme E2 E1), and Kaposi’s sarcoma herpesvirus (KSHV) proteins vIRF1 and
VIRF4 61-63.67,

The second interaction site is the “*DELMDGD* motif, a stable and negatively charged region
located in a loop ahead of the last 3 (4) strand of Ubl2 that interacts with proteins containing a
highly conserved KxxxK or KxxxKxK motif . The aspartate (D) residues in the
SDELMDGD site are critical for the protein-protein interactions, forming salt bridges with the
lysine (K) residues in the KxxxK motif. Occasionally, the KxxxK motif has been shown to be
preceded by PR residues, known for strengthening the interaction. USP7-CTD has been
structurally shown to interact with DNMT1 (DNA Methyl Transferase 1), ICPO, RNF169 (Ring
finger protein 169), UHRF1 (Ubiquitin-like with PHD And Ring Finger Domains 1), and EZH2

(Enhancer of Zeste Homolog 2) 37-59:68-70,

Most recently, the crystal structure of USP7-CTD in complex with DNMT1 has shown the
existence of a third interaction site located in Ubl45 . Previous studies have also shown the

interaction of Ubl45 with p53 and FOXO4 7172,

10



NTD CAT CTD
I | |

[ 1 1 [ |

TRAF Catalytic Ubl1l g Ubl2 @ . Ubl5
1102

53-205 208-560 562-665 684-771 793-881 892-974 985-1081

Figure 1-5. USP7 domain organization and structural characteristics. A) USP7 domain
organization. USP7 possesses 3 notable domains including: The N terminal TRAF-like domain
(NTD) shown in purple spanning residues 53-205, a catalytic domain (CAT) shown in blue
encompassing residues 208-560, and a C terminal domain (CTD) containing five ubiquitin like
domains: Ubl1 (562-665), Ubl2 (684-771), Ubl3 (793-881), Ubl4 (892-974), Ubl5 (985-1081).
Each Ubl domain is depicted with a unique colour. Ubl1 and 2 associate with each other forming
a di-Ubl unit. Likewise, Ubl4 and UblS5 associate with each other. B) A predicted structural
model of USP7 creating by superimposing overlapping structures of USP7 fragments, PDB IDs
2F17Z, 5SFWI and 2YLM. The full-length USP7 model includes the TRAF-like domain, Catalytic
domain, Ubl1-5, as well as the disordered C-terminus is depicted as a red dotted line. The
colours of each domain correspond to the schematic in panel (A). C) A model of the TRAF-like
domain (purple) recognizing a peptide (black) containing P/AxxS motif. D) The second
interaction domain is located in Ubl2 (green) of the CTD. UbI2 is shown in complex with a
KxxxKxK peptide (black). Ubl2 binds proteins containing the KxxxK or KxxxKxK sequence.
Panels B), C) and D) were adapted from *!.
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1.4 USP7’s multifaceted role in the cell

Previous studies have demonstrated USP7 interacts with both cellular and viral proteins. From
the cellular substrate perspective, USP7 has been shown to regulate critical transcription factors
as well as proteins involved in DNA replication and cell division, epigenetic regulation, DNA
damage response and repair, and immune response *' (Figure 1-6). Intriguingly, a large number
of the proteins USP7 interacts with are classified as E3 ligases ”* such as: MARCH7 7, RNF220
>, HDM2 %, RINGI1B 7, RAD18 77, TRIM27 7, TRIM32 7, UHRF1 ¢, HLTF %, CHFR 8!, ICPO
3 Mule #2, RNF169 ™ and RNF168 8. Many of the E3 ligase substrates are key players in the
pathways listed above. Interestingly, numerous viral proteins have been demonstrated to interact

with and deregulate USP7. The extensive roles of USP7 are discussed in the following sections.
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Figure 1-6. USP7 interactors have diverse cellular roles. Over 25 years of USP7 research has
characterized numerous proteins regulated by USP7 that are involved in cellular functions that
are indispensable for homeostasis. Many targets appear to be involved in maintaining genomic
stability, on the level of DNA damage response, as well as DNA replication and cellular division.
Furthermore, USP7 plays a role in regulating tumour suppressors, and oncogenic drivers. USP7
interaction partners are also involved in various cellular functions including immune response
and epigenetics. Many of these interactors are interlinked, resulting in complex regulatory axes.
This figure summarizes the interactors discussed in the following section.
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1.4.1 USP7’s role in DNA Damage Response

In the incidence of stress stimuli, it is imperative that our cells rapidly initiate the appropriate
responses to either repair any incurred DNA damage or prevent further genomic insults 8. These
responses involve initiating expression of appropriate genes, recruitment of DNA repair factors
and machinery, and initiating cell cycle arrest. If the damage incurred happens to be beyond
repair, the cell may initiate apoptosis. USP7 is highly involved in DNA damage responses,

regulating proteins involved in detecting, responding and repairing genomic insults.

The ATM-Chk2 and ATR-Chk1 pathways are critical kinase signaling cascades that coordinate
cellular responses to DNA damage. The ATM-Chk2 and ATR-Chk1 pathways are activated by
double stranded breaks and ssDNA respectively #. In the presence of DNA damage, the ATM
and ATR pathways activate DNA damage checkpoints which cause cell cycle arrest and initiate
either DNA repair mechanisms or apoptosis. Tip60 (Tat interactive protein 60) is a histone
acetyltransferase that was found to be stabilized by USP7 8#7_ Tip60 is responsible for
acetylating nucleosomal histones, thereby having an important role in chromatin remodeling.
Another critical function of Tip60 is the regulation of DNA damage responses by acetylating
ATM which results in the activation of the ATM signaling cascade. Furthermore, ATF3
(activating transcription factor 3) binds Tip60 and stimulates its acetylase activity as well as
promotes deubiquitination of Tip60 by USP7. USP7 was also shown to deubiquitinate key
players in the ATR-Chk1 pathway, Checkpoint kinase 1 (Chk1) and its activator Claspin 8.

Upstream of the ATM signaling cascade, USP7 is responsible for stabilizing both RNF168 (Ring
finger protein 168) and RNF169 (Ring finger protein 169). RNF168 is an E3 ligase that
ubiquitinates histones, which acts as a signal to recruit DNA damage factors #. In contrast,
RNF169 is a negative regulator of RNF168 function, by controlling the accumulation of DNA

damage mediator proteins 7.

Downstream of the ATM/ATR signaling cascades, USP7 has been canonically characterized for
its involvement in the pS3-HDM2-HDMX axis acting as a DUB for p53, HDM?2, and HDMX
6390-92 The tumour suppressor, p53, is a key player in DNA damage response, apoptosis, and

senescence. Its primary inhibitor is HDM?2, an E3 ligase that ubiquitinates both itself as well as
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p53 and HDMX. Another regulator of p53 is HDMX, that inhibits p5S3-mediated transcriptional
activation. Depending on the cellular state, USP7 has been shown to interact and stabilize p53,
HDM?2 and HDMX. Under normal conditions, pS3 is maintained at low levels through an
autoregulatory negative feedback loop with HDM?2 *3. In the absence of cellular stress, USP7
exhibits higher affinity for HDM2, saving it from auto-ubiquitination. If the cell is subjected to
stress, activation of ATM signaling promotes the PPM1G-mediated dephosphorylation of USP7
and its subsequent inactivation, resulting in the destabilization of the USP7-HDM?2 complex 3.
In turn, p53 can accumulate and promote cell cycle arrest or apoptosis. The complexity of the
pathway has increased as more players have been added to the existing repertoire such as

DAXX, RASSFIA, TSPYLS and ABRO1.

DAXX (Death domain-associated protein) has been shown form a ternary complex with HDM2
and USP7 and facilitate the stabilization of both itself and HDM?2 by USP7 %39, In the presence
of DNA damage, the interaction between USP7 and DAXX is disrupted, leading to the
ubiquitination of HDM?2 and subsequent p53 stabilization. In stressed cells, this complex is
thought to be disrupted by the tumour suppressor RASSFIA (Ras Association Domain Family
Member 1) °’. When upregulated by ATM, RASSF1A associates with both HDM2 and DAXX,
preventing USP7-dependent stabilization of HDM?2 and DAXX.

Additionally, both TSPYLS (testis-specific Y-encoded-like protein 5) and ABRO1 (Abraxas
brother 1) have been shown to regulate p53 through interactions with USP7. In the presence of
genotoxic stress, ABROLI is translocated to the nucleus where it promotes the deubiquitination of
p53 by USP7%. In contrast, TSPYLS5 binds to USP7’s NTD interaction domain, and prevents the
rescue of p53 by USP7 .

USP7 is involved in the regulation of an additional p53 E3 ligase termed Mule (also known as
ARF-BP1) #2. In addition to ubiquitinating p5S3, Mule is also known to regulate DNA
polymerases 3 and A which are involved in base excision repair (BER) in response to DNA
damage. A Ser-18 phosphorylated isoform of USP7, referred to as USP7S, was found to stabilize
Mule.

Further expanding on USP7’s role in DNA damage response, USP7 is involved in regulating

nuclear excision repair (NER) by deubiquitinating XPC '°. The XPC (xeroderma pigmentosum
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complementation group C) protein is responsible for the detection of helix-distorting DNA
lesions and subsequent initiation of NER. USP7 is thought to regulate two other proteins
involved in transcription coupled-NER, UVSSA (UV-stimulated scaffold protein A) and ERCC6

(Excision Repair Cross-Complementation Group 6) '01:192,

If genomic damage occurs during replication, lesion bypass processes must be initiated to
prevent the collapse of stalled replication forks which are a major cause of genomic loss *. The
E3 ubiquitin ligase, Rad18, ensures the completion of replication by monoubiquitinating PCNA
(Proliferating cell nuclear antigen) on K164, which promotes the recruitment of error-prone
DNA polymerases that specialize in translesion DNA synthesis (TLS). Interestingly, USP7 was
shown to both upregulate monoubiquitination of PCNA by stabilizing Rad18 77, and
downregulate it by deubiquitinating PCNA directly ' (Figure 1-7). Furthermore, USP7 has
been found to both directly and indirectly regulate the stability of a TLS polymerase, Poln (DNA
polymerase eta)!%*. The indirect regulation involves HDM2, a previously defined substrate of

USP7 and a Poln E3 ligase.

HLTF (Helicase-link transcription factor) is yet another PCNA E3 ligase that was identified to be
regulated by USP7 . Intriguingly, HLTF is known to be ubiquitinated by another USP7
substrate, CHFR (Checkpoint with forkhead and RING finger domain protein). In the presence
of mitotic stress, CHFR is responsible for delaying cell cycle progression 8. CHFR is a E3
ubiquitin ligase that targets mitotic proteins for proteasomal degradation. USP7 has been shown
to stabilize CHFR, highlighting its role in regulating cell cycle progression and DNA damage
response. Another example of DAXX functioning as adaptor protein has been observed in the
USP7 stabilization of CHFR '%°. DAXX is thought to promote the USP7 deubiquitination of
CHFR.
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Figure 1-7. Translesional DNA synthesis pathways regulated by USP7. USP7 involvement
in the regulation of translesional DNA synthesis is multifaceted. USP7 is known to stabilize key
players that promote translesion DNA synthesis, such as HLTF, Rad18, Poln. Additionally,
USP7 can antagonize translesional DNA synthesis by deubiquitinating PCNA or stabilizing E3
ubiquitin ligases CHFR and MDM2.

Circadian transcriptional repressors cryptochrome 1 (Cryl) and 2 (Cry2) are involved in the
transcription of genes involved in DNA damage response '°. In response to DNA damage, Cryl
undergoes phosphorylation and is deubiquitinated by USP7, while Cry2 is destabilized by
FBXL3 (F-box and Leucine Rich Repeat protein 3). This increased ratio of Cry1 to Cry2 initiates

the transcription of DNA damage response genes.

1.4.2 USP7’s role in DNA Replication and Cell Division

In addition to playing a key role in DNA damage responses, USP7 is involved in maintaining

genomic integrity by regulating proteins involved in DNA replication and cell division.

USP7 has been shown to play a critical role in promoting progression of DNA replication by

deubiquitinating SUMOylated (Small Ubiquitin-like modifier) proteins at the replication fork '°7.
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Further underscoring USP7’s role in regulating DNA replication, USP7 was found to interact
with MCM-BP. After the conclusion of DNA replication, MCM-BP is responsible for unloading
the MCM helicase complex from the DNA ¢’. It was suggested that MCM-BP and USP7 work
together to unload the MCM complex at the end of S-phase.

Moreover, USP7 has been shown to interact with several key players in the cell cycle. The
tumour suppressor, Rb (Retinoblastoma-associated protein) is a critical regulator of the cell
cycle, mediating the transition from G1 to S phase. Once phosphorylated, Rb becomes inactive,
allowing E2F to propagate transition into S phase. Both USP7 and HDM2 are known to regulate
Rb 18 In this regulatory axis, HDM?2 attenuates Rb levels while USP7 stabilizes them. In
addition, USP7 appears to play a role in maintaining genomic stability during cell division by
deubiquitinating the mitotic checkpoint, Bub3 . Most recently, a novel role in cytokinesis was
suggested for USP7 after it was found to stabilize FBXO38 (F-box only protein 38) ',
Interestingly, FBXO38 was also found to interact with and regulate a kinesin 6 protein involved
in cytokinesis, KIF20B (Kinesin Family Member 20B). In the absence of FBXO38 or USP7,
KIF20B levels were significantly ablated.

1.4.3 USP7 in Oncogenesis

The role of USP7 in cancer has been termed ‘context-dependent’ due to its regulation of proteins
that have roles in oncogenesis or tumour suppression +°. Aside from p53 and Rb, the list of
tumour suppressors USP7 regulates is extensive, including but not limited to PTEN, PML, and

FOXO4.

PTEN (Phosphatase and tensin homolog) is a tumour suppressor whose localization is affected
by its ubiquitination status “®. Upon mono-ubiquitination, PTEN is shuttled to the nucleus, while
its deubiquitinated form is known to localize to the cytoplasm. The nuclear exclusion of PTEN
has been associated with cancer progression. The deubiquitination of PTEN is carried out by
USP7 and promoted by DAXX. PML has been suggested to negatively regulate USP7-mediated
PTEN nuclear exclusion through its adaptor protein, DAXX.
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Similar to PTEN, the localization of the transcription factor FOXO4 (Forkhead box O4) is
facilitated by USP7 72. In the presence of oxidative stress, FOXO4 undergoes monoubiquitination
and translocations to the nucleus where it functions as a transcription factor. In the nucleus,

USP7 inhibits FOX0O4 by removing the ubiquitin moiety, promoting its nuclear exclusion.

PML (Promyelocytic leukemia) is a tumour suppressor protein that localizes to and nucleates
membrane-less punctate structures interspersed between chromatin, termed PML nuclear bodies
(PML-NB) "', PML-NBs are involved in numerous biological processes, such as maintaining
genomic stability, antiviral responses, apoptosis and senescence 2. USP7 is known to localize to
PML-NB, where it attenuates levels of both PML and PML-NB. Interestingly, USP7 does not
seem to require its catalytic activity to regulate the levels of PML and PML-NB 13,

Furthermore, USP7 has recently been shown to interact with TSYPLS5 (testis-specific Y-
encoded-like protein 5), a PML protein involved in telomere maintenance. Alternative
lengthening of telomeres (ALT) is a mechanism, unique to cancer cells and immortalized cell
lines, allowing the cells to maintain telomeres through the process of homologous recombination.
ALT telomeres possess several defining features, such as is increased heterogeneity in both
variant repeats and length, decreased nucleosome density, as well as their frequent association
with PML-NB. The TSYPLS protein has been found to be indispensable in ALT cells.
Additionally, TSPYLS5 was previously characterized as an inhibitor of USP7, impeding the DUB
activity of USP7 towards p53 *°. However, a recent study has identified TSPYLS5 as a PML body
component, responsible for stabilizing POT1 (protection of telomeres 1) and promoting cell
survival 4. TSPYLS5 is thought to carry out the stabilization of POT1 by preventing USP7 from
stabilizing E3 ligases that target POT1 for degradation.

USP7 has also been shown to regulate the proto-oncoprotein c-Myc. USP7 was found to
deubiquitinate TRRAP (Transformation/Transcription Domain Associated Protein), a co-factor
for c-Myc, E2F and Tip60 !>, Upon overexpression of USP7, c-Myc experienced increased
expression at both the mRNA and protein level along with the transactivation of c-Myc
responsive genes. In neuronal stem cells, USP7 was shown to colocalize with both c-Myc and
TRIM32 (Tripartite Motif Containing 32), its E3 ligase 7°. Additionally, USP7 appears to block

neuronal differentiation by stabilizing c-Myc.
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USP7 has been shown to promote cell survival of BRCA-deficient cells ''7. Upon DNA damage,
BRE (Brain and Reproductive organ Expressed, also known as BRCC45) has been shown to
recruit USP7 to stabilize the oncoprotein CDC25A (Cell Division Cycle 25A). CDC25A is
phosphatase responsible for the progression of the cell cycle from G1 to S phase. In the
occurrence of DNA damage, CDC25A undergoes degradation, preventing the progression of the
cell cycle. BRE was suggested to function as an adaptor protein, forming a complex with

CDC25A and USP7, promoting the deubiquitination of CDC25A by USP7.

Additionally, USP7 has been shown to regulate the Wnt/p-catenin oncogenic pathway. The
Wnt/B-catenin pathway is a major signal transduction pathway regulating many cellular
processes such as stemness, and cell fate decisions during development ''®. The deregulation of
this pathway is implicated in numerous human pathologies. USP7 is involved in the regulation of
the Wnt/B-catenin pathway via its interaction with the E3 ubiquitin ligase RNF220 (Ring Finger
Protein 220) 7>. RNF220 is thought to interact with the TRAF-like domain of USP7, bridging
USP7 with B-catenin in Wnt-stimulated colon cancer cells. The RNF220/USP7 interaction
promotes the stabilization of 3-catenin and Wnt signaling. USP7 was also found to promote
activation of the Wnt pathway in the context of colorectal cancer ''°. APC (Adenomatous
polyposis coli) is a tumour suppressor protein that is frequently truncated in colorectal cancers,
resulting in continuous Wnt activation. It was discovered that APC lacking the [-catenin
inhibitory domain (CID) allowed [3-catenin deubiquitination by USP7 and subsequent Wnt
signaling. A P-catenin 26-mer overlapping peptide array was used to map the USP7 binding site,
identifying two P/A/ExxS binding sequences. Most recently, USP7 found to directly interact
with and stabilize Axin through its TRAF-like domain '*. Axin is a scaffolding protein of the [3-
catenin destruction complex. By stabilizing Axin, USP7 plays an important role as a negative
regulator of the Wnt/B-catenin pathway. It is interesting to note that all the characterized
interactors involved in Wnt/p-catenin signaling utilize the interaction site located in the TRAF-

like domain of USP7.
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1.4.4 USP7’s role in Immune Response and Viral Infection

USP7 has been shown to play an extensive role in regulating immune response as well as
involvement in viral infection. For instance, USP7 regulates the major immune transcription
factor, NF-«xB, a key regulator of proinflammatory signaling. In the absence of stimuli, NF-kB is
sequestered and inhibited in the cytosol by the IkB proteins '?'. The presence of a stimulus, such
as an infectious agent, initiates a signaling cascade that triggers the activation of the IxB kinase
(IKK) complex, composed of IKK-a, IKK-3, and IKK-y. When activated, IKK phosphorylates
IxB, which leads to its degradation and release of NF-xB. Upon release, NF-kB is rapidly
translocated to the nucleus where it promotes expression of genes involved in inflammation and
immune response. It appears that USP7 has a role in promoting inflammatory signaling by
promoting stabilization of NF-kB 22, Additionally, USP7 has been found to indirectly suppress
NF-kB signaling through its interaction with HSCARG '%. The interaction with HSCARG
facilitates USP7 in suppressing IKK-y polyubiquitination which prevents the degradation of IxB.
Furthermore, USP7 deubiquitinates the upstream transducing proteins TRAF3 (TNF Receptor
Associated Factor 3) and TRAF6 (TNF Receptor Associated Factor 6) 24125, Ubiquitination of
TRAF3 and TRAF6 is required for the transduction of NF-«xB signaling. Thus, the USP7

dependent deubiquitination of TRAF3 and TRAF®6 results in suppressed NF-«kB signaling.

In addition to its roles in immune response, USP7 has been characterized to interact with
numerous viral proteins and is frequently deregulated upon viral infection. As obligate
intracellular parasites, viruses are highly reliant on host machinery for replication and
propagation. The selective pressures of evolution have allowed viruses to develop mechanisms
that subvert host cellular machinery and responses, promoting survival of the viral niche. The
perturbation and manipulation of the ubiquitin proteasome system (UPS) has been significantly
implicated in viral-host interactions '2°. Due to its extensive regulatory network, USP7 is a

favorable target for dysregulation by viruses.

Interestingly, USP7 has been shown to be targeted by four members of the Herpesviridae family,
including Herpes simplex virus-1 (HSV-1), EBV, Human cytomegalovirus (HCMV) and

Kaposi’s sarcoma-associated herpesvirus (KSHV). Other known viruses that harbour USP7-
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interacting proteins include the Human immunodeficiency virus (HIV) '?7, Ebola virus (EBOV)
128 Merkel cell polyomavirus (MCV) 2, and Adenovirus (ADV) ¥, Notably, several of these
viruses are characterized as oncoviruses, including KSHV, MCV, and EBV. Oncoviruses are
able to impart the hallmarks of cancer to infected cells by mass deregulation of host processes to
promote viral propagation and immune evasion '*!. Considering the multifaceted roles USP7

possesses, it is evident why USP7 is a frequent target for deregulation by viruses.

The first protein USP7 was characterized to interact with is ICPO, a HSV-1 viral E3 ubiquitin
ligase . During HSV infection, USP7 is involved in the regulation of upstream NF-kB signaling
132 1CPO facilitates the translocation of USP7 from the nucleus to the cytoplasm. In the
cytoplasm, USP7 acts as a suppressor of NF-kB signaling by deubiquitinating upstream
effectors, TRAF6 and IKK-y. The deubiquitination of TRAF6 and IKK-y appears to ablate their

activating potential of the NF-xB pathway.

Another example is the EBNA1 protein belonging to EBV and is critical for viral replication as
well as latency persistence. EBNAT interacts with USP7 and this interaction has been shown to
trigger numerous effects that benefit EBV persistence '*3. For instance, EBNA1 recruits USP7
and its stimulating interaction partner, GMPS, to the viral episome '3*. At the viral episome,
USP7 is thought to be involved regulating gene expression by stimulating the DNA binding
activity of EBNAT as well as deubiquitinating histone H2B. Additionally, EBNA1 attenuates
USP7 mediated stabilization of p53 by outcompeting p53 for binding of USP7 %. The disruption
of p53 stabilization prevents DNA-damage induced apoptosis, promoting viral persistence.
Moreover, EBNAT1 is involved in the disruption of PML-NB and is dependent on EBNA1
binding USP7 1%,

1.5 USP7 in Epigenetic Regulation

Among all the biological roles USP7 participates in the cell, this thesis will focus on USP7’s role
in epigenetic regulation. Epigenetic modifications are alterations that affect the expression of
genes without modifying the genomic sequence. Epigenetic phenomena permit different cell

types to exhibit unique gene expression profiles and maintain these unique profiles after
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undergoing somatic division. The epigenome is comprised of DNA, RNA and proteins.
Perturbations to the epigenome are significant events that facilitate cancer progression and
metastasis as well as permit the development of resistance to immune surveillance and
chemotherapy '*°. Using next-generation sequencing, it has been determined that more than 50%

of human cancers possess mutations in enzymes related to chromatin organization.

In eukaryotes, the structural state of chromatin has been shown to play an important role in
orchestrating gene expression '*’. The nucleosome, a basic building block of chromatin, consist
of a histone octamer that wraps 147 base pairs (bp) of DNA 38, A histone octamer is composed
of two copies of each of the core histone proteins: H2A, H2B, H3 and H4. Each of the histone
proteins have a characteristic globular domain and an unstructured tail '*°. This unstructured tail
is the target of a variety of post-translational modifications (PTMs), such as: phosphorylation,
methylation, acetylation, SUMOylation, and ubiquitination ¥, Histone tail PTMs influence
chromatin compaction which in turn has important implications in cell cycle regulation,
development, differentiation, gene expression, DNA replication and repair 37141142 Additionally,

histone modifications act as docking sites for chromatin binding effector proteins.

USP7 is involved in the regulation of both DNA methylation and histone ubiquitination through
its interaction with UHRF1 and DNMT1. UHRF]1 is an E3 ligase that targets H3K 18 and H3K?23
for monoubiquitination ®. The monoubiquitination stimulates recruitment of DNMT1 to
replicating chromatin and subsequent maintenance of DNA methylation . USP7 has been
shown to interact with and regulate both UHRF1 and DNMT1 using its Ubl domains, resulting in
their stabilization and stimulation of activity '43. The interaction between USP7 and DNMT1 was
reported to be impaired upon acetylation of lysine residues in the DNMT]1 interaction site .
Similarly, phosphorylation of S652 in UHRF1 attenuated interactions between USP7 and
UHRF1 *. Additionally, USP7 binding to UHRF1 was found to allosterically regulate the
chromatin binding ability of UHRF1. Upon binding of USP7, UHRFT shifts to an open state,

favouring chromatin binding and deubiquitination .

USP7 appears to have several roles in regulating transcriptional repression. GMPS was found to
form a complex with USP7 and stimulate deubiquitination of monoubiquitin from Lysine 120

histone H2B, a modification associated with active transcription '¥. USP7 additionally stabilizes
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the histone deacetylase, SIRT1 (Silent information regulator 1), by cleaving its K48-linked

polyubiquitin chains 4.

Moreover, USP7 is extensively involved in modulating several proteins involved in the
Polycomb repressive system. This epigenetic modifying system is a major regulator of
developmental gene repression. Polycomb group proteins (PcG) are critical regulators of gene
expression due to their role in directing embryogenesis, stem cell pluripotency as well as X
chromosome inactivation 7¢!%7. There are two main complexes that regulate the repression of
genomic loci, polycomb repressive complex (PRC) 1 and 2. PRCI1 is recruited by the
trimethylation of H3K?27, which is catalyzed by PRC2. PRCI is responsible for the
ubiquitination of H2AK 119 and is composed of the two core proteins: RING1A/B and one of six
PcG Ring Finger proteins (PCGF1-6). The E3 ligase, RINGI1B is the catalytic subunit
responsible for monoubiquitinating H2AK119. USP7 stabilizes both RING1B as well as two
PCGF proteins, PCGF2/MEL18 and PCGF4/Bmil and has been shown to be critical for the
ubiquitinating function of the PRC1 complex 76148149 Moreover, USP7 interacts with and
stabilizes UbE2E1, an E2 conjugating enzyme and PRC1 component . The presence of both
USP7 and UbE2E1 was found to be critical in the ubiquitination of H2AK119 5,

Among the histone PTMs, histone methylation is of particular interest. Histone methylation is
regulated by enzymes that ‘read’, ‘write’, and ‘erase’ the modification which can occur on basic
residues (lysine, arginine, and histidine) '3-153, These residues can be mono-, di-, or tri-
methylated by histone methyltransferases, the ‘writer’ enzymes. Focusing on histone lysine
methylation, the modification can signal either the activation or repression of gene expression
depending on both the degree and site of methylation. For instance, methylation on H3K9,
H3K?27, or H4K20 is associated with gene silencing, while methylation of H3K4, H3K36, and
H3K79 is coupled with transcriptionally active genes '*°. However, these associations are a
generalization and the methylation of certain residues has been associated with both activation
and silencing. An example of this is the di- or tri- methylation of H3K4, generally linked with
transcriptional activation, has also been associated with transcriptional repression. The
association of H3K4 methylation with transcriptional repression is observed upon the binding of
ING?2 (inhibitor of growth family member 2). ING2 is thought to function as a co-repressor

protein by stabilizing a histone deacetylase complex '>*. Interestingly, simultaneous methylation
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of certain residues has been shown to have a combinatorial effect. For instance, simultaneous tri-
methylation of H3K4 and H3K27 is associated with transcriptional activation; while individually
H3K4 and H3K27 methylation is associated with activation and repression respectively !%.
Histone methyl-modifying enzymes are also known to elicit combinatorial effects. An example
of this is the co-association of the UTX histone demethylase and the MLL2-MLL3 histone
methyltransferase, both associated with activation of gene expression . The co-association is
thought to provide an additive effect, permitting the optimization of active gene expression.
Additionally, histone lysine methylations can coordinate with DNA methylation and other
histone modifications allowing for a high degree of gene expression regulation %7158, Histone
modifying enzymes are imperative in modulating appropriate gene expression and mutation or

dysregulation of these enzymes has been heavily implicated in numerous pathologies '¥7.

USP7 has been shown to deubiquitinate histone demethylases PHF8 (plant homeodomain finger-
containing protein 8, also known as KDM7B) and LSD1 (Lysine-specific demethylase 1) 415,
USP7 has also been shown to deubiquitinate the histone methyltransferase MLLS (Mixed lineage
leukemia 5) ', MLLS is regulated by both OGT (O-GlcNAc tranferase) and USP7 and thought

to form a stable ternary complex.

Bearing in mind the intricacy of histone lysine methylation and its multifaceted level of
regulating gene expression, there remains much to be explored in USP7’s role modulating

histone methylases and demethylases.

1.6 Thesis Rationale

The focus of this thesis was to identify and characterize novel interactions between USP7 and the
histone methylase Enhancer of Zeste Homolog 2 (EZH2), and the histone demethylase
Retinoblastoma Binding Protein 2 (RBP2, also known as KDMS5A or JARID1A). The contents
of Chapter 2 focus on exploring the interactions between USP7 and EZH2. We characterize the
interaction in human cell lines and in vitro as well as determine the critical residues involved in
mediating the interaction. Furthermore, our data demonstrates that USP7 deubiquitinates EHZ?2

and that this relationship mediates the downstream function of EZH?2.

25



The focus of Chapter 3 is identifying and characterizing the interaction between USP7 and the
demethylating enzyme RBP2. We identified the novel interaction and regulatory relationship of
USP7 and RBP2 in mammalian cell lines. We characterized residues which play a key role in

mediating this interaction, as well as the role of USP7 on the downstream function of RBP2.
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CHAPTER 2 : EZH2 and USP7

Certain contents of this chapter have been reprinted in 7.

2.1 INTRODUCTION

There are three distinct families of histone methyltransferases (HMT): SET-domain-containing
proteins, Disruptor of telomeric silencing 1-like (DOT1-like) proteins, and protein arginine N-
methyltransferase 1 (PRMT1) ¥, The first HMT identified was SUV39H1 (Suppressor Of
Variegation 3-9 Homolog 1), a SET-domain containing H3K9 HMT '¢!. Since the discovery of
SUV39H1, numerous histone methyltransferases have been identified, some shown to methylate
chromatin bound histones as well as free histones and even non-histone proteins 2. HMTs are
able to catalyze the attachment of a methyl group to a given residue using methyl groups donated
by S-adenosylmethionine (SAM), resulting in mono-, di-, or tri-methylation of a lysine residue

152 (Figure 2-1).
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Figure 2-1. Histone Lysine methyltransferase mechanism. This mechanism depicts the
mono-, di-, and tri-methylation of lysine residues by histone methyl transferases (HMT).
Adapted from '3,

2.1.1 EZH2 and the PRC2 Complex

Enhancer of zeste homolog 2 (EZH2; also known as KMT6) is a SET-domain-containing histone

methyltransferase whose homolog in Drosophila Melanogaster is E(Z) '**. The EZH2 gene is
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located on the long arm of chromosome 7 at 7q36.1, and codes for a 751 amino acid nuclear
protein (86 kDa). EZH?2 is the catalytic subunit of the Polycomb repressive complex 2 (PRC2),
which is responsible for repressing gene expression by methylating H3K27 (Figure 2-3).
Additionally, EZH1 is a homolog of EZH?2 and associated with non-canonical PRC2 %5, The
PRC2 complex is a transcriptional repressor of genes involved in differentiation and
development, including HOX, WNT, NANOG and SOX %167 The high degree of conservation
the PRC2 complex exhibits is evident by its presence in plants, insects and mammals 8. The
PRC2 complex can add up to three methyl groups to H3K27. Due to the inability of EZH?2 to
perform enzymatic functions by itself, it must be complexed with at least two noncatalytic
partners, EED (Embryonic Ectoterm Development) and SUZ12 (Suppressor of Zeste 12) %4, The
N-terminal of EZH2 contains a WD-40 binding domain (WDB) which EZH?2 uses to bind to the
WD-40 domain containing PRC2 core partner, EED '® (Figure 2-2). The Stimulation Response
Motif (SRM, residues 141-158) precedes SANT1 (residues 159-250) and SANT?2 (residues 428-
467). SRM stabilizes SANT1, a histone reader domain with recently discovered specificity for
unmodified histone H4 N-terminal tail '"°. Both SANT domains confer EZH?2 histone binding
ability. The C-terminal region contains the cysteine-rich CXC (residues 555-592) and SET
(residues 612-733) domains which are required for the histone methyltransferase activity of
EZH2 ", The catalytic active site of EZH2 is the SET domain, containing a SAM binding site as

well as a methyl acceptor lysine binding site !72.
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Figure 2-2. Domain architecture of EZH2. The N-terminal region WDB domain contains a
binding region for the non-catalytic partner EED. The SRM domain stabilizes the SANT1
domain. Both SANT1 (residues 159-250) and SANT?2 (residues 428-467) confer histone binding.
The CTD of EZH2 contains a cysteine-rich CXC domain (residues 555-592) and an adjacent
SET-domain (residues 612-733) which are necessary for the histone methyltransferase activity of
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EZH2. The *PRKKKRK*> sequence is the predicted USP7 interaction sequence. (SRM,
stimulation response motif; EED, Ectoterm Development; WDB, WD-40 binding domain).

The core human PRC2 complex can include an additional subunit, RBBP4 (Rb binding protein
4) or RBBP7 (Rb binding protein 7). The combination of EED, SUZ12, RBBP4/7 and EZH?2
forms the core PRC2 complex (Figure 2-3). The EED subunit harbours five WD40 domain
repeats and binds H3K27me3. The binding of EED to H3K27me3 is thought to allosterically
activate the methyltransferase activity of the PRC2 complex '7*'7*, The C-terminal VEFS
domain of SUZ12 is essential for interacting with EZH?2 and stabilizing the PRC2 complex 7.
Additionally, it has been suggested that the N-terminal domain of SUZ12 binds to CpG islands
and is vital in maintaining appropriate H3K27 methylation patterns. The RBBP4/7 subunit is not
essential for maintaining the histone methyltransferase function of EZH?2 but contributes to
histone binding, interacting with unmodified H3K4 6. Additionally, the PRC2 complex can
exist in several forms including PRC2.1 and PRC2.2, defined by the accessory units associating
with it 176, The PRC2.1 subcomplex includes the additional constituents: EPOP/PALI and
PCL1/2/3. In contrast, PRC2.2 includes JARID2 and AEBP2 77,
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Figure 2-3. Human PRC2 complex constituents. (A) This structural depiction of PRC2
superimposed the crystal structures of PDB ID: SWAI '”® and PDB ID: SLS6 '”° onto a structure
determined using cryo-EM PDB ID: 6C23 % The colours correspond to the subunits shown in
sub-panel (B), (SUZ12, yellow; EED, green; and EZH2, blue) as well as AEBP2 (red) and
JARID?2 (turquoise) fragments. (B) A depiction of the PRC2 complex organization. The core
PRC2 complex includes the subunits EZH2, SUZ12, EED, and RBBP4/7. EZH2’s non-catalytic
partners include EED and SUZ12 are indispensable for EZH?2’s catalytic function. PRC can form
subcomplexes PRC2.1 and PRC2.2 by associating with additional subunits EPOP/PALI and
PCL1/2/3 or JARID2 and AEBP2 respectively. Adapted from 7.

2.1.2 PRC2-mediated H3K27 methylation

Before catalyzing the addition of methyl groups to H3K27, PRC2 must undergo recruitment to
the appropriate site of methylation. PRC2 binding sites have a few defining characteristics. For
instance, PRC2 binding sites are enriched in un-methylated CpG islands, and the binding sites

are typically transcriptionally inactive '81:182,

The addition of methyl groups to H3K27 by PRC2 can result in mono-, di- and trimethylation.
Each degree of methylation is associated with distinct genomic spatial distribution. In mouse
embryonic stem cells, the most abundant methylation state is H3K27me2, existing in 50-70% of

histone H3 7. In comparison, H3K27mel and H3K27me3 are each responsible for 10-15% of
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histone H3 methylation. Monomethylation of H3K27 is enriched in the body of active genes and
stimulates the transcription of the genes '83. H3K27mel is involved in ‘cross-talk’ by its
association with the SETD2-dependent trimethylation of H3K36. H3K36me3 regulates H3K27
methylation by inhibiting the conversion of H3K27mel to H3K27me2. Another example of the
complexity of H3K27 methylation is its relationship with H3K27 acetylation. Located in
intragenic and intergenic regions, H3K27me2 plays a role in averting the acetylation of H3K27
in enhancers by histone acetyltransferases. The acetylation of H3K27 is associated with the
activation of poised enhancers. Therefore, it was suggested that widespread deposition of
H3K27me2 may prevent the firing of non-cell-type-specific enhancers. Lastly, H3K27me3 is
found at promoters and gene bodies of silenced genes, as well as CpG islands. Additionally, the
H3K27me3 modification itself plays a role in propagating the H3K27me3 epigenetic mark in
proliferating cells, ensuring appropriate gene expression and the preservation of cellular identity.
During DNA replication, the H3K27me3 mark recruits and binds the PRC2 complex, allowing
for subsequent trimethylation of H3K27 on the daughter strands.

Moreover, in vitro experiments demonstrated that PRC2 methylation efficiency is dependent on
the degree of modification. For instance, PRC2 has a 10-fold higher catalytic efficiency in
generating H3K27mel and H3K27me2 compared to H3K27me3 34, Interestingly, H3K27mel
and H3K27me2 modifications are thought to occur in a more rapid manner and involve a
transient nucleosome-PRC2 interactions '*3. In comparison H3K27me3 is facilitated by stable

PRC2 binding which occurs through specific association with CpG islands.

The trimethylation of H3K27 is extensively associated with transcriptional repression and
several mechanisms by which PcG complexes contribute to transcriptional silencing have been
proposed (Figure 2-3). For instance, EZH2 functions as a recruitment platform for DNA
methyltransferases to target genes, resulting in transcriptional silencing '*°. The H3K27me3
modification recruits PRC1, resulting in H2AK119 ubiquitination and subsequent transcriptional
repression %, PRC1 was also found to prevent the binding of the chromatin remodeling complex
SWI/SNF, whose activity favours the open chromatin state '*7. PcG complexes are thought to
inhibit transcription by preventing the assembly of the initiation complex '8%13° Additionally,

experiments in vitro have demonstrated that PRCI inhibits transcription by RNA polymerase 11
190
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Figure 2-4. PcG components and H3K27me3 promote transcriptional repression. The
trimethylation of H3K27 is associated with transcriptional repression. Several mechanisms by
which PcG complexes contribute to gene silencing have been proposed. For instance,
H3K27me3 recruits PRC1 resulting in the deposition of the repressive mark, H2AK119Ub. PcG
complexes are thought to inhibit transcription by preventing the assembly of the initiation
complex. Furthermore, it has been proposed that PRC1 inhibits the transcriptional activity of
RNA Polymerase II (Pol II) in vitro. PRCI has also been shown to prevent the binding of the
SWI/SNF chromatin remodeling complex whose activity is associated with the open chromatin
state. EZH?2 has been shown to play a role in recruitment of DNA methyltransferases (DNMTs)
whose activity promotes transcriptional repression. 1.
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2.1.3 EZH2 dysregulation in Cancer

By methylating H3K27, EZH2 functions as a transcriptional repressor known to silence over 200
tumour suppressor genes '%*. Overexpression of EZH?2 results in inappropriate hypersilencing of
tumour suppressor genes which are responsible for promoting differentiation and restraining
proliferation. Due to its heavy implication in cancer, EZH?2 presents itself as a promising early
biomarker for precancerous tissues '°2. Abnormally elevated levels of EZH2 have been
implicated in several forms of cancer including breast, bladder, colon, liver, prostate cancer,

melanoma and lymphomas '%3-1%,

Interestingly, a major target of PcG-mediated repression is the INK4a/ARF locus, encoding the
tumour suppressors p16™K4a and p144RF respectively 2092°!, The p16™K42 tumour suppressor
activates the Rb signaling pathway, while p144RF promotes p53 signaling by inhibiting MDM2.
Thus, in this context overexpression of EZH2 would result in inappropriate silencing of both the
Rb and p53 tumour suppressor pathways, both of which suppress proliferation. In fact, compared

to proliferating cells, stressed and senescent cells exhibited decreased expression of EZH2 2,

It is not clear whether EZH2 is an oncogene or a tumour suppressor, as contradictory findings
have observed EZH2 behaving as both. In the context of lymphomas, EZH2 was found to harbor
activating point mutations, suggesting EZH?2 is an oncogene !°. In contrast, mutations abrogating
the methyltransferase activity of EZH2 have been identified in myeloid malignancies, suggesting
EZH?2 is a tumour suppressor 2°2. These contradictory observations can be explained by
considering the different contexts. As mentioned previously, the methylation of H3K27 is
generally associated with repression of gene transcription. However, the genes that are targeted

for repression may vary between cell types.

Due to the extensive involvement of EZH?2 in tumorigenesis, efforts are currently underway to
develop inhibitor treatments that target EZH2 and its associating components 2%. Preliminary
data has been providing promising results. For instance, EZH?2 inhibition in colorectal cancer
cells inducts autophagy and apoptosis and has anti-metastatic effects in triple-negative breast

cancer 204205
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Aside from cancer, EZH? is found to be decreased in female patients with Hutchinson-Gilford

progeria syndrome along with decreased H3K27me3 on the inactive X chromosome 2%.

2.1.4 Rationale

The contents of this chapter investigate the regulatory relationship between USP7 and EZH2. We
hypothesized that USP7 and EZH2 would interact after identifying a conserved KxxxK
interaction sequence in EZH2. The conserved KxxxK motif shared sequence similarity with
previously defined USP7 interactors, as well as a high degree of conservation amongst species.
Our group predicted that EZH2 utilizes the KxxxK motif to interact with the *'MDGD’%*
interaction site in USP7. We aimed to demonstrate the interaction between EZH2 and USP7 in
both mammalian cell lines as well as in vitro. Furthermore, using pull-down experiments we
characterized the nature of the interaction by comparing the interaction of wild-type and
interaction site mutants. We sought out to determine whether EZH?2 is a substrate of USP7 using
a deubiquitination assay. Our final query was determining if USP7 plays a role in regulating the

downstream histone-methylating activity of EZH2.

Previous findings by other groups have provided preliminary data corroborating our hypothesis.
The stability of EZH2 appears to be dependent on the UPS as several E3 ubiquitin ligases have
been reported to ubiquitinate EZH2 including Smurf2, B-TRCP, FBXW7, PJA1, FOXP3, CHIP,
and MDM2/MDMX 207213 Moreover, USP7 knock-down coincides with a loss of PRC2
deposition at the INK4a locus along with de-repression of transcription '4°. Considering a major
repression target of PcG complexes is the INK4a/ARF locus, this suggested USP7 has a role in
regulating the function of PRC2. Several additional papers have reported interactions between
USP7 and EZH2 using a GST pulldown as well as a high-throughput PRC2 interactome study in

pluripotent NT2 embryonal cell line 76214,

The preliminary findings in our lab as well as data collected by other groups strengthen our
hypothesis that EZH2 and USP7 interact 2'32!°, The extensive implication of both proteins in

numerous human pathologies underscores the significance of investigating this interaction.
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2.2 MATERIALS AND METHODS
2.2.1 Plasmids

The plasmids used for bacterial transformation and expression are listed in (Table 2-1). The
pGEX-EZH24%3%0 was cloned previously from pGEX-EZH2 (Addgene plasmid # 28060) by 2'°.
The plasmids used for mammalian transfection were: pcDNA3/HA-Ub, pCAN/Myc-USP7,
pcDNA3.1/FLAG, pcDNA3/FLAG-EZH2, pcDNA3/FLAG-EZH24MVUT hcDNA3/FLAG-
EZH2™MUT The pcDNA3/FLAG-EZH24MUT has a deletion of the interaction sequence
PIKKKRK*?, and the pcDNA3/FLAG-EZH2™-MUT ig truncated at residue 490. Both pcDNA3/
FLAG-EZH2*MUT and pcDNA3/ FLAG-EZH2T™RMUT were made by ACGT Corporation

(Toronto, Canada).

Table 2-1. Plasmid Constructs used for bacterial transformation and expression. The
constructs in the pGEX-2TK backbone contain a Glutathione-S-transferase (GST) tag while the
constructs in a pET15B backbone contain a 6xHistidine (His) tag.

Protein Backbone Residues
GST pGEX-2TK

GST-EZH2450-50 pGEX-2TK 450-500
6xHis-CTD USP7 (WT) pET15b 535-1102
6xHis-CTDP702RD764R ySP7 (MRGR) pETI15b 535-1102
6xHis-CTDP7%2A USP7 (MAGD) pETI15b 535-1102
6xHis-CTDP7624/D764A JSP7 (MAGA) pETI15b 535-1102
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2.2.2 Bacterial Transformation

1 uL of plasmid was added to 50 uL of thawed chemically-competent DH5a or BL21 (DE3)
mgk Escherichia coli and incubated on ice for 10 minutes. The cells were then heat-shocked for
45 seconds at 42°C and incubated on ice for 2 minutes. Afterwards, 100uL of SOC was added
and the cells were incubated for 30 minutes at 37°C and then plated on Luria Broth (LB) agar
containing the required antibiotic (100 pg/ml Ampicillin and/or 50 pg/ml Kanamycin). The
plates were then incubated overnight, and a single colony was chosen to inoculate 5 mL of LB
which was incubated in a shaker overnight at 37°C (200 rpm) (Innova 43R, New Brunswick

Scientific). An aliquot was used to make a glycerol stock.

2.2.3 Bacterial Expression of Recombinant Protein

A freshly transformed colony was inoculated into 100 mL of LB media with 100 pg/ml
Ampicillin and 50 pg/ml Kanamycin and grown at 37°C at 200 rpm until the ODgoonm of the
media reached 0.8-1 (Innova 43R, New Brunswick Scientific). At this point the culture was
induced with 0.4 mM of Isopropyl B-D-1 thiogalactopyranoside (IPTG) (Bioshop) and incubated
overnight at 16°C (200 rpm). The cells were pelleted by centrifugation at 5,000 x g for 10
minutes with a JLA 16.250 Beckman rotor (Beckman Coulter Avanti J-E centrifuge).

2.2.4 Nickel Affinity Chromatography

The cell pellet was resuspended in 15 mL of Binding Buffer (500 mM NaCl, 50 mM Tris [pH
7.5], 5 mM Imidazole, 1 X Protease inhibitor cocktail (0.001 M Benzamidine and 0.0005 M
PMSF in ethanol) and 1X Protease inhibitor tablet (cOmplete EDTA-Free, Roche). The cells
were sonicated on ice at 35% amplitude for 4 minutes (10 seconds ON, 15 seconds OFF,
Branson Digital Sonifier D450). The soluble fraction was collected by centrifuging the cell lysate
for 30 minutes at 30,000 x g at 4°C with a JA-25.50 Beckman rotor (Beckman Coulter Avanti J-
E centrifuge). The clarified cell lysate was then incubated at 4°C on the rotator with 1 mL of
Ni?*-NTA-Agarose (Qiagen) for 1 hour. The resin was washed eight times with 5 mL of wash
buffer (50 mM Tris [pH 7.5], 500 mM NaCl, 20 mM Imidazole, and 5% Glycerol). The His-
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tagged proteins were eluted from the resin by adding 5 mL of elution buffer (20 mM Tris [pH
8.0], 500 mM NaCl, 500 mM Imidazole, 10% glycerol) and incubating for 5 minutes with
rotation at 4°C. The eluted fraction was dialyzed overnight against (50 mM Tris [pH 8.0], 100
mM NaCl, 5 mM DTT, 10% glycerol).

2.2.5 GST Purification and Pull-down

The cell pellet was resuspended in 15 mL of 1X PBS (4.3 mM Na2HPO4, 1.47 mM KH2POs, 137
mM NaCl, 2.7 mM KCI, pH 7.4) with 1 X Protease inhibitor cocktail and 1 X Protease inhibitor
tablet (cOmplete ULTRA Tablets, Roche). The cells were sonicated on ice at 35% amplitude for
4 minutes (10 seconds ON, 15 seconds OFF, Branson Digital Sonifier). To collect the soluble
fraction, the cell lysate was centrifuged at 30,000 x g for 20 minutes at 4°C with a JA-25.50
Beckman rotor (Beckman Coulter Avanti J-E centrifuge). The clarified cell lysate was incubated
with 150 puL of Glutathione Sepharose 4B (GE Healthcare) and incubated at 4°C for 1 hour with
rotation. The beads were then washed five times with 5 mL of 1X PBS.

40 uL (dry bead volume) of GST or GST-EZH24%-3% bound glutathione beads were combined
with 100 pg of purified 6xHis-USP7 protein (6xHis-CTD, 6xHis-CTDP762R/D764R " 6x Hjs-
CTDP702A | 6xHis-CTDP7624D764A) and 1X GST interaction buffer (50 mM Tris pH 8, 100 mM
NaCl, 5% Glycerol, 5 mM DTT, 0.1 mM Benzamidine, 0.05 mM PMSF) for a total volume of
500 pL in the tube. The pull-down reactions were incubated overnight at 4°C with rotation.
Afterwards, the glutathione beads were washed five times with 100 pL of 1X GST interaction
buffer (50 mM Tris pH 8, 100 mM NaCl, 5% Glycerol) and elution samples were made by
boiling 16 pL of beads with 4 uL of 5X SDS loading dye (5% B-mercaptoethanol, 10% SDS,
30% glycerol, 250 mM Tris-HCI [pH 6.8], 0.02% Bromophenol blue). The 5% input (6xHis-
USP7 protein) and 20 pL of elution sample were resolved on a 12% SDS-polyacrylamide gel and

stained with Coomassie Blue.
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2.2.6 Mammalian Cell Culture and Transfections

Human osteosarcoma U208, colorectal carcinoma HCT116 parental (John Hopkins University
School of Medicine, Cell line #8 40-16), and HCT116 USP7”- (HAUSP -/-, 4AHAUSP2-4, John
Hopkins University School of Medicine Cell line #89) cells were grown on McCoy’s (Wisent)
media containing 10% fetal bovine serum (FBS, Gibco) and 1 mg/ml Penicillin-Streptomycin
(Wisent). Human cervical adenocarcinoma cell line HeLa was grown on Dulbecco’s Modified
Eagle Medium (DMEM, Wisent) media containing 10% FBS and 1 mg/ml Penicillin-
Streptomycin. All cell lines were incubated at 37°C, 5% CO2. The cells were transfected using
Polyjet™ In Vitro DNA transfection reagent (SignaGen Laboratories) according to the
manufacturer’s protocol. To obtain cell lysates, cell pellets were resuspended in RIPA lysis
buffer (150 mM NacCl, 50 mM Tris [pH 8.0], 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
with 1X Protease inhibitor cocktail and 1X Protease inhibitor tablet (Roche cOmplete ULTRA
Tablets)). After incubating the resuspended pellets on ice for 15 min, the samples were sonicated
at 10% amplitude for 0.5 seconds ON and 5 seconds OFF for a total ON time of 1.5 seconds
(Sonic Dismembrator Model 500, Fisher Scientific). To obtain the soluble fraction, the lysates
were centrifuged at 17,000 x g for 15 minutes at 4°C. The supernatant was recovered, and

samples were prepared by boiling the lysate with 1X SDS loading dye.

2.2.7 Antibodies and Immunoblotting

The following antibodies were used for immunoblotting and immunoprecipitating: anti-EZH2
mouse (Cell-signaling, AC22), anti-EZH2 rabbit (Cell-signaling, d2¢9), anti-H3K27me3 rabbit
(Millipore, ABE44), anti-USP7 rabbit (Bethyl, A300-033A), anti-USP7 mouse (Millipore, 05-
1946), anti-GAPDH mouse (Santa-Cruz, sc047723), anti-ECS (FLAG) (Bethyl, A190-102A),
anti-HA rabbit (Cell-signaling, C29F4), normal rabbit IgG (Santa Cruz, sc-2027).

After resolving protein samples using SDS-PAGE (SDS-polyacrylamide gel electrophoresis), the
gel was transferred to a 0.45 pum Immobilon-P PVDF membrane (Millipore) activated according
to the manufacturer’s instructions. The transfers were typically ran at 30V overnight at 4°C or
90V for 2.5 hours on ice using 1X Western Transfer Buffer (25 mM Tris [pH 8.3], 192 mM

Glycine, and 20% methanol). Following transfer, the PVDF membrane was blocked in 5% non-
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fat milk in 1X PBST for 1 hour at RT with rocking. The PVDF membrane was then probed with
primary antibodies overnight at 4°C. After primary antibody incubation, the membrane was
washed three times with 1X PBS-T in 5 min intervals. After primary antibody incubation, the
membrane was washed three times with 1X PBS-T in 5 min intervals. Secondary antibody
incubation was carried out for 1 hour at RT with the following antibodies: anti-mouse IgG HRP-
conjugated goat polyclonal (ThermoFisher, 31430) or anti-rabbit IgG HRP-conjugated goat
polyclonal (Bethyl, A120-101P). Afterwards, the membrane was washed four times with 1X
PBS-T in 15 min intervals. The PVDF membrane was incubated for 5 minutes with Amersham
ECL Prime Western Blotting Detection Reagent (GE Healthcare) according to the
manufacturer’s protocol. The immunoblot was imaged using a Microchemi® (DNR-IS) or was

exposed to film and a processed through a developer (SX101A Konica).

2.2.8 M G132 Proteasomal Inhibition

HCT116 USP7** and HCT116 USP7"- were incubated with DMSO or 40 uM of MG132 for 1
hour and harvested. 30 ug of sample was resolved on a 10% SDS-polyacrylamide gel, transferred
to a PVDF membrane at 30V overnight at 4°C. The membrane was blocked at room temperature
(RT) for 1 hr with 5% non-fat milk in 1X PBS-T (1X PBS, 0.1% Tween-20) and blotted with the
following antibodies overnight at 4°C: 1:3000 USP7 rabbit, 1:1000 EZH2 mouse, 1:2000
GAPDH mouse.

2.2.9 Endogenous Co-immunoprecipitation

U20S pellet was resuspended in NP-40 buffer (150 mM NacCl, 1% NP-40, 50 mM Tris-HCI [pH
8.0], with 1X Protease inhibitor cocktail and 1 X Protease inhibitor tablet (Roche cOmplete
ULTRA Tablets)) and incubated on a nutator for 30 min at 4°C to lyse the cells. The lysate was
centrifuged at 17,000 x g for 10 minutes, and the clarified lysate was recovered and quantified
(Pierce™ BCA Protein Assay Kit). The lysate was precleared by incubation with 20 uL of
Protein A/G-PLUS Agarose (Santa Cruz, sc-2003) and 1 pg of normal rabbit IgG at 4°C for 30
min. The beads were pelleted by centrifugation at 1,000 x g for 5 min at 4°C, and the precleared

lysate was collected. The following antibodies were used for the immunoprecipitation: 2 ug
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normal rabbit IgG, 3 pL anti-USP7 rabbit. To set up the immunoprecipitation reactions, 1 mg of
lysate was combined with the respective antibody, 1X Protease inhibitor cocktail and 1 X
Protease inhibitor tablet, and NP-40 lysis buffer to adjust the final volume of each reaction to a
total of 500 nuL. The immunoprecipitation reactions were incubated overnight on a nutator at 4°C.
The next day, 50 uL of Protein A/G-PLUS Agarose (Santa Cruz, sc-2003) was washed with 500
uL of 1X PBS three times and then blocked with 5% BSA in PBS for 30 min at 4°C. The beads
were then equilibrated by washing with 500 uL of NP-40 lysis buffer three times. The
equilibrated beads were then added to the antibody and lysate reaction and incubated for 1 hour
at 4°C. The beads were washed three times using 500 uL of 1X PBS. To prepare the samples, 35
pL of 1X SDS was added to the beads and boiled for 5 minutes. The input (5%) and 25 pL of
elution were resolved on a 10% SDS-polyacrylamide gel and transferred to a PVDF membrane at

30V overnight at 4°C and botted with 1:2000 anti-USP7 mouse, 1:1000 anti-EZH2 mouse.

2.2.10 FLAG-EZH2 and USP7 Co-immunoprecipitations

Using 20 pL of Polyjet™, U20S cells in a 15 c¢m tissue culture dish were transfected with 10 ug
of either: pcDNA3.1/FLAG, pcDNA3/FLAG-EZH2, pcDNA3/FLAG-EZH2AMUT or
pcDNA3/FLAG-EZH2™MUT The cells were harvested 24 hours post-transfection and the pellets
were resuspended in M2 Lysis buffer (50 mM Tris HCI [pH 7.4], 150 mM NaCl, 1 mM EDTA,
1% Triton X-100, 1 X Protease inhibitor cocktail and 1 X Protease inhibitor tablet (Roche
cOmplete ULTRA Tablets) and incubated on a nutator for 30 min at 4°C. The lysate was
centrifuged at 17,000 x g for 15 minutes, and the clarified lysate was recovered and quantified
(Pierce™ BCA Protein Assay Kit). To immunoprecipitate FLAG-EZH2, 1 mg of cell lysate was
combined with 40 pL of resuspended ANTI-FLAG M2 Aftinity Gel (Sigma-Aldrich, A2220)
equilibrated following the manufacturer’s directions and incubated overnight at 4°C with
agitation. The following day, the reactions were washed four times with 500 pL. of M2 Lysis
buffer, and the beads were boiled with 20 uLL 2X SDS loading dye. 2% input and 20 pL of each
elution was resolved on a 10% SDS-polyacrylamide gel and transferred to a PVDF membrane at
90V on ice for 2.5 hours. The PVDF membrane was blocked at RT for 1 hr with 5% milk in
PBS-T and blotted with the following antibodies overnight at 4°C: 1:4000 USP7 rabbit (Bethyl,
A300-033A), 1:2000 anti-ECS (FLAG) (Bethyl, A190-102A).
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2.2.11 In Vivo Deubiquitination Assay

HeLa cells in a 10 cm tissue culture dish were transiently transfected with 5 pg of FLAG-EZH?2,
or 3 ug of FLAG-EZH2 and 3 pg of HA-Ub, or 3 pg of each: FLAG-EZH2, HA-Ub and Myc-
USP7. The cells were treated with 40 uM of MG 132 8 hrs before harvest. The cells were
harvested 24 hours post-transfection and resuspended in 100 pL. of Denaturing Ubiquitination
Buffer (50 mM Tris-HCI [pH 8.0], 5 mM DTT, 1% SDS) and boiled for 10 minutes, and then
cooled on ice for 10 minutes. Afterwards, the lysates were sonicated at 10% amplitude (0.5 sec
ON and 5 seconds OFF, for a total ON time of 1.5 sec) (Sonic Dismembrator Model 500, Fisher
Scientific). The lysates were centrifuged for 15 min at 17,000 x g at 4°C and the supernatant was
isolated. The lysate was diluted with 900 pL of dilution buffer (5 0OmM Tris-HCI [pH 8.0], 150
mM KCl, 5% Glycerol, 0.4% NP-40, 1 X Protease inhibitor cocktail and 1 X Protease inhibitor
tablet (Roche cOmplete ULTRA Tablets) and the lysate was quantified (Pierce™ BCA Protein
Assay Kit). To immunoprecipitate FLAG-EZH2, 750 pg of cell lysate was combined with 40 pLL
of resuspended ANTI-FLAG M2 Affinity Gel (Sigma-Aldrich, A2220) equilibrated according to
the manufacturer’s directions and incubated overnight at 4°C with agitation. The
immunoprecipitation was conducted according to the manufacturer’s protocol. To elute the
protein, the beads were boiled with 20 uL 2X SDS loading dye. Following elution, 1.33% input
and 20 pL of each elution was resolved on separate 10% SDS-polyacrylamide gels and
transferred to a PVDF membrane at 90V on ice for 2.5 hours. The PVDF membrane was blocked
at RT for 1 hr with 5% milk in PBS-T and blotted with the following antibodies overnight at 4°C:
1:2000 anti-USP7 rabbit (Bethyl, A300-033A), 1:2000 anti-ECS (FLAG) (Bethyl, A190-102A),
1:1000 anti-GAPDH mouse (Santa-Cruz, sc047723), 1:1000 anti-HA rabbit (Cell-signaling,
C29F4).
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2.3 RESULTS
2.3.1 Predicting the EZH2 interaction site

EZH2 was identified as a predicted interactor of USP7 on the basis on a conserved motif located
in the EZH2 sequence (Figure 2-5). Using a combination of BLAST, Prosite, Eukaryotic Linear
Motif as well as Phyre2, our group discovered the ¥ PRKKKRK** interaction site in EZH2.
This site was strongly predicted to participate in interactions with the '"MDGD’%* sequence in
USP7 as it shared the conserved KxxxK sequence with previously defined USP7-CTD
interactors including ICPO, GMPS, UHRF1, DNMTI1, and RNF169 *’. Additionally, EZH2
exhibited the conservation of two additional residues “*°PR*° present in ICPO and GMPS.
Further substantiating our prediction, the KxxxK motif is situated in an unstructured region and
is conserved in EZH2’s homologue EZH]1. Our lab extensively characterized the interaction
between USP7 and EZH?2 as well as PRC2 constituents using co-immunoprecipitations, in vitro
pull-downs, fluorescence polarization, siRNA knock-down, mammalian cell work 572!5, T further
conducted experiments that corroborated the USP7-EZH?2 interaction and relationship. This was
achieved using deubiquitination assays, pull-downs, co-immunoprecipitations, and mammalian

cell work.

ICPO 61>PRGPRKCARKTRH®?7
GMPS 316DRTPRKRISKTLN328
UHRF1l ©¢°?SPRTGKGKWKRKS®%4
DNMT1 !'9°PGNKGKGKGKGKG!''®
RNF169 °??KHRGRKRHCKTKH®3?
KxxxK
EZH1 “8TMNPSQKKKRKHRL*%?
EZH2 “86DTPPRKKKRKHRL %8

Figure 2-5. Sequence alignment of the EZH2 “¥PRKKKRK*5. Using BLAST, Prosite,
Eukaryotic Linear Motif as well as Phyre2 our group predicted that the “*PRKKKRK*" sequence
will interact with the 'MDGD’% sequence in USP7. The predicted EZH?2 interaction site was
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aligned with previously defined USP7 UbI2 interactors such as ICPO, GMPS, UHRF1, DNMTI,
and RNF169. EZH?2 shares the conserved K residues separated by any three amino acids. EZH2
shares an additional two residues (PR) with ICPO and GMPS. Moreover, the K residues are

conserved in EZH1 as well and the sequence is located in an unstructured region Adapted from
57

2.3.2 EZH2 stability is UPS dependent

To determine if the stability of EZH2 is dependent on the UPS, we compared the cell lysates of
USP7+* and USP7"- HCT116 cells treated with the proteasomal inhibitor MG132 or DMSO
(control) (Figure 2-6). Notably, EZH2 was more abundant in the USP7+* cells compared to the
USP7-. In both cell lines treated with MG132, EZH2 levels were increased compared to the

DMSO controls, suggesting the involvement of the UPS system.

HCT116 USP7 -/-
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Figure 2-6. EZH2 stability is Ubiquitination Dependent. Immunoblot of HCT116 and
HCT116 USP7- cells treated with the proteasomal inhibitor MG132. HCT116 USP7+* and
HCT116 USP7” were treated with 40 uM of MG132 or DMSO (control) for 1 hour before
harvesting. Cellular lysates (30 pg) resolved on a 10% SDS-polyacrylamide gel subjected to
immunoblotting with anti-USP7 rabbit, anti-EZH2 mouse and anti-GAPDH mouse antibodies.
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2.3.3 Endogenous EZH2 and USP7 interact

To determine if USP7 and EZH?2 interact, we performed endogenous co-immunoprecipitations in
U20S cells using IgG (control), anti-USP7, and anti-EZH2 (Figure 2-7). EZH2 was found to

strongly co-immunoprecipitate with USP7, suggesting an interaction.

Input
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Figure 2-7. Endogenous EZH2 and USP7 interact. Endogenous USP7-EZH2 co-
immunoprecipitation in U20S cells. USP7 and EZH2 were immunoprecipitated with anti-USP7
rabbit using Protein A/G beads. The control for the immunoprecipitation was normal rabbit IgG.
The input (5%) and elutions (25 L) were resolved on a 10% SDS-polyacrylamide gel and
subjected to immunoblotting with anti-USP7 mouse and anti-EZH2 mouse antibodies.

2.3.4 Direct interaction between USP7 and EZH?2

The peptide GST-EZH2 450-500 containing the predicted interaction sequence “**PRKKKRK*%
was expressed and purified in BL21 MGK E. coli to perform GST pull-downs with His-USP7
constructs (Figure 2-8). To determine if the USP7-EZH?2 interaction is dependent on the

TS IMDGD’% sequence in USP7, we expressed and purified His-USP7 CTD encompassing Ubl1-
5 (residues 535-1102) constructs: wildtype (WT, MDGD), and mutants MRGR D762R/D764R,
MAGD D762A, and MAGA D762A/D764A. To conduct the GST pull-down, GST-EZH2 450-
500 bound to glutathione agarose was incubated with purified Ubl1-5 constructs. In comparison
to the empty GST beads (negative control), wild-type Ubl1-5"T eluted from the GST-EZH2 450-
500 bound beads and not from the GST alone (Figure 2-8, A). The Ubl1-5MRSR mutant did not

appear to interact as strongly as the wild-type. Furthermore, when the interaction of the single
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mutant Ubl1-5MASP yersus Ubl1-5MAGA {5 compared, the interaction of the double mutant with
GST-EZH2 450-500 appeared to be severely attenuated in comparison to the single mutant
(Figure 2-8, B).
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WT MRGR WT MRGR
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Figure 2-8. EZH2 interacts with USP7-CTD via MDGD In Vitro. GST-Pulldown of GST-

EZH2%%-5% and 6xHis-USP7-CTD (Ubl 1-5) WT and mutants (MRGR, MAGD, MAGA). Ubl1-5
was incubated with GST or GST-EZH?2%%5% bound to GSH-agarose. The 5% input (I) and 20 L
bead (B) fractions were resolved on a 12% SDS-polyacrylamide gel and stained with Coomassie
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Blue. (A) GST pull-down of GST and GST-EZH240-3% with Ubl1-5%T or UB11-5MRCR (B) GST
pull-down of GST and GST-EZH2%%5% with Ubl1-5MASD or UBI1-5MAGA,

2.3.5 EZH?2 interacts with USP7 using a KxxxK motif

Additionally, FLAG-EZH2 mutants were utilized to perform a co-immunoprecipitation in U20S
cells with endogenous USP7 (Figure 2-9). U20S cells were transfected with either: pcDNA3.1-
FLAG, wild-type FLAG-EZH2, or mutant FLAG-EZH2. Two FLAG-EZH2 mutants were
generated, the FLAG-EZH24MUT deletion mutant lacking 'KKKRK**® and FLAG-EZH2TR-MUT
truncated at residue 490. The largest amount of USP7 co-immunoprecipitated with wild-type
FLAG-EZH2 compared to the empty vector control and both the FLAG-EZH2 mutants. It should
be noted that there is a high background, evident by the appearance of USP7 in the empty vector

control.
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Figure 2-9. USP7-EZH2 interaction dependent on KKKRK. FLLAG-EZH?2 and endogenous
USP7 co-immunoprecipitation in U20S cells. U20S cells transfected with 10 ug of pcDNA3.1-
FLAG, FLAG-EZH2, FLAG-EZH2AMUT or FLAG-EZH2™-MUT FLAG-EZH2 was
immunoprecipitated using anti-FLAG agarose resin. The inputs (2%) and elutions (20 L) were
resolved on a 10% SDS-polyacrylamide gel immunoblotted with anti-ECS (FLAG) and anti-
USP7 rabbit antibodies.
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2.3.6 USP7 deubiquitinates EZH2

After characterizing the interaction between EZH2 and USP7, we sought to identify whether
USP7 deubiquitinates EZH2 by performing a deubiquitination assay (Figure 2-10). HeLa cells
were transfected with either FLAG-EZH2, FLAG-EZH2 and HA-Ub, or FLAG-EZH2 and HA-
Ub with Myc-USP7. FLAG-EZH2 was immunoprecipitated, and the elution was probed using
anti-HA to detect ubiquitination of FLAG-EZH2. When HA-Ub and FLAG-EZH2 were co-
transfected, FLAG-EZH2 was ubiquitinated indicated by the presence of a smear. Upon the co-
transfection of HA-Ub, FLAG-EZH?2 and Myc-USP7, the intensity of the smear is greatly
diminished. This suggested that USP7 deubiquitinates FLAG-EZH2.

Myc-USP7 B
HA-Ub - +
FLAG-EZH2 + +

IP: FLAG | I WB: HA
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Figure 2-10. USP7 Deubiquitinates EZH2. EZH2-USP7 Deubiquitination assay in HeLa cells.
HeLa cells transfected with FLAG-EZH2, HA-Ub and FLAG-EZH2, or HA-Ub, FLAG-EZH?2
and Myc-USP7 were treated with 20 yM of MG132 8 hours before harvest. The cells were
harvested 24 hours post-transfection and the cell lysates were immunoprecipitated with anti-
FLAG M2 agarose to purify FLAG-EZH?2. The inputs (1.33%) and elutions (20 L) were
resolved on separate 10% polyacrylamide gels and subjected to immunoblotting with: anti-USP7
rabbit, anti-ECS (FLAG), anti-GAPDH mouse, anti-HA rabbit antibodies.
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2.3.7 USP7 mediates EZH2 function

Lastly, to determine the effect of USP7 on the downstream function of EZH2 we compared
parental HCT116 cells with a HCT116 USP77- cell line (Figure 2-11). In comparison to the
parental cell line, the USP7" cells exhibited a decrease in both EZH?2 as well as H3K27me3.
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Figure 2-11. USP7 Mediates EZH2 Function. Immunoblot of HCT116 USP7+* and HCT116
USP77. 10 ug of cell lysates resolved on a 12% SDS-polyacrylamide gel, immunoblotted with
anti-USP7 rabbit, anti-EZH?2 mouse, anti-GAPDH mouse, anti-H3K27me3 rabbit antibodies.
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2.4 DISCUSSION

This project revolved around characterizing the interaction and regulatory relationship between
USP7 and EZH2. 1 expanded on previous work in our lab that suggested the *'MDGD7%
interaction site located in the CTD of USP7 interacts with the ¥'KKKRK*’* sequence of EZH2.
To enhance the understanding of EZH?2 regulation, we queried whether the stability of EZH?2 is
dependent on the UPS system and the involvement of USP7. Next we determined whether EZH2
and USP7 interact in a physiologically relevant manner and the key residues involved in this
interaction. Lastly, we aimed to elucidate whether EZH2 is a substrate of USP7 and whether this
interaction affects the downstream function of EZH2. Most recently, four other papers similarly
reported the USP7-EZH?2 interaction 2'42!°, The findings of their work are discussed and

compared in this section.

2.4.1 EZH2 stability is UPS dependent

To determine if EZH?2 stability is dependent on the UPS system we treated HCT116 USP7++
cells and USP7 cells with a proteasomal inhibitor and investigated the effect on EZH2 stability
(Figure 2-6). Upon proteasomal inhibition, EZH2 was increased in both USP7+* and USP7-"
cells, suggesting that EZH2 stability is regulated by a deubiquitinating enzyme. The increase of
EZH?2 levels appeared to be more drastic in the USP7-- cells. This data implied that USP7
regulates EZH2. In fact, this is corroborated by the comparison of EZH2 in HCT116 USP7**
cells versus the USP7-- cells. The EZH2 levels appear to be lower in the USP7-- cells. Further
supporting our findings, similar experiments in prostate (DU145, PC3), embryonic (293T),
melanoma (A375), and colorectal (SW480) cell lines observed the increase of EZH2 levels upon
treatment with a proteasomal inhibitor 26217219 ' Additional experiments conducted by our lab
have shown overexpression of USP7 results in increased levels of USP7 and USP7 knock-down
results in EZH2 reduction *7. Altogether, this data persuasively suggests the stability of EZH2 is
dependent on USP7.
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2.4.2 USP7 and EZH?2 interact in Human Osteosarcoma cells

We performed an endogenous EZH2-USP7 co-immunoprecipitation to determine if the
interaction is biologically valid (Figure 2-7). We were able to co-immunoprecipitate EZH2 with
USP7, which supported our hypothesis that EZH2 and USP7 interact. The endogenous
interaction was also demonstrated in melanoma (A375) and embryonic (HEK293T) cell lines
216217 Previous experiments by our lab have additionally shown that USP7 and EZH?2 interact by
overexpressing Myc-USP7 and FLAG-EZH2 and co-immunoprecipitating both proteins 2'°.
Additionally, another group performed a co-immunoprecipitation of USP7-EZH?2 in 293T and
DU145 cell lines overexpressing FLAG-EZH2 or FLAG-USP7 2. Likewise, the group observed
the co-immunoprecipitation of USP7-EZH2.

2.4.3 USP7 interacts with EZH2 via ""MDGD7%4

We further sought out to characterize the interaction sites and residues involved in facilitating the
interaction using an in vitro pull-down experiment. By analyzing the EZH2 sequence, we had
predicted that “®*’PRKKKRK*** would interact with the 'MDGD’* USP7 interaction site. To
test this hypothesis previous members of our lab performed a GST pull-down with GST-
EZH2%749% and His-Ubl1-5. The results suggested GST-EZH247-4%8 interacted with wild-type
Ubl1-5 and Ubl1-3, but lacked interaction with Ubl1-5MAGP  and Ubl1-3MAGA mutants 2. To
further explore this interaction I performed a pull-down with a longer EZH2 peptide, GST-
EZH249-500 and His-Ubl1-5%T, as well as the mutants His-Ubl1-5MRGR His-Ubl1-5MAGDP and
His-Ubl1-5MAGA (Figure 2-8). The mutants harboured a substitution of the negatively charged
D762/764 residues to either R, a positively charged amino acid, or A, an un-charged, smaller
amino acid. In comparison to wild-type Ubl1-5, the MRGR mutant exhibited an attenuated
interaction with GST-EZH24%-3% (Figure 2-8, A). This experiment supported our hypothesis
that USP7 and EZH2 interact via the predicted sequences and emphasized the importance of
aspartate residues in the 7*'MDGD%* domain. Furthermore, a pull-down with GST-EZH2430-500
and MAGD and MAGA mutants showed that both aspartate residues are required to mediate the
interaction (Figure 2-8, B). When comparing the elution fractions for MAGD and MAGA, it is

evident that mutation of both residues causes a significant reduction in binding. However,
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mutation of both aspartate residues does not completely abolish the interaction, as both MRGR
and MAGA mutants appear to retain binding. This implies the possibility of additional residues
in mediating the interaction. The in vitro pull-down also suggests that the USP7-EZH2

interaction is a direct interaction, as opposed to an indirect interaction via a complex.

To explore the importance of the K residues in the predicted ¥ PRKKKRK*% interaction
sequence, our group had previously conducted in vitro pull-down experiments. In comparison to
wild-type, K495A GST-EZH2*7-4%® exhibited a significant loss of interaction between Ubl1-5
215, We wanted to further characterize this interaction in mammalian cells by
immunoprecipitating FLAG-EZH2, FLAG-EZH24MUT (deletion mutant lacking “'KKKRK#*?),
or FLAG-EZH2™MUT (truncated at residue 490) (Figure 2-9). Endogenous USP7 was found to
co-immunoprecipitate the strongest with wild-type FLAG-EZH2. The mutant FLAG-EZH?2
interactions displayed USP7 co-immunoprecipitation comparable to that of the control. These
findings corroborated our previous data on the significance of the ¥'KKKRK*?* sequence in
mediating USP7 interactions. This experiment was limited by the presence of high background in

the elution sample of the control; thus, it should be repeated with more stringent washes.

Our group’s collective data has provided extensive evidence corroborating the EZH2-USP7
interaction. In addition to the data in this chapter, our group has co-crystallized the
WITPPRKKKRKHRL*® EZH2 peptide with Ubl123, a USP7-CTD construct, determining the
structure of the complex and characterizing the nature of the interaction *’. As predicted the
KxxxK motif in highly involved in the interaction, EZH2 residues K491 and K495 form salt
bridges with D762 and D764 in Ubl123. The R490 and K492 residues in the EZH2 peptide
participated in interactions with the Ubl123 residues D754 and L760. Moreover, our group used
fluorescence polarization assays to demonstrate that the EZH247-4%8 peptide interacts with

Ubl123, but not the NTD of USP7.

Interestingly, EZH2 T345 and T487 have been found to undergo phosphorylation by the mitotic
kinase, CDK1 (cyclin dependent kinase) 22%22!. The phosphorylation of EZH?2 at these residues is
found to be enhanced at mitosis and is thought to promote ubiquitination and destabilization of
EZH2 2% 1t is interesting to note the proximity of the T487 residue to the predicted
BIPRKKKRK*” interaction motif. Considering this finding, the question arises of whether USP7
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can bind EZH2 and prevent T487 phosphorylation and subsequent ubiquitination, and whether
this potential mode of regulation is dependent on the cell cycle. This presents an additional

potentially unexplored avenue of EZH2 regulation by USP7.

In contrast to our proposed interaction, Su et al. suggested EZH?2 interacts with the TRAF
domain of USP7 2'®. An in vitro pull down of full-length GST-EZH2 and His-USP7 constructs
(TRAF, Catalytic domain, Ubl1-5) suggested interaction via the TRAF domain. Furthermore,
pulldowns of full-length FLAG-USP7 and GST-EZH2 constructs (EZH2 N1 (1-173), N2 (174-
340), C1(341-559), and C2 (560-751)) mapped the interaction site to N1. As our results
suggested, the interaction between EZH2 and USP7 may involve multiple interaction sites. If this
is the case, it would not be unique to the EZH2-USP7 interaction. In fact, USP7 substrates p53
and HDM2 have both been characterized to interact with both the N-terminal and C-terminal

domains of USP7 471,

2.4.4 USP7 deubiquitinates EZH2

To determine if EZH2 is a USP7 substrate, we performed a deubiquitination assay. HeLa cells
were transfected with FLAG-EZH2, FLAG-EZH2 and HA-Ub with and without Myc-USP7 and
treated with a proteasomal inhibitor. FLAG-EZH2 was immunoprecipitated and the
immunoprecipitated FLAG-EZH2 was probed for ubiquitination (Figure 2-10). Transfection of
FLAG-EZH2 and HA-Ub presented as a dark smear, indicating the accumulation of
ubiquitinated and polyubiquitinated FLAG-EZH?2. In contrast, the transfection of FLAG-EZH2,
HA-Ub and Myc-USP7 resulted in decreased smear intensity, indicating a reduction in
ubiquitinated FLAG-EZH?2. Indeed, EZH?2 appears to be deubiquitinated by USP7 and this result
was replicated by 2'921°. Zheng et al., performed a deubiquitination assay with catalytically
inactive C223S USP7 mutant and observed the attenuation of EZH2 deubiquitination by USP7.
Additionally, Su et al. demonstrated that USP7 can deubiquitinate K48-linked polyubiquitin
chains from EZH2 but not K63-linked polyubiquitin chains. As mentioned previously K48-

linkages are associated with proteasomal degradation while K63-linkages are UPS independent.

Curiously, HDM2/HDMX has been recently identified as a novel EZH2 E3 ubiquitin ligase,

mediating cell sensitivity to DNA damage 2'*. The authors suggested the chromatin condensation
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promoted by EZH2 enhances cellular resistance to DNA damage. From a clinical perspective,
the authors propose the use of HDM2/HDMX inhibitors to protect renewable tissues from DNA
damage induced by chemo-/radiotherapy. Considering that HDM2/HDMX are well defined
USP7 substrates, it would be fascinating to investigate if USP7 plays a role in this regulatory

axis %,

2.4.5 USP7 affects EZH?2 downstream function

Finally, we sought out to determine if USP7 regulates the downstream function of EZH2 by
affecting H3K27me3 (Figure 2-11). Our previous data suggested USP7 stabilizes EZH2, thus we
expected USP7 cells to exhibit reduced levels of EZH2 and H3K27me3 compared to the
HCT116 USP7"* cells. Indeed, as we anticipated, USP7" cells possessed attenuated levels of
EZH?2 as well as H3K27me3. In agreeance with our findings, another group had demonstrated
the loss of H3K27me3 in response to USP7 knock-down or knock-out in melanoma cell lines 21°,
Interestingly, the authors suggested that the loading of the PRC2 complex is preceded by
deubiquitination of H2BK 120 by USP7. As previously stated, USP7 has been characterized to
deubiquitinate monoubiquitinated H2BK 120 '#°, Su et al. showed that knock-down of USP7
coincided with increased H2BK120Ub and decreased H3K27me3 levels despite overexpression

of EZH?2 in three melanoma cell lines.

2.4.6 USP7-EZH2 mechanisms and clinical relevance

Several groups have now defined the USP7-EZH2 interaction in neural progenitor cells as well

as laryngeal squamous cell carcinoma (LSCC), melanoma, and prostate cancer.

In the context of LSCC, elevated levels of USP7 were correlated with high levels of EZH2 and
poor prognosis 2'3. The authors used immunohistochemical staining to determine the expression
of USP7 and EZH?2 in normal laryngeal tissues and LSCC, identifying USP7 and EZH2 as
biomarkers for LSCC. Likewise, USP7 and EZH2 expression correlates with both the grade and
prognosis of melanoma patients 2'°, Further corroborating our findings, USP7 was found to

associate with the PRC2 complex and stabilize EZH2 in melanoma cells. In prostate cancer cells,
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the overexpression of USP7 resulted in enhanced proliferation, migration and invasion 2'°. These
effects were attenuated with co-transfection of USP7 and EZH2-shRNA, indicating that USP7
promotes prostate carcinogenesis via EZH2 stabilization. /n vivo mouse xenograft experiments
showed that deletion of USP7 decreased EZH2 and repressed prostate tumorigenesis. Clinical

prostate cancer tissues were shown to correlate with increased levels of USP7 and EZH2.

In the context of melanoma, the USP7-EZH?2 regulatory axis was found to affect the regulation
of the FOXO1 (Forkhead Box O1) transcription factor 2!, FOXO]1 is responsible for regulating
the expression of genes for gluconeogenesis. Interestingly, USP7 was found to deubiquitinate
FOXO1 and prevent its association with the promoters of gluconeogenic genes 2?2, In melanoma
cells, EZH2 was found to be enriched at USP7 binding regions, such as the promoter of FOXO1
216 Upon knock-down of USP7 or EZH2, the expression of both FOXO1 mRNA and protein was
increased. Su et al. showed that the inhibition of USP7 and EZH2 in melanoma cells and
xenografted mice resulted in repressed cell proliferation due to the upregulation of FOXO1. The
comparison of normal human tissue with clinical melanoma samples revealed elevated levels of
USP7 and EZH2, as well as reduced levels of FOXO1 expression. The increased levels of EZH2
and USP7 as well as a reduction in FOXO1 were correlated with the histological grade of the
melanoma. Furthermore, enhanced expression of USP7 correlated with poor prognosis of
melanoma patients. This fascinating axis should be further investigated in other forms of cancer.
In fact, FOXO1 is known to be downregulated in breast and prostate cancer ?2*. It would be
interesting to investigate whether USP7 and EZH?2 are involved in the downregulation of

FOXOL1 in these forms of neoplasms.

Additionally, the USP7-EZH?2 axis was found to be essential in promoting cancer and neural
stemness 2!7. Lei et al. proposed a model in which USP7 is recruited by EZH2, to stabilize EZH2
as well as DNMT1, HDACI, LSDI1, B-catenin, SMAD?2/4. The stabilization of these factors
prevented neuronal differentiation of progenitor cells by repressing the expression of neuronal-
specific genes. In contrast, the inhibition of EZH2 or USP7 promoted differentiation and resulted
in a loss of stemness in neural progenitor cells. These findings underscore the importance of

USP7-EZH?2 regulatory axis in maintaining key proteins that promote tumorigenesis.
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CHAPTER 3 : RBP2 and USP7

3.1 INTRODUCTION

Histone methylation was once thought to be irreversible until the discovery of Lysine-specific
demethylase 1 (LSD1) %24, LSD1 is responsible for demethylating mono- and di-methylated
H3K4. There are two groups of histone demethylases: LSD demethylases and jumonji C (JmjC)
domain containing demethylases ?2°. LSD demethylases include LSD1 and LSD2, and are
dependent on flavin adenine dinucleotide (FAD) to demethylate mono- and di-methylated lysines
(Figure 3-1, A). The JmjC family contains 30 members in humans, and require Fe(II) and a-
ketoglutarate for the demethylating function (Figure 3-1, B) 22°. While flavin-dependent
demethylases act on mono- and di-methylated residues, JmjC domain containing demethylases
act on mono-, di-, and tri-methylated residues. However, limited information exists on the

mechanisms that control the activities of histone lysine demethylases.
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Figure 3-1. Catalytic mechanisms of Histone demethylases. There are two groups of histone
demethylases, LSD demethylases and jumonji C (JmjC) domain containing demethylases. These
two groups use distinctive reaction mechanisms to catalyze the removal of methyl groups from
histone lysine residues. A) LSD1 and LSD2 demethylases are dependent on flavin adenine
dinucleotide (FAD) to demethylate mono- and di-methylated lysines. B) In contrast, JmjC
demethylases require Fe(Il) and a-ketogluterate are required for the demethylating function and
are able to act on mono-, di-, and tri-methylated residues. Adapted from 2?7,

3.1.1 The KDMS demethylase subfamily

The KDMS5 subfamily of histone demethylases consists of four members KDM5A, KDM5B,
KDMS5C, and KDMS5D 228, KDMS histone demethylases are conserved among species, and the
members of the family share a high degree similarity in domain architecture (Figure 3-2). All
KDMS5 subfamily members possess a Jumonji N Domain (JmjN), an AT-rich interacting domain
(ARID) for DNA binding, at least two plant homeodomain (PHD) domains required for histone
recognition, the catalytic Jumonji C Domain (JmJC), and a CSHC2 zinc-finger domain (C5HC?2)
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228229 KDMS5A and KDMS5B both have a third PHD domain (PHD3). It has been reported that
KDMS proteins possess regulatory roles that are independent of their demethylase function,

suggested to involve PHD3 domains 2.
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Figure 3-2. Domain organization of KDMS family proteins. The KDMS5 family of proteins
consist of KDMS5A, KDM5B, KDM5C, and KDMS5D in humans. The members of the KDMS5
family share similar domain organization, all harbouring JmjN, Jumonji N Domain; ARID, AT-
rich interacting domain; PHD, plant homeodomain; JmJC, Jumonji C Domain; CSHC2, C5SHC2
zinc-finger domain. KDMS5A and KDMS5B both have a third PHD domain (PHD3).

This family of histone demethylases catalyzes the removal of dimethyl (Me2) and trimethyl
(Me3) modifications from H3K4. The methylation of H3K4 is evolutionarily conserved and
associated with transcriptional activation #!. Depending on the degree H3K4 methylation, the
location of the histone methylation can vary, as well as the effect the modification imposes on
the genomic region. For instance, H3K4me1 was found to be enriched at enhancers, and depleted
at active promoters 2*2. In comparison, H3K4me?2 has been observed to be present at both
promoters and enhancers, as well as the 5’end of transcribing genes >*22%3. The dimethylation of
H3K4 has been shown to occur at both inactive and active euchromatic genes and is associated
with repressed nucleosome acetylation and remodeling 23323, Interestingly, promoters are marked
with H3K4me3 and the presence of this mark coincides with increased acetylation and decreased

nucleosome density at promoters 23223,
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There has been an increasing amount of evidence from primary tumours, as well as knock-out
mouse models that have established KDMS members as key players in human cancer and
disease. Particularly, KDMS5A and KDMS5B are considered to be oncogenic drivers due to their
frequent mutation in a plethora of human cancers 2. KDMS5SA and KDMS5B are promising
therapeutic targets and efforts are currently underway to develop enzymatic inhibitors.
Dysregulation of KDMS5C have been linked with X-linked mental retardation, Huntington

disease and renal cell carcinoma.

3.1.2 RBP2 role in a cell

The focus of our project is the ubiquitously expressed demethylase KDMS5SA, also known as the
Retinoblastoma-Binding Protein 2 (RBP2). RBP2 was originally isolated as a binding partner of
Rb %5, Rb is a tumour suppressor protein that has been found to be frequently inactivated in
various forms of cancer 2%. Rb is responsible for cell cycle arrest, inhibiting entry into S-phase
until the cell is ready to divide, as well as promoting differentiation and senescence of cells. The
ability of Rb to promote differentiation and senescence is associated with its interaction with
RBP2 ?¥7, By interacting with RBP2, Rb prevents RBP2 from repressing genes required for
differentiation. Apart from RBP2’s interaction with Rb, the majority of RBP2’s genomic targets
are involved in cellular differentiation 2%-2¢!, RBP2 gene targets are not solely restricted to genes
involved in cellular differentiation. RBP2 represses expression of the progesterone receptor in
the MCF-7 human breast cancer cell line 242, Additionally, RBP2 has also been shown to play an
essential role in mitochondrial biogenesis by regulating mitochondrial genes ?**. RBP2 has been
shown to silence the telomerase reverse transcriptase (W'TERT) gene, which is widely activated in
cancerous cells >*. Loss of RBP2 resulted in a significant increase in hTERT expression in EBV-
immortalized cells. Moreover, RBP2 has also been involved in regulation gene-expression in a
demethylase-independent manner >¥. By inhibiting histone deacetylase (HDAC) mediated

repression, RBP2 promotes the cyclic transcription of circadian genes by CLOCK-BMALI.
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3.1.3 RBP2 domain organization

RBP2 is a 1690 amino acid protein that has two isoforms, isoform 1 and isoform 2. Beginning at
the N terminus, RBP2 harbours a JmjN domain (residues 25-59), followed by the ARID domain
(residues 85-170) (Figure 3-3) ?2°. The ARID domain is involved in DNA binding and has been
shown to bind a CCGCCC motif and is essential in regulating transcription 2. Residues 295-343
encompass the first PHD domain. The PHD domain can bind to certain methylated residues and
allows for the recruitment of HDACs. The first PHD domain preferentially binds unmethylated
H3K4 histone tail and this binding stimulates the catalytic activity of RBP2 22°, This is followed
by the catalytic domain, the JmjC domain (residues 470-586). The CSHC2 zinc finger domain
(ZF) is located between residues 676-729. Finally, towards the C terminus of the protein, RBP2
possesses two more PHD domains (PHD2 and PHD3).
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Figure 3-3. RBP2 Domain Organization. JmjN, Jumonji N Domain; ARID, AT-rich
interacting domain; PHD, plant homeodomain; JmjC, Jumonji C Domain; ZF, CSHC2 zinc
finger domain *».

3.1.4 RBP2 in human disease

RBP2 is a critical regulator in the expression of loci linked to development, differentiation,
circadian rhythm, mitochondrial function, and oncogenesis. The importance of RBP2 was
demonstrated by RBP2’s extensive implication in human pathologies. RBP2 dysregulation is

associated with various forms of cancer such as cervical cancer >/, lung cancer 2**, melanoma 2%,
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breast cancer >°, renal cell carcinoma !, neuroendocrine tumours 2223, leukemia 2>*, and gastric

cancer 23,

RBP2 has been linked with acute myeloid leukemia 242%, Patients with acute myeloid leukemia
express a fusion protein between NUP98 (nucleoporin-98) and the C-terminal PHD3 finger of
RBP2 %34, The resulting NUP98-PHD3 fusion protein specifically recognizes H3K4me?2/3 marks
but lacks the demethylase domain of RBP2. Thus, NUP98-PHD3 is able to bind and prevent the
removal of H3K4me3, resulting in a lack of gene silencing. The NUP98-PH3 fusion protein was
found to be critical for leukaemogenesis. Its aberrant function causes developmental loci to

‘locked’ in an active chromatin state.

In gastric cancer RBP2 levels were found to be elevated, and inhibition of RBP2 triggered cell
senescence 2. Furthermore, RBP2 plays a role in promoting metastasis and epithelial-to-
mesenchymal transition by repressing E-cadherin, as well as promoting angiogenesis by
enhancing VEGF expression 27238, Interestingly, the bacterium Helicobacter pylori, closely
associated with the development of gastric cancer, was found to induce RBP2 expression 2.
This induction was mediated by the H. pylori virulence factor, CagA which is known to activate
the PI3K/AKT-Sp1 pathway. Enhanced expression of Sp1 induced by the PI3K/AKT signaling
pathway binds the promoter of RBP2 and stimulates its expression. The knockdown of RBP2

was shown to inhibit gastric cancer in vivo.

Interestingly, RBP2 was found to be related to susceptibility and severity of ankylosing

spondylitis, an inflammatory disease that typically targets the sacroiliac joints and the spine

260,261

Collectively, these findings present RBP2 as an ideal target for cancer therapy and efforts are

currently underway to develop small molecule inhibitors 262.

3.1.5 Project Rational

USP7 plays a critical role in many cellular functions and has been involved in epigenetic
regulation. Our group was interested to investigate if USP7 plays a role in regulating RBP2. The

dysregulation of both RBP2 and USP7 has been associated with numerous human pathologies.
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Developing a better understanding of their respective functions and roles in a cell may aid in the

understanding of mechanisms underlying certain human pathologies.

On the basis of our previous work and literature, we analyzed the RBP2 sequence and identified
numerous potential interaction motifs, including KxxxK as well as P/A/ExxS motifs. We
hypothesized that RBP2 and USP7 interact, and that USP7 may play a regulatory role in RBP2
stability. We aimed to investigate the potential regulatory role of USP7 on RBP2 in mammalian
cells. Once our data suggested USP7 stabilizes RBP2, we characterized the interaction between
USP7 and RBP2 in mammalian cells and in vitro. Lastly, we intended to further elucidate the
USP7-RBP2 regulatory axis by investigating the effect on RBP2 downstream H3K4

demethylating function in mammalian cells.
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3.2 MATERIALS AND METHODS
3.2.1 Plasmids

The plasmids used for bacterial transformation and expression were: pGEX-2TK, pGEX-
2TK/CTD-USP7°%-1192 The plasmids used for mammalian transfection were: pcDNA3,
pCAN/Myc-USP7, pCAN/Myc-USP7¢223 pCAN/Myc-USP7MROR ' hCAN/Myc-USP7PW-MRGR,
pcDNA3.1/FLAG, pcDNA3/HA-FLAG-RBP2. pcDNA3/HA-FLAG-RBP2 was a gift from
William Kaelin (Addgene plasmid # 14800)

3.2.2 Bacterial Transformation

1 uL of plasmid was added to 50 uL of thawed chemi-competent DH5a cells or BL21 (DE3)
mgk Escherichia coli and incubated on ice for 10 minutes. The cells were then heat-shocked for
45 seconds at 42°C and incubated on ice for 2 minutes. Afterwards, 100uL of SOC was added
and the cells were incubated for 30 minutes at 37°C and then plated on LB agar containing the
required antibiotic (100 pg/ml Ampicillin and/or 50 pg/ml Kanamycin). The plates were then
incubated overnight, and a single colony was chosen to inoculate 5 mL of LB which was
incubated in a shaker overnight at 37°C (200 rpm) (Innova 43R, New Brunswick Scientific). An

aliquot was used to make a glycerol stock.

3.2.3 Bacterial Expression of GST-Ubl1-5

BL21 (DE3) mgk E. coli were transformed with either pGEX-2TK or pGEX-2TK/CTD-USP733*
1102 and a colony was picked and inoculated into 100 mL of LB media with 100 pg/ml
Ampicillin and 50 pg/ml Kanamycin and grown at 37°C at 200 rpm until the ODgoonm of the
media reached 0.8-1 (Innova 43R, New Brunswick Scientific). Once the ODgoonm reached 0.8-1
the culture was induced with 0.4mM of IPTG (Bioshop) and incubated overnight at 16°C at 200
rpm. The cells were pelleted by centrifugation at 5,000 x g for 10 minutes with a JLA 16.250

Beckman rotor (Beckman Coulter Avanti J-E centrifuge).
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3.2.4 GST Purification of GST-Ubl1-5

The bacterial cell pellet expressing was resuspended in 15 mL of 1X PBS (pH 7.4) with 1X
Protease inhibitor cocktail and 1X Protease inhibitor tablet (cOmplete ULTRA Tablets, Roche).
The cells were sonicated on ice at 35% amplitude for 4 minutes (10 seconds ON, 15 seconds
OFF, Branson Digital Sonifier). To collect the soluble fraction, the cell lysate was centrifuged at
30,000 x g for 20 minutes at 4°C with a JA-25.50 Beckman rotor (Beckman Coulter Avanti J-E
centrifuge). The clarified cell lysate was incubated with 150 uL of Glutathione Sepharose 4B
(GE Healthcare) and incubated at 4°C for 1 hour with rotation. The beads were then washed five

times with 5 mL of 1X PBS.

3.2.5 GST-Ubl1-5 and FLAG-RBP2 pulldown

HelLa cells P39 (15 cm tissue culture dish) were transiently transfected with 10 pg of either
pcDNA3.1/FLAG or pcDNA3/HA-FLAG-RBP2 using PolyJet™. The cells were harvested 24
hours post-transfection and resuspended in M2 Lysis buffer (50 mM Tris HCI [pH 7.4], 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 1X Protease inhibitor cocktail and 1X Protease inhibitor
tablet (Roche cOmplete ULTRA Tablets) and incubated at 4°C with agitation for 30 min. The
lysate was clarified by centrifugation at 17,000 x g for 15 min at 4°C (Sorvall Legend Micro 17
R, Thermo Scientific) and the supernatant was collected and quantified (Pierce™ BCA Protein
Assay Kit). To conduct the GST-pulldown, 25 uL (dry bead volume) of GST or GST-Ubl1-5
USP7 bound glutathione beads were combined with 700 png of HeLa lysates transiently
expressing pcDNA3.1/FLAG or pcDNA3/HA-FLAG-RBP2 and 1X GST interaction buffer (50
mM Tris [pH 8], 100 mM NaCl, 5% Glycerol, 5 mM DTT, 0.1 mM Benzamidine, 0.05 mM
PMSF) for a total volume of 500 pL in the tube. The pull-down reactions were incubated for 2
hours at 4°C with agitation. Afterwards, the glutathione beads were washed five times with 1 mL
of 1X PBS. Elution samples were made by boiling the beads with 80 uL of 1X SDS loading dye.
The 3.4% input (HeLa lysate expressing pcDNA3.1/FLAG or pcDNA3/HA-FLAG-RBP2) and
20 uL of elution sample were resolved on a 4-20% Mini-PROTEAN® TGX™ Precast Protein
Gel (BioRad) and transferred to a PVDF membrane 30V, overnight at 4°C. The following day
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the PVDF membrane was blocked and blotted with the following antibodies: 1:4000 anti-
JARID1A rabbit (Cell-signaling, D28B10), 1:4000 anti-GST mouse (Millipore,71097-3).

3.2.6 Mammalian Cell Culture, Transfection and Sample Preparation

Human osteosarcoma U2O0S cells, colorectal carcinoma cell line HCT116 parental (John
Hopkins University School of Medicine, Cell line #8 40-16), and HCT116 HAUSP -/-
(4HAUSP2-4, John Hopkins University School of Medicine Cell line #89) were grown on
McCoy’s (Wisent) media containing 10% fetal bovine serum (FBS) and 1 mg/ml Penicillin-
Streptomycin. Human cervical adenocarcinoma cell line HeLLa was grown on Dulbecco’s
Modified Eagle Medium (DMEM, Wisent) media containing 10% FBS and 1 mg/ml Penicillin-
Streptomycin. All cell lines were incubated at 37°C, 5% CO2. The cells were transfected using
Polyjet™ In Vitro DNA transfection reagent (SignaGen Laboratories) according to the
manufacturer’s protocol. To obtain cell lysates, cell pellets were resuspended in RIPA lysis
buffer (150 mM NaCl, 50 mM Tris [pH 8.0], 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
with 1X Protease inhibitor cocktail and 1X Protease inhibitor tablet (Roche cOmplete ULTRA
Tablets)). After incubating the resuspended pellets on ice for 15 min, the samples were sonicated
at 10% amplitude for 0.5 seconds ON and 5 seconds OFF for a total ON time of 1.5 seconds
(Sonic Dismembrator Model 500, Fisher Scientific). To obtain the soluble fraction, the lysates
were centrifuged for at 13,000 x g for 15 minutes at 4°C. The supernatant was recovered, and

samples were prepared by boiling the lysate with 1XSDS loading dye.

3.2.7 Antibodies and Immunoblotting

The following primary antibodies were used for immunoblotting: anti-USP7 rabbit (Bethyl,
A300-033A), anti-USP7 mouse (Millipore, 05-1946), anti-GAPDH mouse (Santa-Cruz,
sc047723), anti-ECS (FLAG) (Bethyl, A190-102A), anti-JARID1A (RBP2) rabbit (Cell-
signaling, D28B10), anti-Myc HRP (Cell-signaling, 14038s), anti-Myc mouse (Millipore, 05-
724), anti-H3K4me3 rabbit (Actif Motif, 39-60), anti-GST mouse (Millipore, 71097-3). For

immunoprecipitation normal mouse IgG (Santa-Cruz, sc2025) was used.
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After resolving protein samples on a SDS-polyacrylamide gel using SDS-PAGE, the gel would
be transferred to a 0.45 um Immobilon-P PVDF membrane (Millipore) activated according to the
manufacturer’s instructions. The transfers would typically be run 30V overnight at 4°C or 90V
for 2.5 hours on ice using 1X Western Transfer Buffer (25 mM Tris [pH 8.3], 192 mM Glycine,
and 20% methanol). Following transfer, the PVDF membrane would be blocked in 5% non-fat
milk in 1X PBST for 1 hour at RT with rocking. The PVDF membrane would then be probed
with primary antibodies overnight at 4°C. After primary antibody incubation, the membrane was
washed three times with 1X PBS-T in 5 min intervals. Secondary antibody incubation was
carried out for 1 hour at RT with the following antibodies: anti-mouse IgG HRP-conjugated goat
polyclonal (ThermoFisher, 31430) or anti-rabbit IgG HRP-conjugated goat polyclonal (Bethyl,
A120-101P). Afterwards, the membrane was washed four times with 1X PBS-T in 15 min
intervals. The PVDF membrane was incubated for 5 minutes with Amersham ECL Prime
Western Blotting Detection Reagent (GE Healthcare) according to the manufacturer’s protocol.
The immunoblot was imaged using a Microchemi® (DNR-IS) or the immunoblot was exposed

to film and a processed through a developer.

3.2.8 Proteasomal Inhibition Using MG132

HCT116 USP7** and HCT116 USP7 7~ were incubated with DMSO or 40 uM of MG132 for 1
hour and harvested. 30 pg of sample was resolved on a 10% SDS-polyacrylamide gel,
transferred to a PVDF membrane at 30V overnight at 4°C. The membrane was blocked and
blotted with the following antibodies: 1:3000 USP7 rabbit (Bethyl, A300-033A-M), 1:2000 anti-
JARID1A rabbit (Cell-signaling, D28B10), 1:2000 GAPDH mouse (Santa-Cruz, sc047723).

3.2.9 RBP2 and USP7 Co-immunoprecipitation

To conduct the endogenous RBP2-USP7 co-immunoprecipitation, HeLa cell pellets were
resuspended in RIPA lysis buffer (150 mM NaCl, 50 mM Tris [pH 8.0], 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS, with 1X Protease inhibitor cocktail and 1X Protease inhibitor
tablet (Roche cOmplete ULTRA Tablets)) and incubated on ice with agitation for 15 minutes.
The cell lysates were clarified by centrifugation at 17,000 x g for 15 min at 4°C, and the
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supernatant was recovered. For the co-immunoprecipitation, 400 ug of cell lysate was combined
with either normal mouse IgG (Santa-Cruz, sc2025) or anti-USP7 mouse (Millipore, 05-1946)
and incubated at 4°C for 1 hour with agitation. 20 puL of Protein A/G-PLUS Agarose (sc-2003)
was washed with 500 puL of 1X PBS three times and then blocked with 5% BSA in PBS for 30
min at 4°C. The beads were then equilibrated by washing with 500 puL of lysis buffer three times.
Afterwards, 20 puL of Protein A/G-PLUS Agarose (sc-2003) was added to the antibody-cell
lysate reaction the reactions were incubated overnight. The following day, the reactions were
washed three times using 500 uL of 1X PBS. To prepare the samples, 40 uL of 1X SDS was
added to the beads and boiled for 5 minutes. 10% (50 pg) of input and 20 uL of the beads were
resolved on a 10% SDS-polyacrylamide gel and transferred to a PVDF membrane at 90V on ice
for 2.5 hours. The PVDF membrane was blocked and blotted with the following antibodies:
1:2000 USP7 rabbit (Bethyl, A300-033A), 1:1000 anti-JARID1A/RBP2 rabbit (Cell-signaling,
D28B10).

A second co-immunoprecipitation was done to show the interaction between exogenously
expressed FLAG-RBP2 and endogenous USP7. HeLa P12 (10 cm) were transfected with 5 pg of
either pcDNA3.1/FLAG or pcDNA3/HA-FLAG-RBP2 using 15 uL of PolyJet™. 24 hours after
transfection, the HeLa cells were washed with two times with cold 1X PBS. 700 uL of M2 Lysis
buffer (50 mM Tris HCI [pH 7.4], 150 mM NaCl, ] mM EDTA, 1% Triton X-100, 1X Protease
inhibitor cocktail and 1X Protease inhibitor tablet (Roche cOmplete ULTRA Tablets) was added
to the tissue culture dish and incubated on ice for 30 minutes with agitation. Afterwards, the
plated HeLa cells were scraped off the tissue culture dish and collected. The cell lysate was
centrifuged at 17,000 x g for 15 min at 4°C and the clarified supernatant was recovered and
quantified (Pierce™ BCA Protein Assay Kit). To set up the immunoprecipitation reaction, 700
ng of cell lysate was combined with 40 pL of resuspended ANTI-FLAG M2 Affinity Gel
(Sigma-Aldrich, A2220) equilibrated to the manufacturer’s directions and incubated overnight at
4°C with agitation. The following day, the reactions were washed four times with 500 pL of M2
Lysis buffer, and the beads were boiled with 20 pL 2X SDS loading dye. 1.14% (8 pg) input and
10 uL of boiled bead sample were resolved on a 10% SDS-polyacrylamide gel and transferred to
a PVDF membrane at 80V on ice for 3 hours. The PVDF membrane was blocked and blotted
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with the following antibodies: 1:3000 USP7 rabbit (Bethyl, A300-033A), 1:1000 anti-ECS
(FLAG) (Bethyl, A190-102A).

3.2.10 RBP2 and USP7 Interaction Site Mutant Co-immunoprecipitations

HeLa cells (10 cm tissue culture dish) were co-transfected with 2.5 pg of pcDNA3/HA-FLAG-
RBP2 and 2.5 pg of either pPCAN/Myc-USP7, pPCAN/Myc-USP7MRGR " or pCAN/Myc-USP7PW-
MRGR ysing 15 pL of PolyJet™. The cells were harvested 24 hours after transfection and
resuspended in of M2 Lysis buffer (50 mM Tris HCI [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 1X Protease inhibitor cocktail and 1X Protease inhibitor tablet (Roche cOmplete
ULTRA Tablets) and incubated at 4°C for 30 min with agitation. The lysate was clarified by
centrifugation at 17,000 x g for 15 min at 4°C and the supernatant was recovered and quantified
(Pierce™ BCA Protein Assay Kit). 40 uL of resuspended ANTI-FLAG M2 Affinity Gel (Sigma-
Aldrich, A2220) equilibrated to the manufacturer’s directions. The immunoprecipitation was set
up overnight at 4°C with agitation with 200 pg of lysate combined with 40 pL of equilibrated
ANTI-FLAG M2 Affinity Gel and Lysis buffer to equal a total volume of 1 mL. The following
day, reactions were washed four times with 500 pL of 1X TBS (50 mM Tris-HCI [pH 7.4], 150
mM NaCl), and the beads were boiled with 20 uL 2X SDS loading dye. 4% (8 pg) input and 20
uL of boiled bead sample were resolved on a 10% SDS-polyacrylamide gel and transferred to a
PVDF membrane at 90V on ice for 2.5 hours. The PVDF membrane was blocked and blotted
with the following antibodies: 1:3000 anti-USP7 rabbit (Bethyl, A300-033A), 1:1000 anti-ECS
(FLAG) (Bethyl, A190-102A). The USP7 membrane was stripped and re-probed with 1:1000
anti-Myc mouse (Millipore, 05-724).

The reciprocal of the co-immunoprecipitation was done in HeLa cells (15 cm) co-transfected
with 5 ug of pcDNA3/HA-FLAG-RBP2 and 5 pg of either pcDNA3, pCAN/Myc-USP7,
pCAN/Myc-USP7MRGR or pCAN/Myc-USP7PW-MRGR y5ing 30 pL of PolyJet™. The cells were
harvested 24 hours after transfection and the cell lysate was obtained as described above. 50 pL
of Pierce Anti-c-Myc Agarose (Thermo Scientific) was equilibrated according to the
manufacturer’s directions. The immunoprecipitations were set up with 900 ug of lysate, 50 uL of

equilibrated Pierce Anti-c-Myc Agarose and 1X TBS to equal a total volume of 200 uL. The co-
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immunoprecipitation reactions were incubated overnight at 4°C with agitation. The following
day, the resin was washed three times with 500 puL of 1X TBS-T (0.05%) and boiled with 50 uL
of 2X SDS. The input (10 pg) and 20 pL elution were resolved on a 10% SDS-polyacrylamide
gel and transferred to a PVDF membrane at 30V overnight at 4°C. The PVDF membrane was
blocked and blotted with the following antibodies: 1:1000 anti-Myc HRP (Cell-signaling,
14038s), 1:2000 anti-JARID1A rabbit (Cell-signaling, D28B10).

3.2.11 USP7 Reconstitution in USP7-- Cells

HCT116 USP7 cells were transfected with 10 pg of either pcDNA3, pCAN/Myc-USP7,
pCAN/Myc-USP7¢2235 pCAN/Myc-USP7MRER or pCAN/Myc-USP7PW-MRGR y15ing 20 uL of
PolyJet™. The transfected cells were treated with 40 pM of MG132 1 hour prior to harvesting to
inhibit the proteasome. The cells were harvested 24 hours after transfection. Additionally, two
plates of cells were treated with either DMSO or 40 uM MG132 for 1 hour and served as the un-
transfected controls. The cell pellets were resuspended in RIPA lysis buffer (150 mM NacCl, 50
mM Tris [pH 8.0], 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, with 1X Protease inhibitor
cocktail and 1X Protease inhibitor tablet (Roche cOmplete ULTRA Tablets)) and lysed using
sonication (0.5 sec ON and 4 sec OFF repeated three times, 10% amplitude) (Sonic
Dismembrator Model 500, Fisher Scientific). The cell lysates were boiled with 1X SDS, and 30
ug of each sample was resolved on a Novex™ 4-20% Tris-Glycine Plus Midi Gel 20-Well
(ThermoFisher) and a 4-20% Mini-PROTEAN® TGX™ Precast Protein Gel (BioRad). Before
transfer, the Novex™ 4-20% gel was equilibrated in 1X Western Blot Transfer Buffer (12 mM
Tris [pH 8.3,] 96 mM Glycine, 10% methanol) supplemented with 0.1% SDS for 15 minutes.
Afterwards, the Novex™ 4-20% gel was transferred to a PVDF membrane in 1X Western
Transfer Buffer without 0.1% SDS for 1.5 hours at 30V on ice. The PVDF membrane was
blocked and probed with 1:1000 anti-Myc HRP (Cell-signaling, 14038s), 1:2000 anti-JARID1A
rabbit (Cell-signaling, D28B10), 1:2000 anti-GAPDH mouse (Santa-Cruz, sc047723). The 4-
20% gel (BioRad) was transferred to a PVDF membrane with 1X Western Transfer Buffer (25
mM Tris [pH 8.3], 192 mM Glycine, and 20% methanol) at 90V for 2.5 hours on ice. The PVDF
membrane was blocked and probed with 1:4000 anti-GAPDH mouse (Santa-Cruz, sc047723),
and 1:5000 anti-H3K4me3 rabbit (Actif Motif, 39-60).
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3.2.12 USP7 siRNA Knockdown Assay

The siRNA mediated knockdown of USP7 was performed using siUSP7 and siNC (negative
control) (Shanghai GenePharma) for which the double stranded siRNA sequences are shown
(Table 3-1). To transfect the siRNA, Lipojet™ In Vitro DNA and siRNA Transfection Kit

(SignaGen) was used according to the manufacturer’s instructions.

Table 3-1. Double stranded siRNA Sequences. The siRNA molecules were transiently
transfected into mammalian cell lines using Lipojet™ In Vitro DNA and siRNA Transfection Kit
(SignaGen). siNC is a negative control. siUSP7 was used to knock-down USP7.

CCCAAAUUAUUCCGCGGCAAATT
siRNA USP7
UUUGCCGCGGAAUAAUUUGGGTT

UUC UCC GAA CGU GUC ACG UTT
SINC
ACG UGA CAC GUU CGG AGA ATT

An siRNA knock-down of USP7 was performed in HeLa cells to determine the effect on RBP2.
10 cm plates of HeLa cells were transfected with 20 nM of siNC or siUSP7 using 20 pL of
Lipojet™ and harvested 96 hours post-transfection. The cell pellets were resuspended in RIPA
lysis buffer (150 mM NacCl, 50 mM Tris [pH 8.0], 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, with 1X Protease inhibitor cocktail and 1X Protease inhibitor tablet (Roche cOmplete
ULTRA Tablets)) and lysed using sonication (1 sec ON and 4 sec OFF repeated three times,
10% amplitude) (Sonic Dismembrator Model 500, Fisher Scientific). The samples were made by
boiling cell lysate with 1X SDS. 50 ug of each sample was resolved on a 10% SDS-
polyacrylamide gel and transferred to a PVDF membrane at 30V overnight at 4°C. The PVDF
membrane was blocked and blotted with 1:2000 anti-JARID1A rabbit (Cell-signaling, D28B10),
1:1000 anti-GAPDH mouse (Santa-Cruz, sc047723), 1:1000 anti-USP7 mouse (Millipore, 05-
1946).
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Additionally, an siUSP7 knock-down was conducted in HeLa and HCT116 cells to determine the
effect of USP7 silencing on both RBP2 and H3K4me3. 6 cm plates of HeLa and HCT116 cells
were transfected with 50 nM of siNC or siUSP7 using LipoJet™ and the cells were harvested 48
hours after siRNA transfection. The cell pellets were resuspended in RIPA lysis buffer (150 mM
NacCl, 50 mM Tris [pH 8.0], 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, with 1X
Protease inhibitor cocktail and 1X Protease inhibitor tablet (Roche cOmplete ULTRA Tablets))
and lysed using sonication (0.5 sec ON and 10 sec OFF repeated three times, 10% amplitude)
(Sonic Dismembrator Model 500, Fisher Scientific). The samples were made by boiling cell
lysate with 1X SDS. 40 pg of HCT116 siRNA knock-downs, as well as 25 pg of HeLa siRNA
knock-downs were resolved on a 4-20% Mini-PROTEAN® TGX™ Precast Protein Gel (BioRad)
and transferred to a PVDF membrane at 30V overnight at 4°C. The PVDF membrane was
blocked and blotted with 1:2000 anti-JARID1A rabbit (Cell-signaling, D28B10), 1:2000 anti-
GAPDH mouse (Santa-Cruz, sc047723), 1:5000 anti-H3K4me3 rabbit (Actif Motif, 39-60),
1:3000 USP7 rabbit (Bethyl, A300-033A).
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3.3 RESULTS
3.3.1 RBP2 sequence analysis

Based on previous studies, KxxxK and P/A/ExxS are putative motifs that confer interaction with
USP7. Bioinformatics analyses were performed using the ICPO sequence (PRKxxRK) searching
to identify novel proteins that interact with USP7. RBP2 was identified with strong similarities.
There was only one PRKxxxK candidate, "' PRKQPRK 4?2, but many other KxxxK sequences
(Appendix B) (Table 3-2). Further analyses performed with Eukaryotic Linear Motif (ELM) and
Phyre?2 revealed additional prospective interaction sequences were determined. Considering the
conservation of the sites and location in the predicted secondary structure, a couple candidate
sequences present themselves as likely interactors. Out of two potential P/A/ExxS interaction
sequences, '“*TAYSSA'4% is the most probable candidate due to its high degree of conservation
among species (Appendix B) (Table 3-2). While '38PIKSE!3# is highly conserved, it is located

in a more disordered region than '*"AYSSA!40,

Table 3-2. RBP2 candidate sequences. The potential interaction sequences were identified
using a combination of Eukaryotic Linear Motif (ELM), Prosite, and Phyre2.

Interaction motif Candidate Interaction Sequences

1401AYSSA1405
1380PIKSE1 384

P/A/ExxS

PRKxxxK 1416pRKQPRK 1422

3.3.2 RBP2 stability is USP7 dependent

The initial question that we posed was whether RBP2 stability is dependent on the UPS system,
and whether USP7 plays a role in its stability. We approached this query by investigating the

endogenous protein levels of RBP2 in HCT116 (human colorectal carcinoma) cell lines in
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response to inhibition of the proteasome. Parental HCT116 cells (USP7++) and HCT116 USP7-"
knockout cells were treated with either DMSO or the proteasomal inhibitor MG132 (Figure 3-3).
In the HCT116 cells, RBP2 increased upon MG132 treatment in comparison to DMSO. The
USP77- HCT116 cells treated with DMSO appeared to have minimal levels of ubiquitinated
RBP2, indicated by several bands with increased molecular weight. When treated with MG132,
RBP2 levels increased significantly indicated by the presence of a dark smear. The presence of a
smear rather than a single band suggested that the RBP2 present in the USP7-- cells treated with
a proteasomal inhibitor that RBP2 is polyubiquitinated.

HCT116 USP7 -/-

o) > o) >

S 0 S T
[a) = o = kDa

RBP2 -; * . .

= 180
USP7 — — m 135
GAPDH —— S — 35

Figure 3-4. RBP2 Stability is DUB dependent. Immunoblot of HCT116 USP7+* and HCT116
USP7- cells treated with the proteasomal inhibitor MG132. HCT116 USP7+* and HCT116
USP77~ were treated with 40 uM of MG132 or DMSO (control) for 1 hour before harvesting.
Cellular lysates (30 pg) resolved on a 10% SDS-polyacrylamide gel were subjected to
immunoblotting with anti-USP7 rabbit, anti-RBP2 rabbit and anti-GAPDH mouse antibodies.

Furthermore, we investigated the regulatory relationship between USP7 and RBP2 by probing
endogenous RBP2 levels in wild-type and USP7 knock-out cells as well as the abundance of
RBP2 under overexpression or knock-down of USP7. The levels of USP7 and RBP2 were
compared in U20S, HCT116 USP7** and HCT116 USP7"- cells (Figure 3-5, A). RBP2 was
most abundant in U20S and HCT116 cells and appeared to be absent from the USP7 cells. To
further investigate the relationship between USP7 and RBP2, HeLa cells were transfected with
either pcDNA3, Myc-USP7, or catalytically inactive C223S Myc-USP7 (Figure 3-5, B). The
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cells overexpressing wild-type Myc-USP7 exhibited increased levels of RBP2. The cells
transfected with pcDNA3 or C223S Myc-USP7 displayed similar levels of RBP2. To probe what
residues are involved in the interaction, HelLa cells were co-transfected with FLAG-RBP2 and
pcDNA3, or Myc-USP7, or a Myc-USP7 MRGR or DW-MRGR mutant (Figure 3-5, C).
Interestingly, the cells co-transfected with FLAG-RBP2 and pcDNA3 exhibited the lowest
abundance of RBP2. In contrast, cells transfected with FLAG-RBP2 and Myc-USP7 wild-type or
MRGR mutant showed increased levels of RBP2 compared to the cells transfected with FLAG-
RBP2 and empty vector control. Additionally, the cells transfected with Myc-USP7 or Myc-
USP7 MRGR mutant displayed similar RBP2 levels. The cells co-transfected with FLAG-RBP2
and Myc-USP7 DW-MRGR mutant exhibited attenuated levels of RBP2 compared to the cells
transfected with Myc-USP7 or Myc-USP7 MRGR. To further explore USP7’s regulatory role on
RBP2, an siRNA knock-down of USP7 was conducted in HeLa cells (Figure 3-5, D). In the

absence of USP7, RBP2 levels were noticeably decreased compared to the siNC control.
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Figure 3-5. USP7 regulates RBP2 stability. (A) Immunoblot of U20S, HCT116 USP7** and
HCT116 USP7 cell lysates. Cell lysates (40 pg) were resolved on 7.5% and 12% SDS-
polyacrylamide gels and subjected to immunoblotting. After transfer to a PVDF membrane, the
7.5% gel was blotted with anti-RBP2 rabbit antibodies. The 12% SDS-polyacrylamide gel was
blotted with anti-USP7 rabbit, anti-GAPDH mouse antibodies. (B) Immunoblot of HeLa cells
lysates transfected with 5 pg pcDNA3, Myc-USP7, or Myc-USP7¢2?3S harvested 24 hours after
transfection. Cell lysates (40 pg) were resolved on 7.5% and 12% SDS-polyacrylamide gels
immunoblotted with RBP2 rabbit and anti-GAPDH mouse, anti-USP7 rabbit and anti-GAPDH
mouse respectively. (C) Immunoblot of HeLa cells co-transfected with 5 pg of FLAG-RBP2 and
5 pg of either pcDNA3, Myc-USP7, Myc-USP7MRGR | or Myc-USP7PW-MRGR haryested 24 hours
post-transfection. The cell lysates (20 pg) were resolved on a 10% SDS-polyacrylamide gel and
immunoblotted with anti-RBP2 rabbit, anti-Myc HRP, and anti-GAPDH mouse antibodies. (D)
Immunoblot of USP7 knock-down in HeLa cells. The cells were treated with 20 nM of siNC
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(control) or siUSP7 and harvested 96 hours post-transfection. The cell lysates (50 ug) were
resolved on a 10% SDS-polyacrylamide gel and immunoblotted with anti-RBP2 rabbit, anti-
USP7 mouse, anti-GAPDH mouse antibodies.

3.3.3 USP7 and RBP2 interact

To investigate whether USP7 interacts with RBP2, an endogenous co-immunoprecipitation was
performed in HeLa cells (Figure 3-6, A). IgG was used as a negative control. RBP2 appeared to
co-immunoprecipitate with USP7 but not with the IgG. Furthermore, a reciprocal co-
immunoprecipitation was performed in HeLa cells overexpressing either pcDNA3.1-FLAG or
HA-FLAG-RBP2 (Figure 3-6, B). Using M2 affinity resin, FLAG-RBP2 was
immunoprecipitated and endogenous USP7 was found to strongly associate with the FLAG-

RBP2 bound beads in comparison to FLAG bound beads.
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Figure 3-6. USP7 and RBP2 interact. (A) Endogenous USP7 and RBP2 co-IP in HeLa cells.
USP7 was immunoprecipitated with anti-USP7 mouse and protein A/G agarose. Normal mouse
IgG was used as the control. The input (10%) and elution (20 xL) were resolved on a 10% SDS-
polyacrylamide gel and immunoblotted with anti-USP7 rabbit and anti-RBP2 rabbit antibodies.
(B) Co-immunoprecipitation of FLAG-RBP2 and endogenous USP7 in HeLa cells. The cells
were transfected with Sug of pcDNA3.1-FLAG or FLAG-RBP2 and harvested 24 hours post-
transfection. FLAG-RBP2 was immunoprecipitated with anti-FLAG M2 affinity gel. The input
(1%) and elution (10 uL) were resolved on a 10% SDS-polyacrylamide gel and immunoblotted
with anti-ECS (FLAG), and anti-USP7 rabbit antibodies.
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The question of whether RBP2 interacts with the CTD of USP7 was investigated by performing
a GST-pulldown. Using BL21 E. coli, GST and GST-Ubl1-5 were expressed and purified using
glutathione affinity purification. Afterwards, HeLa cells exogenously expressing pcDNA3.1-
FLAG or FLAG-RBP2 were incubated with the GST or GST-Ubl1-5 bound glutathione beads to
conduct the pull-down. FLAG-RBP2 appeared to strongly interact with the GST-Ubl1-5 and not
the GST bound beads (Figure 3-7).
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Figure 3-7. RBP2 interacts with USP7-Ubl1-5. A GST Pull-down of FLAG-RBP2 with GST-
Ubl1-5 USP7. HeL a cells transfected with 10 ug of pcDNA3.1-FLAG or HA-FLAG RBP2 were
lysed and the cell lysate was incubated with GST or GST-Ubl1-5 bound glutathione-agarose
beads. The input HeLa cell lysates (3.4%) and GST pull-down elutions (20 uL) were resolved on
a 4-20% SDS-polyacrylamide gel and immunoblotted with anti-RBP2 rabbit and anti-GST
mouse antibodies.
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To further determine the nature of the interaction, co-immunoprecipitations of FLAG-RBP2
were conducted with Myc-USP7 wild-type, MRGR and DW-MRGR interaction site mutants.
FLAG-RBP2 was immunoprecipitated using M2 beads and the elution fractions were probed for
the presence of USP7. Both Myc-USP7 wild-type and MRGR mutant appeared to interact with
FLAG-RBP2 (Figure 3-8, A). The DW-MRGR Myc-USP7 mutant did not appear to interact
with FLAG-RBP2. Additionally, a reciprocal interaction study was performed by
immunoprecipitating Myc-USP7 using anti-Myc agarose. FLAG-RBP2 appeared to co-
immunoprecipitate strongly with Myc-USP7 wild-type (Figure 3-8, B). In comparison, it
appeared that a diminished amount of FLAG-RBP2 interacted with Myc-USP7 MRGR. FLAG-
RBP2 did not appear to interact with the empty beads nor with Myc-USP7 DW-MRGR.
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Figure 3-8. RBP2-USP7 interaction is dependent on DWGF and MDGD. (A) FLAG-RBP2
and Myc-USP7 co-immunoprecipitation in HeLa cells. HeLa cells transfected with 2.5 ug of
FLAG-RBP2 and 2.5 ug of Myc-USP7, Myc-USP7PW-MRCR "or Myc-USP7MRER "The cells were
harvested 24 hours post-transfection, and FLAG-RBP2 was immunoprecipitated with anti-FLAG
M2 affinity gel. The inputs (4%) and elutions (20 uL) were resolved on a 10% SDS-
polyacrylamide gel and immunoblotted with anti-ECS (FLAG) rabbit, anti-USP7 rabbit, anti-
Myc mouse antibodies. (B) FLAG-RBP2 and Myc-USP7 co-immunoprecipitation in HeLa cells.
HelLa cells transfected with 5 yg FLAG-RBP2 and 5 pg of pcDNA3, Myc-USP7, Myc-USP7PW-
MRGR "or Myc-USP7MRGR Myc-USP7 was immunoprecipitated with anti-c-Myc agarose. The
input (1.11%) and elution (20 uL) were resolved on a 10% SDS-polyacrylamide gel and
immunoblotted for anti-RBP2 rabbit, anti-Myc HRP antibodies.



3.3.4 The USP7-RBP2 interaction mediates H3K4me3 demethylation by RBP2

Lastly, our goal was to investigate the effects of the interaction between USP7 and RBP2 by
examining the H3K4me3 in response to USP7 perturbation. In comparison to the wild-type
parental cell line, USP7- HCT116 cells appeared to lack RBP2 and demonstrate an increase in
H3K4me3 (Figure 3-9).
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Figure 3-9. USP7 regulates RBP2 and H3K4me3. Immunoblot of HCT116 USP7++, HCT116
USP7- cell lysates. The cell lysates (40 ug) HCT116 USP7+* and USP7- were electrophoresed
on a 4-20% SDS-polyacrylamide gel. The gel was immunoblotted with anti-RBP2 rabbit, anti-
USP7 rabbit, anti-GAPDH mouse and anti-H3K4me3 rabbit antibodies.
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3.4 DISCUSSION

Based on sequence analysis of RBP2 and comparison to previously identified interactors, we
hypothesized that USP7 interacts with RBP2. The aim of our research was to identify if USP7
interacts with and regulates RBP2. Additionally, we investigated whether the USP7-RBP2

relationship has downstream effects on RBP2 demethylation activity.

3.4.1 USP7 regulates RBP2 stability

We initially approached this question by determining if RBP2 stability is dependent on the
proteasome by treating HCT116 USP7+* and USP7-- cells with a proteasomal inhibitor (Figure
3-4). In both cases, polyubiquitinated RBP2 accumulated in the mammalian cells treated with the
proteasomal inhibitor, indicating that RBP2 stability is dependent on the UPS system.
Interestingly, the USP7- cells treated with a proteasomal inhibitor exhibited a marked increase in
RBP2 levels compared to control USP77" cells, suggesting that in the absence of USP7, RBP2 is
unstable and degraded by the UPS. It appears that USP7” cells possess minimal RBP2 levels in
comparison to U20S and HCT116 USP7"", further suggesting RBP2 stability is dependent on
USP7 (Figure 3-5, A). RBP2 is present in HeLa cells and appears to be stabilized upon the
overexpression of Myc-USP7VT, but not its catalytically inactive mutant Myc-USP7¢?3S (Figure
3-5, B). This suggested that the catalytic ability of USP7 is required for the stabilization of
RBP2. To explore this regulatory relationship further, we exogenously expressed Myc-USP7WVT
and its MRGR and DW-MRGR interaction site mutants to determine if the regulatory effect
USP7 has on RBP2 was dependent on the '*DWGF!'®” and/or 'MDGD’% interaction sites
(Figure 3-5, C). Overexpression of Myc-USP7WT led to an increase in RBP2 levels compared to

7MRGR reculted in similar RBP2 levels as cells

empty vector. Overexpression of Myc-USP
transfected with Myc-USP7WT, suggesting that the *'"MDGD’% site may not have a primary role
in mediating RBP2 stability. In contrast, transfection of Myc-USP7PW-MRCR regylted in a
significant decrease of RBP2. This finding proposed that the USP7 '*DWGF!¢7 site may be
important in regulating RBP2 stability. Unexpectedly, the RBP2 levels in the USP7PW-MRGR

transfection were higher than the empty vector transfected cells. It could be inferred that there
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may be other USP7 interaction sites or that USP7 is having a stabilization effect independent of
its catalytic function. In fact, several additional residues in the CTD of USP7 were discovered to
mediate interactions with substrates %%, Additionally, the knock-down of USP7 in HeLa cells,
corroborated our previous data that USP7 regulates RBP2 stability. Upon USP7 knock-down,
RBP2 levels appear to be attenuated compared to the control (Figure 3-5, D).

3.4.2 USP7 interacts with RBP2

After exploring the regulatory relationship of RBP2 and USP7 in mammalian cells, we pursued
the question of whether USP7 and RBP2 interact. To ensure the interaction is direct, we
performed a endogenous co-immunoprecipitation and were able to see RBP2 co-
immunoprecipitating with USP7 (Figure 3-6, A). While the interaction was shown, this
experiment was limited by a low abundance of RBP2 protein in the input lysate. This could be
due to the reported retention of RBP2 in salt-sensitive nuclei, requiring high concentration of salt
for release 2. Thus, we repeated the RBP2-USP7 co-immunoprecipitation with cells
overexpressing FLAG-RBP2 and observed USP7 to strongly co-immunoprecipitate with RBP2
compared to the control (Figure 3-6, B). Since overexpression of Myc-USP7MRGR did not
attenuate RBP2 levels (Figure 3-5, C), we aimed to determine if the CTD of USP7 was involved
in the RBP2-USP7 interaction using a GST pull-down (Figure 3-7). RBP2 was found to strongly
co-elute with the CTD of USP7 compared to GST control. To our surprise, RBP2 interacts with
the CTD of USP7, but perhaps the interaction is independent of the "'MDGD%* interaction site.
To further determine the nature of the interaction, such as what interaction sites and residues are
involved, co-immunoprecipitations were performed using USP7 interaction domain mutants. The
cells were co-transfected with FLAG-RBP2 and Myc-USP7%T, Myc-USP7MRGR " or Myc-
USP7PW-MRGR “and FLAG-RBP2 was immunoprecipitated (Figure 3-8, A). Wild-type Myc-
USP7 as well as the MRGR mutant co-immunoprecipitated with FLAG-RBP2, suggesting
additional interaction sites aside from the MDGD motif. In agreement with our other
experiments, the DW-MRGR USP7 mutant experienced attenuated interaction with RBP2. In the
reciprocal co-immunoprecipitation similar results were observed (Figure 3-8, B). The
immunoprecipitation of Myc-USP7WT exhibited the highest amount of interacting RBP2

compared to the control and interaction mutants. Interestingly, the RBP2 interaction appeared to
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be diminished in the MRGR mutant co-immunoprecipitation, and completely absent in the DW-
MRGR mutant. This finding was unexpected, as the reciprocal MRGR USP7 mutant co-
immunoprecipitation did not demonstrate the same degree of attenuation in interaction. Thus, it
would be beneficial to perform an in vitro interaction study using purified USP7 CTD, wild-type
and MDGD mutants. Altogether, these data suggest that the RBP2-USP7 interaction is dependent
on the '*DWGF'%’ site in USP7, and possibly the *'MDGD’%* site. Yet further studies need to

be conducted to confirm the latter.

3.4.3 USP7 affects RBP2-mediated H3K4 demethylation

After showing that USP7 interacts with and regulates RBP2, we sought out to determine if the
USP7-RBP2 relationship has downstream effects on H3K4 methylation. We predicted that if
USP7 stabilizes RBP2, in the absence or reduction of USP7 we should see a reduction of RBP2
as well as a reduction in demethylation of H3K4. Due to the decrease of RBP2 demethylating
activity, we would expect to see an increase in H3K4me3 or H3K4me2. When comparing
HCT116 USP7** cells with HCT116 USP7-, H3K4me3 appears to increase in the HCT116
USP7- cells (Figure 3-9). As expected, the increase in H3K4me3 coincided with the absence of
RBP2 in HCT116 USP7" cells, suggesting that USP7 affects the downstream activity of RBP2.

A limitation of our experiment is that only H3K4me3 levels were studied, while RBP2 is known
to deubiquitinate H3K4me3 and H3K4me2. To investigate this relationship in greater detail, the
experiment should be repeated and H3K4mel, H3K4me2, and HK4me3 should be probed for.
Additional histone modifications can be probed for as well to obtain a deeper understanding of
the regulation of H3K4 methylation. For instance, H2B ubiquitination has been demonstrated to
stimulate di- and trimethylation of H3K4 by SET1 7. As previously mentioned, USP7 has been
characterized to form a complex with GMPS and deubiquitinate H2BK120me1 2%. It would be
interesting to conduct experiments investigating whether USP7 has additional indirect roles of

regulating H3K4 methylation.

Additionally, USP7 has been shown to stabilize the H3K4 demethylases LSD1 '3 and KDM2B
264 and the methylase MLL5 ', Thus, the H3K4me3 levels observed may not be a direct
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representation of RBP2 activity. The list of demethylases and methylases that target H3K4 is

extensive and may include potential USP7-interactors that have not yet been identified (Table

3-3).

Table 3-3. H3K4 modifying enzymes. Adapted from 2% * Methylases and demethylases that
have been characterized to directly interact with USP7.

Demethylases Methylases

LSDI(KDMI1A)* MLLI1 (KMT2A)
LSD2 (KDMI1B) MLL2 (KMT2B)
JHDMIA (KDM2A) MLL3 (KMT2C)

JHDM1B (KDM2B)*
JARID1A (KDMS5A, RBP2)
JARID1B (KDM5B)

MLL4 (KMT2D)
MLL5 (KMT2E)*
SETIA (KMT2F)

JARIDIC (KDM5C) SET1B (KMT2G)
JARID1D (KDM5D) ASH1 (KMT2H)
NO66 SMYDI1 (KMT3D)

SMYD2 (KMT3C)
SMYD3 (KMT3E)
SET7/9 (KMT?7)

The regulatory relationship between USP7 and RBP2 and the downstream effect on H3K4me3
may involve additional regulatory proteins such as ORC2 (origin of complex 2). USP7 has been
shown to act as a SUMO DUB, deubiquitinating SUMOylated factors localized at the replication
fork '%7. The authors found that the inhibition of USP7 resulted in a displacement of
SUMOylated proteins from the replisome. This displacement restricted the progression of the
replication fork and firing of new origins, in turn inhibiting DNA replication. Interestingly,
SUMO2-conjugated ORC2 has been demonstrated to recruit RBP2 to demethylate H3K4me3 26°,
ORC?2 is a subunit of pre-replication complex and is a critical factor for DNA replication in
mammalian cells. The recruitment of SUMO2-ORC?2 mediated recruitment of RBP2 and
promoted the H3K4me3 conversion to H3K4me2. As described previously, H3K4me?2 is
associated with transcription. The H3K4me2 mark permits the transcription of a-satellite
transcripts that play an important role in preventing DNA re-replication, imperative for

maintaining genomic stability. Interestingly, ORC2 possesses several putative USP7 interaction
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motifs and it would be of interest to explore whether ORC2 is a USP7 substrate. Considering
this, the effect of RBP2 downstream function may vary depending on the cell cycle. Thus, it
would be interesting to investigate the RBP2-USP7 relationship in cells in the S-phase,
undergoing DNA replication.

Another protein that may be involved in the RBP2-USP7 regulatory axis is Retinoblastoma (Rb).
Rb has been characterized to interact with and inhibit RBP2, thereby preventing RBP2-
dependent repression of genes involved in differentiation 2*7. Moreover, USP7 has been shown to
stabilize Rb, which is destabilized by the E3 ligase MDM?2, another USP7 target '%8. The stability
of Rb in the cell has been shown to be proteasomal-dependent. It would be interesting to repeat
the USP7 reconstitution and knock-down experiments while probing for Rb and MDM2 to
investigate their role in the regulation of RBP2 and the demethylation of H3K4me3.
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CHAPTER 4 : CONCLUSIONS

4.1 EZH2 and USP7

The data in chapter 2 demonstrated the stability of EZH2 is dependent on the UPS system and
involves USP7. The direct endogenous interaction of USP7 and EZH2 was observed in U20S
cells. We characterized the key residues involved in the interaction using in vitro pull-downs and
co-immunoprecipitations in U20S cells. Our data suggested that EZH?2 interacts with the

7S IMDGD’% interaction site located in UbI2 of USP7 via the ¥’ PRKKKRK* sequence. EZH2
was defined as not only an interactor, but a substrate of USP7; demonstrated by the
deubiquitination of EZH2 by USP7. The EZH2-USP7 regulatory relationship was further
elucidated by exploring the effect of USP7 on H3K27me3 levels. The absence of USP7
coincided with decreased levels of both EZH2 and H3K27me3, suggesting USP7 affects the

downstream function of EZH2.

Recent reports by four independent groups similarly described the USP7-EZH?2 interaction in
neuronal progenitor cells, melanoma, LSCC, and prostate cancer 2'21°, The discovery of the
EZH2-USP7 interaction by four other groups and the replication of similar experiments in
various cell lines, speaks to the significance and the legitimacy of the interaction. Additionally,
the clinical findings and experiments in animal models underscore the biological relevance of the

interaction.

However, several questions remain unanswered such as the mechanism by which USP7 and
EZH?2 contribute to poor prognosis of certain cancers. While two mechanisms have been
proposed, one was demonstrated in melanoma and the other was proposed to be a generalized
mechanism present in cancer cells. One may thus speculate whether the mechanisms by which
the USP7-EZH?2 regulatory axis contributes to carcinogenesis varies amongst different forms of
neoplasms. Thus, expanding our understanding of the mechanisms underlying the regulation of
EZH?2 and USP7 may aid in the development of precision therapeutics to benefit clinical

outcomes of affected patients.
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4.2 RBP2 and USP7

As shown in Chapter 3, our findings showed that RBP2-USP7 participate in an intricate
regulatory axis. We were able to demonstrate that USP7 interacts with and stabilizes RBP2, as
well as regulates RBP2’s H3K4 demethylating ability. RBP2 seems to interact with both the
14DWGF!%7 and 7"MDGD’%* motifs of USP7. Mutating the 7' MDGD’% domain indeed results
in loss of interaction, but some interaction is retained. In contrast, mutation of '**DWGF!'¢7 and
7S IMDGD’% results in complete abrogation of RBP2 interaction. This suggested that RBP2
interacts with both the NTD and the CTD of USP7. Indeed, RBP2 appears to harbour several
interaction sites that may be involved in mediating these interactions. Further studies need to be

conducted in vitro to determine the nature of the interaction.

In conclusion, the findings in this chapter are critical to understanding the regulation of RBP2 as
it currently remains poorly defined. USP7 provides an extensive repertoire of interactors,
involved in many cellular processes including epigenetic regulation and genomic stability. Both
USP7 and RBP2 have been extensively implicated in human pathologies and are both considered
to be attractive drug targets. Developing a better understanding of their regulatory mechanisms

may aid in developing more targeted therapeutic interventions.

4.3 USP7 in Epigenetics

Numerous reports have solidified USP7 as a key player in epigenetics, demonstrating both direct
and indirect mechanisms of regulation. USP7’s targets appear to be associated with both
transcriptional activation as well as repression, and many of the targets appear to be H3
modifying enzymes. Thus, it is interesting to speculate possible interplay between USP7 targeted
proteins in epigenetics, and the effects on gene expression. For instance, a functional relationship
between the PRC2 complex and RBP2 has been described in mouse embryonic stem cells 2¢7,
The use of genome-wide location analysis has revealed that RBP2 and PRC2 share several target
genes including HOX, WNT, SOX, and NOTCH. During embryonic stem cell differentiation,
the PRC2 complex was found to recruit RBP2 to coordinate repression of developmental genes.

The regulatory effect of USP7 on this regulatory axis is a fascinating avenue of investigation that

may reveal novel roles of USP7 in development.
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APPENDIX A: Usp7 Manipulation by Viral Proteins Review

Certain parts of this thesis are included in the review 2%,

Virus Research
Volume 286, September 2020, 198076

-~

ELSEVIER

Review

USP7 manipulation by viral proteins

Anna Bojagora, Vivian Saridakis & &

Abstract

Ubiquitin Specific Protease 7 (USP7)is a deubiquitinating enzyme (DUB) that plays
critical roles in the regulation of many cellular processes including epigenetics,
tumour suppression, oncogenesis, DNA damage response, immunity and viral
infection. USP7 was the first DUB associated with viral infection. Since then other
DUB:viral protein interactions have been discovered, however, USP7 continues to be
the most targeted DUB interacting with many proteins from various viruses. The
selective pressures of evolution have allowed viruses to develop mechanisms that
subvert host cellular machinery, promoting survival of the viral niche. Numerous
viral proteins have been identified to target and usurp the function of USP7 to their
advantage. This review explores novel developments in research focusing on the
mechanisms underlying the manipulation of USP7 by viruses.

105



APPENDIX B: RBP2 Isoform 2 Secondary Structure Prediction

The secondary structure and disorder prediction for the RBP2 sequence (isoform 2) was
determined using Phyre2. The analysis was used to determine the most optimal candidates
interaction sites (highlighted in blue).
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