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Abstract

Hepatitis C virus (HCV) is a hepatotropic positive-sense RNA virus of the Flaviviridae virus
family and is a major cause of chronic liver disease worldwide. Like all obligate parasites, HCV
relies on host pathways to enable its pathogenesis. HCV, in particular, has a clear link with
hepatic lipid metabolism, promoting a lipid-rich environment for its proliferation. This manifests
as liver steatosis in many patients harboring chronic HCV infection. Based on our recent
findings regarding an immunometabolic and HCV antiviral microRNA (miRNA), miRNA-185
targeting and down regulating serine hydrolases (SH) involved in lipid and endocannabinoid
metabolism, here we investigate HCV and its dependency on certain metabolic serine

hydrolases involved in lipid and endocannabinoid metabolism.

Serine hydrolases are one of the largest and most diverse enzyme families. This enzyme family
has emerged as a center of therapeutic potential due to its implications in many metabolic roles.
Here, we demonstrate that pharmacological inhibition of metabolic serine hydrolases alpha-beta
hydrolyzing domain 6 (ABHD®6), carboxylesterase 1 (CES1), and monoacylglycerol lipase
(MGLL), enzymes involved in the hydrolysis of the endogenous cannabinoid receptor 1 (CB1)
agonist 2-arachidonoyl glycerol (2-AG) are potently antiviral against HCV. Serine hydrolase
inhibition with the MGLL inhibitor MIJN110 paired with endocannabinoid signaling antagonization
led to additive antiviral effects against HCV and has revealed modulation of the viral pathogenic
phenotype to be its key course of action. MGLL inhibitor MIJN110 transcriptomic characterization
revealed modulations in humoral immunity and phagocytosis and acts antiviraly against HCV
independent of CB1 antagonization. This provides an avenue for future investigation, assessing
the viability of CB1 antagonization, and MGLL as a key host targeted antiviral factor in affecting

HCYV viral life cycle.
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Introduction
1.1 Serine Hydrolases

Serine Hydrolases (SH) are one of the largest and most diverse enzyme families containing
approximately 240 members in humans?®. Making up approximately 1% of the human proteome,
many serine hydrolases have emerged as targets of therapeutic potential with key roles in blood
clotting, digestion, nervous system signaling, inflammation, and cancer *®. They have also been
reported to play important roles in bacterial and viral life cycle progression, virulence, and drug
resistance %2, SH enzyme family members span many catalytic roles such as lipases,
esterases, amidases, thioesterases, peptidases, and proteases. As a result of their broad-
reaching enzymatic roles, SHs are involved in the regulation of intracellular triglyceride and
cholesterol ester stores ?. These enzymatic roles can be sub divided further into two subgroups,
serine proteases (~ 125 members) and metabolic serine hydrolases (~115 members) with the
latter affecting a far more diverse array of substrates and thus, are the most structurally diverse

set of the two groups.

SH all function through a base-activated serine nucleophile for their cleaving activities through a
covalent acyl-enzyme intermediate®®. All serine hydrolases are united by a shared common
catalytic mechanism that begins with the activation of a conserved serine nucleophile for the
attack on a substrate ester/thioester/amide bond to form an acyl-enzyme intermediate, followed
by water-catalyzed hydrolysis of this intermediate to liberate the product. An example of this can

be seen in Figure 1.1 with SH MGLL and 2-AG.
1.2 Hepatitis C virus

Hepatitis C virus (HCV) is a hepatotropic positive-sense RNA virus of the Flaviviridae virus
family that causes progressive liver damage which can result in liver cirrhosis and hepatocellular
carcinoma™. It is estimated around 130 to 170 million people are infected worldwide with this
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Figure 1.1: Catalytic triad/processing of 2-AG by serine hydrolase MGLL
First, the enzyme's activated nucleophilic serine attacks the carbonyl of 2-AG to form a covalently linked

acyl-enzyme intermediate and release its first product, glycerol. This intermediate is then attacked by the
activated nucleophilic hydroxyl of water, which result in hydrolysis of the substrate, release of the second
product, arachidonic acid from the enzyme active site and regeneration of the nucleophilic serine for further
catalysis. Adapted from Simon et al., 2010.
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pathogen®. Of those acutely infected 80% progress to persistent infection which can result in
this aforementioned liver cirrhosis and hepatocellular carcinoma®. To date, there is no effective
vaccine, however, cocktails of direct-acting antivirals (DAAs) show promise as effective
therapeutics'’. DAAs are a class of drugs that inhibit specific portions of the HCV viral life cycle
by targeting essential viral proteins necessary for viral life cycle progression. Current DAAs on
the market target the HCV non-structural proteins NS3/4a protease, NS5A replication complex
assembler, and the NS5b RNA dependant RNA polymerase (RdRp) ***°. Though current DAAs
are widely available for HCV, other classes of DAAs targeting other disease-causing viruses

remain elusive and demand further discovery.
1.2.1 HCV genome and lifecycle

HCV has an RNA genome of 9.6 kilobases in size flanked by 5'- and 3’-untranslated regions
(UTRs). The HCV genome encodes a polyprotein-coding open reading frame (ORF) encoding
structural proteins at the N-terminus and non-structural proteins (NSPs) at the C terminus of the
genome. The HCV encoded polyprotein is co-transcriptionally and post-translational processed
by cellular and viral proteases to form its three structural proteins (core, E1, and E2), an ion
channel (p7), and six NSPs (NS2, NS3a, NS4A, NS4B, NS5A, and NS5B) (Figure 1.2 A)%.
HCV is a non-lytic virus that infects cells, replicates inside them using host and viral factors then
gets released into the extracellular matrix without disrupting cell integrity®*. The HCV life cycle
can be generally divided into 4 steps: (1) virus entry; (2) genome translation and polyprotein
processing; (3) genome replication, and (4) particle assembly and release from the host cell
(Figure 1.2 B)*®*#2%_HCYV, in particular, has a clear link with hepatic lipid metabolism, promoting
a lipid-rich environment; forming endoplasmic reticulum (ER) localized membranous webs
(MWs) that contain the sites of viral replication and assembly for the virus. MWs also serve a
protective role against cytoplasmic pattern recognition receptors (PRRs) preventing activation of

cellular innate immune responses as well *%’. Many patients harboring chronic HCV infection
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Figure 1.2: HCV genome and viral life cycle

(A) The HCV genome, flanked by 5-prime and 3-prime untranslated regions consists of is three structural
proteins, core, Envelope proteins 1 and 2 (E1, E2), an ion channel, p7 and six non-structural proteins, NS2,
NS3a, NS4A, NS4B, NS5A, and NS5B. Their associated roles in the HCV viral life cycle are outlined below.

(B) HCV lipo viral particles interact with cell surface receptors (1) and initiates the entry process through
clathrin-mediated endocytosis (2). After pH-dependant fusion and uncoating (3), the released HCV genomic RNA
(4) is translated, and copied in ER-derived membranous webs (5). Core protein is transferred from cytoplasmic
lipid droplets to form nucleocaspids that when assisted with NS5A, are loaded with replication complex
associated HCV genomic RNA (6). HCV virion morphogenesis is linked with the VLDL secretory pathway (7) and
ultimately form lipo viral particles for non-lytic release of further nascent infection (8). Adapted from Scheel et al.,
2013
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of some particular genotypes often manifest liver steatosis as a result of chronic infection. The
virus itself is heterogenous and has been classified into 7 different genotypes so far, differing by

as much as 33% over the whole viral genome .
1.2.2 HCV models

Recently, Harvey J. Alter, Michael Houghton, and Charles M. Rice were all jointly awarded the
2020 Nobel Prize in Physiology or Medicine for the discovery of Hepatitis C virus %. After the
identification of HCV as the causative agent of non-A or non-B hepatitis in 1989 *, advances in
HCV was stunted by the inability to achieve efficient nascent viral replication for study *°. Initial
attempts to culture HCV in immortalized cell lines and primary hepatocytes resulted in low levels
of viral replication. It was not until 10 years later that an efficient HuH-7 cell culture system that
is based on the transfection of cloned viral consensus genome sequences was developed
derived from a genotype 1b HCV consensus isolate. *'. Since then, many HCV replicon systems
have been developed to investigate HCV further. Bicistronic constructs were created containing
an HCV internal ribosomal entry site (IRES) driving neomycin resistance gene (G418) and an
encephalomyocarditis virus (EMCV) IRES driving HCV protein expression. This was
incorporated successfully into HuH-7 cells encoding rather the full genomic replicon (FGR) or
the sub-genomic replicon (SGR) **2. Further work in HCV characterization led to the
development of HuH-7.5 cells **. HuH-7.5 cells are more permissive to HCV infection due to a
mutation in the cytosolic dsRNA sensor, RIG-1 *. RIG-I lacking cells allow HCV to bypass the
cellular innate immune response during infection. Compared to the replicon systems that are
representative of HCV replication; advancements in assessing the full HCV viral life cycle were
initially stunted. It was not until characterization of a Japanese fulminant hepatitis (JFH)
genotype 2a HCV isolate that the full HCV virus life cycle could be assessed The JFH1;
2astrain was determined to be the first clinical isolate to replicate without replication enhancing

mutations and recapitulate the entire HCV lifecycle in HuH7 cells®* %’ In my work, we utilized
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HCV

HCV

Figure 1.3: HCV models

The HUH7-SGR-Luc cell line (C) was derived from human hepatoma cells, HuH7s. The full genomic replicon
HuH7.5-FGR (A) encodes all HCV structural (blue) and non-structural (purple) proteins. Sub-genomic replicons
HuH7-SGR (B), HUH7-SGR-Luc (C) encodes non-structural proteins necessary to form the replication complex.
HuH7-SGR-Luc encodes a luciferase enzyme (yellow) for quantification of replicon levels. This replicon also
contains the EMCV IRES (red) and neomycin resistance (green) to ensure stable selection of the autonomously
expressing HCV-cell lines. The full genomic model, HCV JFH1, 2a (D) is a fully infectious model of the virus and
is not-stably expressed within hepatoma cells. Adapted from Singaravelu et al., 2014.
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two models to assess the viability of SH small-molecule inhibition in the context of HCV: the
HuH7-SGR-Luc model which reports on replicon levels through a constitutively expressed
luciferase reporter in addition to the full HCV JFH1; 2a genotype which reports on the full virus

lifecycle from entry to release (Figure 1.3) *°.
1.3 The cannabinoid system

The CB1 receptor is one of the most abundant GPCR in the central nervous system (CNS) and
is involved in an array of different pathophysiological functions such as emotion, cognition,
energy balance, pain sensation, and neuro-inflammation ***°. GPCRs are the largest family of
signaling proteins. Structurally, most GPCRs contain an extracellular N-terminus, seven trans-
membrane spanning a-helices, an intracellular C-terminus, and variable extracellular and
intracellular elements “°. GPCRs have been divided into 6 classes with class A, rhodopsin-like
receptors being the most common. Class A GPCRs have a ligand-binding pocket between the
seven helices, which could be either close to the extracellular surface or buried almost to half
the depth of the anchored membrane *'. CB1, a type-A GPCR though highly abundant in the
mammalian human brain, is also present at much lower, but functionally relevant levels in many
peripheral tissues and is involved in metabolism, including in adipose tissue, liver, skeletal

muscle, and the pancreatic tissues *.
1.3.1 CB1 discovery

The plant Cannabis sativa, better known as marijuana, had its first reported uses as a medicinal
plant tracing back to ancient China around 5000 years ago, where it was used as a cramp and
pain relief agent *°. The widely-documented uses of marijuana include anti-nociception, anti-
inflammation, anticonvulsant, anti-emetic, as well as recreational use, which has largely limited
its medical application **. It was not until approximately 50 years ago that the main psychoactive

component of Cannabis Sativa, A9-tetrahydrocannabinol (THC) was identified among ~70 other
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phytocannabinoids **. This discovery led to the generation of many synthetic cannabinoids
which ultimately resulted in the subsequent identification and cloning of the GPCR CB1 3%,
Many other GPCRs, ion channels, and nuclear receptors have since been reported to interact

with cannabinoids. This includes the aforementioned CB2, GPCR55, GPCR18, and GPCR119

46-49

1.3.2 Peripheral CB1

CB1 has been implicated in the pathogenesis of several metabolic diseases such as alcoholic
and metabolic steatosis, liver fibrogenesis, insulin resistance, and non-alcoholic fatty liver
disease; all a result of peripheral enhancement of CB1 *°. Recent findings relate the alleviation
of hepatic steatosis through the down-regulation of lipid droplet binding protein perilipin 2
(PLIN2) **. Pharmacological agonisation and antagonization of CB1 resulted also in the
induction and reduction of PLIN2 respectively revealing a new signaling association between
CB1 and PLIN2 perhaps °*. Overall, this suggests that selective targeting of peripheral CB1
and/or peripheral specific CB1 ligands may be an efficient therapeutic strategy for the
management of NAFLD and other metabolic diseases *°. This was recently confirmed with the
development of AM6545, an orally bioavailable CB1 antagonist with limited brain penetrance
which demonstrated a reversal of steatosis as well as improved dyslipidemia and glycemic
control 2. In parallel, CB1 antagonists have also been shown to be novel and potent inhibitors

of HCV, due to the virus’ heavy link with hepatic lipid metabolism 3.
1.3.3 CB1 signaling

CB1’s link to lipid metabolism lies within its downstream signaling. CB1 antagonization is known
to inhibit heterotrimeric G-protein recruitment to the CB1 receptor. Demonstrated with CB1
antagonist Rimonabant, inhibition of G-protein Gaj, enables adenylyl cyclase activity which

increases cyclic adenosine monophosphate (cCAMP) stores. This, in turn, activates protein
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kinase A (PKA) which is responsible for LXRa inhibitor phosphorylation and activation of liver
kinase B1 (LKB1), a key upstream kinase of AMP-activated protein kinase (AMPK) °*. All this

taken together activates AMPK, a master regulator of cellular homeostasis.

AMPK is a heterotrimeric complex evolved to sense low cellular ATP levels. A key regulator of
both lipid and glucose metabolism, several factors lead to AMPK activation: mitochondrial
poisons, oxygen or glucose starvation, low ATP: AMP ratios, as well as exercise. AMPK
activation leads to the rewiring of cellular metabolism to decrease anabolic processes involving
ATP consumption and increase catabolic processes that create ATP to restore the cell to a
more favorable energy state. During AMPK activation processes such as fatty acid and sterol
synthesis, ribosome biogenesis, protein translation, glycogen storage, and gluconeogenesis are
all subsequently down-regulated while processes such as lipid B-oxidation, lipolysis, glucose
uptake, glycolysis, autophagy initiation, autophagy progression, and mitochondrial biogenesis
are all unregulated °°. This highlights the importance of the development of peripheral centric

CB1 antagonists for the treatment of not only metabolic diseases but now viral pathogenesis.

CB1 agonism, by comparison, results in none of the previously described antagonistic states.
Instead, activation of CB1 inhibits adenylyl cyclase by coupling to the pertussis toxin (PTX)-
sensitive G-protein (Gai/o) and increases the phosphorylation of extracellular signal-regulated
kinase 1/2 (pbERK1/2) through G-protein dependent and B-arrestinl dependent pathways *°.
Decrease in cCAMP activates G-protein-coupled inwardly-rectifying potassium channels (GIRKSs)
and inhibits N-type and P/Q type voltage-gated calcium channels. This is most prevalent in
neurons resulting in the inhibition of pre-synaptic neurotransmitter release. CB1 activation also
leads to the phosphorylation and activation of mitogen-activated protein kinases (MAPK), such
as p38 MAPK and c-Jun N-terminal kinase, which can regulate nuclear transcription. It is known
that CB1 couples mainly to Gai/o type G-proteins. However, coupling to other G-protein types

under special circumstances has been also reported *°. Interestingly, chronic CB1 agonism has
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been shown to result in receptor desensitization and receptor internalization leading to a
functionally antagonistic state of signaling °~*°. The CB2 receptor appears predominantly in the

CNS and immune cells with its primary role involved in immune responses *.

Of the more well-characterized cannabinoid receptors, CB1, CB2, and novel cannabinoid
receptors GPCR55, GPCR18, and GPCR119 ***’, Expression Atlas gene expression data
revealed only CB1 to be lowly expressed in HuH7s, the parental line to the HuH7.5s . As a
result, work assessing the effects of endocannabinoid metabolism was reviewed in the

perspective of CB1 exclusively.
1.3.4 Endocannabinoids

Looking to endogenously produced cannabinoids (endocannabinoids), N-arachidonoyl-
ethanolamine (AEA; anandamide) and 2-arachidonoylglycerol (2-AG) were some of the first
endocannabinoids to be discovered and have been reported to serve as the endogenous
agonists of the cannabinoid receptors. They remain the best-studied endocannabinoids to date
and are both derivatives of arachidonic acid **. AEA is a high-affinity, partial agonist of CB1, and
is almost inactive at CB2; whereas 2-AG acts as a full agonist at both CBRs with moderate-to-
low affinity “>®°. Canonically, though AEA and 2-AG have different receptor selectivity, both are
produced in response to cellular Ca* levels ®°’. CB1 was first discovered in the brain and was
found to be one of the most widely expressed GPCR . Similarly, basal levels of 2-AG are

approximately 1000 times larger than AEA in the brain .
1.3.5CB1 and HCV
In peripheral tissues, CBL1 is distributed in a region-specific manner °®. Normally the expression

of CB1 in the liver is very low . However, under specific metabolic conditions, the expression

of CB1 in several types of hepatic cells is remarkably increased. It is proposed that CB1 actively
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contributes to hepatic insulin resistance, fibrosis, and lipogenesis . Additionally, it is known that
during HCV infection, in both a chronic hepatitis C (CHC) patient context and an in vitro context,
there is enrichment in CB1 mRNA expression suggesting that this receptor is an HCV-inducible
gene . Similarly, in line with this observation, ECs are increased in plasma of patients with
CHC and might reveal immunosuppressive and profibrogenic effects "°. Due to the putative link
between HCV, the cannabinoid system, and miRNA-185, we were interested in investigating
this subset of endocannabinoid-altering enzymes: ABHD6, MGLL, and CES1. Serine hydrolases
alpha/beta-hydrolase domain containing 6 (ABHD6), monoacylglycerol lipase (MGLL), and
carboxylesterase 1 (CES1) are all metabolic serine hydrolases that have been reported to be
responsible for the degradation of 2-arachidonoyl glycerol (2-AG) into arachidonic acid and
glycerol in the brain (Figure 1.1) "*"°. 2-AG is an endocannabinoid derived from arachidonic
acid and is the primary agonist to the CB1 and CB2 receptors and is one of the most extensively

studied monoacylglycerols "8,

1.4 MicroRNAs

MicroRNAs (miRNAs) are small non-protein-coding RNAs, with an average length of 22
nucleotides that post-transcriptionally regulate gene expression. A single guide strand is
incorporated into the RNA-induced silencing complex (RISC) for targeting complementary
RNAs. The level of complementarity between the guide and mRNA target determines which
silencing mechanism will be employed; cleavage of target messenger RNA (mRNA) with

subsequent degradation or translational repression °.
1.4.1 MicroRNA biogenesis

In one of our most recent reports, we demonstrated that the HCV antiviral effects observed by
MiRNA-185 transfection was a result of the changes observed in a subset of serine hydrolases

involved in lipid and endocannabinoid metabolism, both in terms of abundance and activity as
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determined through activity-based protein profiling, transcriptomics and lipidomic analyses *.
This further cements this link between the cannabinoid system and HCV and requires further

investigation.
1.4.2 MicroRNA function

Most studies to date have shown that miRNAs bind to a specific sequence usually at the 3' UTR
of their target mMRNA guided by their seed sequence, a sequence of six to eight nucleotides at
the 5’ end of the miRNA to induce translational repression, mRNA deadenylation and decapping
8081 miRNA binding to other mRNA regions have been reported, including the 5 UTR, protein-
coding regions, as well as promoter regions ®2. The binding of miRNAs to 5' UTR and coding

regions have silencing effects on gene expression 2#* while miRNA interaction with the DNA

promoter region has been reported to induce transcription as well %.
1.4.3 MicroRNA implications

MicroRNAs have been implicated in a diverse range of biological processes such as cellular
differentiation, metabolism, immunity, and intracellular signaling #%. Given the broad
physiological reach of miRNAs, it is not surprising either that they play a key role in disease.
Since their discovery and shift towards characterization in the literature, the link between
miRNAs and disease has become increasingly established 2>%°. Often, miRNA expression
patterns are tissue-specific and in many ways define the transcriptome of the cell. This was
illustrated when the gene expression profile of a non-neuron cell became more like that of a
neuron when the neuron-specific microRNA, miR-124 was exogenously expressed. Following
along a similar train of thought, certain miRNA expression patterns could be disease-specific

and hold great prognostic value as a result .

In our attempts to create a miRNA-185 like drug cocktail, we sought o characterize MGLL
inhibition and CB1 antagonism co-treatment as a valid treatment regime, assessing the
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downstream mRNA expression state of the cell in response to these treatments and the relative
level of added inhibition during drug co-treatment. We were able to recapitulate portions of our

previously reported miRNA-185 antiviral profile.

In our most recent publication, we used MGLL inhibitor MIJN110 and CESL inhibitor WWL113 to
demonstrate that pharmacological inhibition of these key miRNA-185 endocannabinoid related

SH targets leads to similar antiviral fates, noting their importance in the miRNA’s antiviral profile.
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1.5 Outline of work

The purpose of the work described herein was to demonstrate the use of metabolic serine
hydrolase inhibitors as regulators of HCV viral life cycle. Furthermore, we also sought to
investigate the viability of drug co-treatments to mimic miRNA-185’s antiviral and SH targeting

gualities.

First, we used irreversible small molecule inhibitors KT195, WWL113, and MJIN110 for the
pharmacological inhibition of ABHD6, CES1, and MGLL respectively, and tested these small
molecules as antiviral treatments in two different HCV models; a replication model using the
HuH7-SGR-Luc replicon system and a full viral lifecycle model using the HCV JFHLT 2a
genotype virus. Anti-viral dose-response curves were determined of metabolic serine hydrolase

inhibitor-treated replicon and infected hepatoma cells.

Secondly, the effectiveness of CB1 antagonization with AM251 was assessed in the two
previously mentioned HCV models. HU210 was also used in testing an agonist-induced
desensitization hypothesis of the CB1 receptor leading to HCV antiviral effects in both

previously mentioned HCV models. Anti-viral dose-response curves were similarly determined.

It was discovered the downstream CB1 phosphorylation profiles of MGLL inhibitor MIJN110 did
not match the antagonistic, or functionally antagonistic kinomic profiles of AM251 and HU210
induced CBL1 signaling respectively. As a result, to further delineate the antiviral action of
MJIN110, we sought to compare the transcriptomes of MIJN110 and AM251 treated hepatocytes
and discovered these molecules were antiviral through independent routes suggesting

MJN110’s antiviral course of action is independent of CB1 antagonization.

We initially assessed the effectiveness of serine hydrolase inhibitor cocktails to mimic the HCV
antiviral effects of miRNA-185 but found drug co-treatment with MGLL inhibitor MJIN110 and

CB1 antagonistic AM251 to reveal additive HCV antiviral effects when used together. Gene
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expression changes in response to MIN110:AM251 drug co-treatment was assessed and

compared to the established miRNA-185 antiviral targeting profile.

Throughout this study, MGLL degradation was observed in our work by MGLL small molecule

inhibitor MJN110 and thus was more thoroughly investigated.

Lastly, we assessed the dependency of proper lipidation on serine hydrolase abundance and
activity through the use of a broad palmitoylation inhibitor, 2-bromopalmitate (2-BP) using

activity-based protein profiling (ABPP) with fluorophosphonate-Biotin (FP-Biotin).
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Chapter 2: Examining serine hydrolase small molecule
inhibitors of endocannabinoid metabolism as regulators of
Hepatitis C virus life cycle
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2.1 Introduction
2.1.1 Small molecule inhibition of protein targets

Small molecules inhibitors inhibit their targets according to the molecule’s inherent binding and
dissociative properties to the target. This is usually defined for non-covalent inhibitors with the
constant Ki. The Ki inhibition constant represents a dissociation constant of the small molecule
inhibitor from the enzyme target. The binding equilibrium described by Ki depends on the kinetic
mechanism of inhibition. Common schemes include competitive, uncompetitive, non-
competitive, and mixed inhibition which all describe how the small molecule inhibitor inhibits the
enzymatic system. In competitive inhibition, the inhibitor binds only to free enzyme (E), not to
the enzyme-substrate complex (ES). In uncompetitive inhibition, the inhibitor binds only to the
enzyme-substrate complex and not to free enzyme. Mixed inhibition involves inhibitor binding to
both free enzyme and enzyme-substrate complex with different binding constants (Ki and aKi,
where a= 1+[S])/K.,). Lastly, non-competitive inhibition is a special case of mixed inhibition where
substrate binding does not affect inhibitor binding (a = 1). Overall, Ki values only accurately

report a binding constant when the kinetic mechanism is correctly identified *.

Covalent inhibitors are another class of protein targeting ligands that can produce very specific
effects with excellent biochemical and cellular potencies, even in the presence of high
concentrations of endogenous completive ligand 2. Other benefits of covalent inhibitors include
a sustained duration of action, increased ligand efficiency, enhanced capability of targeting
shallow binding sites previously deemed “undruggable”, and increased ability to evade resistant
mutations . Most covalent inhibitors function through a two-step mechanism, initially forming a
reversible protein-inhibitor complex and resolving into the formation of a covalent bond between

the enzyme and the inhibitor. See Scheme 2.1 below for the complete details.
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Scheme 2.1: Covalent inhibition of a protein target through a two-step mechanism

Adapted from Strelow et al. 2017. A two-step mechanism of inhibition is described where P reflects the target
protein, | is the inhibitor, P+l is the reversibly bound protein inhibitor complex, and P-I reflects the formation of a
covalent bond between the target protein and inhibitor. The potency of the first reversible binding event is
defined by K, and the maximum potential rate of inactivation is defined by kinact. Taken together, the k _ /K is
a second-order rate constant describing the efficiency of the overall conversion of free P to the covalent B-|
complex.

Though covalent inhibitors provide many benefits, they also have many reported disadvantages
including covalent modification of off-target proteins, nucleic acids, or other small molecules
through non-selective reaction, adverse drug responses, inappropriate levels of inhibition of
enzymes where partial or short-duration inhibition is desired, the lack of some of the advantages
noted above if the targeted enzyme is rapidly degraded and resynthesized 3. This rapid
degradation was observed in MGLL inhibitor MIN110 treated hepatocytes and thus was further

investigated in this chapter.
2.1.2 The proteasome system

Proteolysis is the breakdown of proteins into smaller polypeptides or amino acids usually by
cellular proteases. Proteolysis provides a mechanism of quality control during and after protein
folding, an ability to rapidly respond to changing cellular stimuli, and a mechanism to modulate

the pool of available amino acids at a rapid and systematic level **.

2.1.3 Protein degradation

The majority of proteins undergo degradation through the ubiquitin-proteasome system (UPS).
The UPS operates through a collection of regulated and orchestrated steps in which proteins
are marked for degradation by covalent post-translational modification (PTM) with the protein
ubiquitin. Ubiquitination of proteins is carried out by a cascade of three enzymes: the E1, a
ubiquitin-activating enzyme, E2, responsible for transthiolation of the ubiquitin intermediate, and
E3, a ubiquitin ligase that forms an iso-peptide bond between the carboxy-terminus of ubiquitin
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and a lysine side chain of the target. This process is catalytically cyclic generating poly-ubiquitin
chains on its target that ultimately directs it for proteasomal degradation. The eukaryotic 26S
proteasome is a 2.5 MDa proteolytic complex that consists of two main subcomplexes: the 20S
core particle (20S CP) and the 19S regulatory particle (19S RP). The 19S RP is responsible for
substrate recognition, deubiquitination, and unfolding of the protein target. The 20S CP is

responsible primarily for the protein target’s degradation *.
2.1.4 Degrons

A pressing question regarding intracellular proteolysis is: how are specific proteins recognized
by the proteolytic machinery and degraded under specific conditions with highly characteristic
degradation rates? Early work suggested that global structural features determine the metabolic
stability of individual proteins. For example, mutant proteins or proteins that had incorporated
amino-acid analogs during their synthesis were found to have shorter half-lives in vivo than their
wild-type counterparts ®’. However, later analyses revealed that these correlations with gross
protein properties did not generally hold true, and although abnormal proteins were frequently

short-lived, this need not reflect a change in their global structure.

Most short-lived proteins are distinguished by localized structure determinants that target them
to the ubiquitin-ligase machinery or directly to the proteasome. These degradation signals, or
‘degrons', are usually defined as a minimal element within a protein that is sufficient for
recognition and degradation by the 26S proteasome. Degrons can vary as short amino acid
sequences, structural motifs within a protein, or specific and exposed amino acids (usually
Lysine and arginine) ®°. Here in this chapter, we explore this unique method of regulation of

MGLL by inhibitor MIJN110.

2.1.5 Drug-drug interactions
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Drug combination treatments have become a standard therapy for many complex diseases such

115 Drug combination therapies

as tuberculosis, malaria, HIV, and most advanced cancers
often enable therapeutic benefits by enhancing treatment efficacy, avoiding the acquisition of
mono-therapy resistance, and enabling multidrug treatment regimens at lower and
physiologically relevant drug concentrations. To evaluate the pre-clinical significance of drug
combination treatments, functional screening assays that probe combination effects in a dose-
response matrix assay are commonly performed *°. This led to the development of the web tool

application SynergyFinder in 2017, and later on updated to SynergyFinder2.0 from the Institute

for Molecular Medicine Finland (FIMM), the University of Helsinki by lanevski et al. ",

2.1.6 SynergyFinder 2.0

SynergyFinder2.0 is an interactive web-based application for the analysis and visualization of
drug combination screening data. Since its release in 2017, SynergyFinder has become a
widely used tool for both the discovery of novel synergistic drug combinations but also to better
understand the mechanisms of combination treatment efficacy or resistance, especially in
cancer *’. The degree of synergy or antagonism of a drug combination is determined by
comparing the observed drug combination response against the expected response, calculated

using a reference model that assumes no interaction between the drugs (Figure 2.3 A).
2.1.7 Synergy models

The most commonly used reference models include the highest single agent (HSA) *8, Bliss *°,
Loewe ?°, and zero interaction potency (ZIP) models **. These models quantify the degree of
synergy between a drug combination either as the excess over the maximum single dose-
response (HSA), the multiplicative effect of single drugs as they act independently (Bliss), the
expected response corresponding to an additive effect if the single drugs were the same

compound (Loewe), and the expected response corresponding to the effect as if the single drug
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did not alter the potency of each other (ZIP) *’". A synergy score represented by & is defined as
the average access in response due to drug-drug interactions. A synergy score less than -10
between two drugs is likely to be antagonistic; a synergy score between -10 and 10 between
two drugs is likely to be additive; while and a synergy score larger than 10 between two drugs is

likely to be synergistic.
2.1.8 Microarrays

Transcriptomic technologies are used to study an organism’s transcriptome, a sum of all its
RNA transcripts. RNA transcripts transcribed from an organism’s genome can be divided into
messenger RNAs (MRNA), and non-coding RNAs (ncRNAs) %%, First attempts to study the
whole transcriptome began in the early 1990s, and with technological advances in the late
1990s, transcriptomics has become a widely practiced discipline #°. To date, two contemporary
techniques are widely used: microarrays, which quantify a set of predetermined sequences, and
RNA sequencing (RNA-Seq), which uses high throughput sequencing to capture all RNA
sequences. Measuring the expression of an organism’s genes has been instrumental in the
understanding of human disease, and pathogenesis. An analysis of gene expression in its
entirety allows detection of broad coordinated trends which cannot be discerned normally by

more targeted assays.

Microarrays use short nucleotide oligomers, known as probes, which are arrayed on a solid
substrate. Transcript abundance is measured by hybridization of fluorescently labeled RNA
transcripts to these probes. The intensity of fluorescence at each probe indicates the relative
abundance for that probe sequence. The primary challenge with the use of microarray is that
prior knowledge of the organism of interest, through the form of an annotated genome library is
required. This information is essential for the generation of the many probes of the array.

Transcriptomic methods require often significant computation to produce meaningful data.
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2.2 Objective

Inspired by the broad serine hydrolase targeting aspect of microRNA-185, we sought to create a
broad, serine hydrolase targeting drug co-treatment regimen as a possible antiviral cocktail
against HCV. Firstly, we sought to characterize these irreversible metabolic serine hydrolase
small molecule inhibitors (KT195, WWL113, and MJN110) in our two previously described HCV
models. Similarly, we wanted to assess if agonism and antagonism of CB1 (HU210, and
AM251) were equally antiviral against HCV in these aforementioned HCV models, perhaps
relating the antiviral nature of these serine hydrolase inhibitors to CB1 functional antagonism
and antagonism respectively. After this, we created broad serine hydrolase targeting inhibitor
cocktail combinations with SH inhibitors ABHD6 inhibitor KT195, CES1 inhibitor WWL113,
MGLL inhibitor MIJN110 and AADAC inhibitor Yoshio3 under a Loewe drug distribution
hypothesis to mimic the SH targeting quality of miRNA-185%. We observed heavy cytotoxicity in
these serine hydrolase cocktails. To further understand the antiviral effects of MGLL inhibitor
MJIN110, we thought to investigate the transcriptome of MJN110 treated HuH7.5s and compare
it to the transcriptome of CB1 antagonist AM251 treated HuH7.5s in hopes of relating MJN110’s
antiviral action to CB1 antagonization. We discovered however that MIN110 was, in fact,
antiviral independent of CB1 antagonism and so we combined MGLL inhibitor MJN110 with CB1
antagonist AM251 since CB1 antagonism has been reported previously to be HCV antiviral, and
as it targets similar SH factors to that of miRNA-185. Through SynergyFinder2.0, we sought to
assess any potential synergistic effects co-treatment with these two small molecules might have
against HCV. Along a similar vein, we sought to assess the gene signaling changes in response

to this co-treatment, linking the observed gene changes back to the miRNA-185 antiviral profile.

Lastly, we sought to further demystify this loss in MGLL protein abundance during MGLL

inhibitor MIN110 treatment in our HuH7.5s.
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2.3 Results

2.3.1 Small molecule inhibition of metabolic serine hydrolases ABHD6, MGLL, and CES1

is potently antiviral against Hepatitis C Virus

Our investigation began by assessing the inhibitory effects that a subset of small molecule
inhibitors may have on HCV related to miRNA-185. This set of inhibitors included the
monoacylglycerol lipase (MGLL) inhibitor MIN110, alpha/beta-hydrolase domain containing 6
(ABHD®) inhibitor KT195, carboxylesterase 1 (CES1) inhibitor WWL113, arylacetamide
deacetylase (AADAC) inhibitor Yoshio-3, carboxypeptidase vitellogenic like (CPVL) inhibitor
ABC110, and platelet-activating factor acetylhydrolase 1b catalytic subunit 3 (PAFAH1B3)
inhibitor P11, metabolic serine hydrolases with implications to HCV. MGLL inhibitor MIJN110,
ABHDSG inhibitor KT195, and CES1 inhibitor WWL113 demonstrated potent inhibition of HUH7-
SGR-Luc replicon levels initially and as a result, were more