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Abstract

Biological systems, their physical structure and their functions, are built, maintained, and controlled by
the activity of enzymes. Understanding how enzymes contribute to the regulation of various pathways
and processes allows us to gain a deeper understanding of the entirety of the biological system. As
changes in enzyme activity are often essential for the pathogenesis of multiple and varied diseases,
identifying these changes represents a crucial step to both understanding the disease and preventing its
progression within the individual. Enzymes’ functional output can be controlled by numerous different
mechanisms, including control of transcription and translation, subcellular localisation, co-factor
interactions, or chemical modification to specific amino acids. Activity-based protein profiling allows
the potential for activity of target enzymes to be measured, thereby gaining a more accurate
representation of the functional state of the biological system. In this work, profiling differential enzyme
activity allows the discovery of previously unknown links between metabolic regulatory enzymes and
infection by the hepatitis C virus (HCV). The novel probe wortmannin-yne is described and is shown to
be able to report on the activity multiple kinases, including MAPK1, whose activity is dysregulated
during HCV replication. Novel probes designed to target a smaller selection of kinases,
phosphatidylinositol kinases, are reported and are shown to be capable of measuring HCV-induced
changes to not only kinase activity but also regulatory protein-protein interactions with the
phosphoinositide kinases. Lastly, the role of microRNA-27b in the HCV-induced dysregulation of lipid
metabolic enzymes is examined. Three novel targets of microRNA-27b are identified, and their
dysregulation is shown to have an effect on the life cycle of HCV. Altogether, this work has developed
new tools for the study of metabolic enzymes and identified new avenues of investigation into the

dysregulation of lipid metabolism.
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Chapter 1: The History of Activity-Based Protein Profiling and Host-
Virus Interactions

Updated from version initially published: Genevieve F. Desrochers, John Paul Pezacki (2019) ABPP
and Host—Virus Interactions. Curr Top Microbiol Immunol. 420:131-154

1.1 General overview of host-virus interactions during infection

Successful viral infection, as well as any resultant antiviral response, relies on numerous sequential
interactions between host and viral factors. These interactions can take the form of affinity-based
interactions between viral and host macromolecules or active, enzyme-based interactions, consisting both
of direct enzyme activity performed by viral enzymes and indirect modulation of the activity of the host
cell’s enzymes via viral interference. This activity has the potential to transform the local
microenvironment to the benefit or detriment of both the virus and the host, favouring either the
continuation of the viral life cycle or the host’s anti-viral response. Comprehensive characterisation of
enzymatic activity during viral infection is therefore necessary for the understanding of virally-induced
diseases. Activity-based protein profiling techniques have been established as effective and practicable
tools with which to interrogate the regulation of enzymes’ catalytic activity and the roles the played by
these enzymes in various cell processes. This chapter will review the contributions of these techniques

in characterising the roles of both host and viral enzymes during viral infection in humans.

Viruses, as infectious biological agents which lack the ability to replicate independently, lack
translational and metabolic machinery, and are therefore obligate intracellular parasites. Viral particles
consist of either an RNA or DNA genome surrounded by a protein capsid which protects the genetic
material. Certain viruses are additionally enveloped by a lipid bilayer derived from host membranes. In
order to propagate, viruses must use host cell systems to assemble new RNA, DNA, proteins, and lipid

envelopes. Though details of viral life cycles vary from virus to virus, there are five general stages:



attachment and cell entry, translation of viral proteins, replication of the genome, assembly of the viral
particle, and egress from the cell. (Fig 1.1) Activity-based profiling has been used broadly to characterise
host-virus interactions of these five stages. The approaches used and the discoveries these techniques

accorded will be highlighted herein.

The molecular processes involved in virus propagation require the diversion of energy, molecular
building blocks, and other essential resources away from the host cell’s systems and into pathways and
processes needed by the virus. It is important to note that metabolic energy is consumed not only by the
synthesis of new viral particles, but also by the remodelling of the cellular environment to meet the
demands of the virus. Viruses require specific and often tightly regulated conditions to propagate
efficiently. A good example lies in the replication of positive-strand RNA viruses, which occurs within
specialised regions called replication organelles (RO).! These organelles create an optimal environment
for replication, allowing the concentration of the required host and viral factors and shielding viral RNA
from the innate immune response.! The morphology of these organelles differs from virus to virus: they
can be spherical or tubular, originate from the ER, Golgi body, endosome or lysosome, and be composed
of single, double, or multi-membrane vesicles.!* These membranes furthermore possess specific lipid
profiles unique to each virus. The Rubella virus RO requires elevated saturated fatty acid levels, while
West Nile virus, hepatitis C virus, and enteroviruses require high cholesterol.** The hepatitis C RO also
requires elevated levels of sphingolipids and phosphorylated phosphoinosides (PIPs).> The large
amount of metabolic energy required to change the lipid profile of a cell in this manner necessitates

significant perturbation of normal lipid homeostasis.

The diversion of metabolic energy and the remodelling of host cell architecture is initiated by viral
enzymes; however, direct modification of cellular architecture by viral enzymes is not always feasible

due to the small range of functionalities encoded by viruses. Viral genomes can be extremely small: the
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Figure 1.1: Viruses utilise multiple host systems throughout their life cycle. Life cycles differ
between viruses. Positive-strand RNA viruses (ex: HCV) follow the path illustrated on the left:
receptor binding, internalisation, protein translation, replication within membranous structures in the
cytosol, assembly and secretion. Viruses such as influenza A and herpesviruses follow the path on the
right: replication within the nucleus, export to the cytoplasm, protein translation, assembly, and
budding from the cell.



hepatitis B virus, for example, has a genome 3.2 kb long.® As a result, viruses utilise the machinery of
the cells they infect to replicate their own genome and assemble new viral particles for release and

subsequent reinfection of new host cells.

Changes in host cell function can be induced either directly by the virus itself, as homeostatic responses
to virus-induced changes, or as immunological responses to infection. Functional changes are induced
either directly or indirectly as the result of changes to the catalytic activity of both viral and host-derived
enzymes. Interrogating changes to enzymatic activity during viral infection is therefore essential to form
a complete understanding of the mechanisms of virus infection. Activity-based protein profiling (ABPP)

techniques’®

are ideally suited to answering questions on the perturbation of enzyme function by host-
virus interactions. These techniques use small molecule probes to covalently label active enzymes, while

inactive enzymes remain unmodified. By including reporter tags in these probes, it is possible to

quantitatively report differences in levels of active enzyme within complex proteomic samples.

This chapter will describe the contributions made by ABPP to the understanding of host-virus
interactions. ABPP has supplied a diverse toolbox of activity-based probes which have been applied to
study both viral and host enzymes: identifying host enzymes dysregulated during different stages of viral
infection, determining how the virus effects these changes, and characterizing viral enzymes’

functionalities, structure, and catalytic and inhibitory mechanisms (Fig 1.2).

1.2 Viral entry

For most viruses, the entry process consists of recognition of their target cell, attachment to the cells’
membrane, internalisation of the virus into the cell, usually by an endocytic pathway, and the release of
viral genetic material into the cytosol of the cell. In the case of enveloped viruses, this requires the fusion

of the viral envelope with the endosomal membrane to form a pore through which the genetic material
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Figure 1.2: Contributions of ABPP to the understanding of host-virus interactions. A) Activity-
based profiling identifies and quantifies changes to enzymatic activity caused by the virus or by the
host’s anti-viral defense mechanisms. B) Competitive activity-based labelling evaluates the
effectiveness of novel anti-viral compounds. C) Fluorophore conjugated activity-based probes allow
imaging of active enzyme localisation. D) Activity-based labelling with substrate-mimetic activity-
based probes identifies new targets for viral enzymes.




passes. The mechanism of formation of this pore varies between viruses, many of which require

significantly different host cell conditions or factors to induce fusion.

A major focus in efforts to design novel pharmaceuticals has been the development of cell entry
inhibitors. Targeting cell entry prevents the spread of infection as well as the irreversible damage to
tissues caused by infection. Furthermore, as host factors and not viral factors are usually targeted, it can
impede the emergence of drug-resistant strains. Anti-viral pharmaceuticals targeting cell entry have been

9-11

developed against hepatitis B virus, human immunodeficiency virus (HIV) and herpesviruses,” ' and

entry inhibitors against other viruses such as HCV are currently being developed.'>!?

Viruses such as the SARS coronavirus have been shown to require the activity of lysosomal cathepsins,
such as cathepsin L, in order to enter the cytosol.'* Cathepsin L cleaves the SARS-CoV spike protein,
found on the viral envelope, thereby activating it and allowing membrane fusion to proceed.!* It has
furthermore been demonstrated to play an accessory role in Ebola infection, cleaving the GP1 protein in
conjunction with cathepsin B and triggering membrane fusion.!> The epoxide-based peptide-mimetic
probe DCG-04 was developed to label cysteine proteases, a class which includes cathepsins.!® Shah et
al applied this probe to study novel entry inhibitors of the SARS and Ebola viruses by competitive ABPP,
wherein the inhibition of ABP-labelling of enzymes by inhibitors is measured.!” Cells treated with their
novel inhibitors demonstrated significantly reduced labelling by DCG-04, indicating that they were able
to target cathepsin L in live cells, and suggesting that they inhibited viral entry by targeting cathepsin
L.!7 This study demonstrates how an ABP can be applied in the development of novel pharmaceuticals

targeting cell entry.



1.3 Viral replication

Members of the flaviviridae family significantly remodel their host cell architecture to form an
environment favourable for replication. The hepatitis C virus, one of the most studied viruses from this
family, induces the formation of double membrane vesicles inside a membranous web derived from the

' The formation of the membranous web during HCV infection necessitates

endoplasmic reticulum.
significant alterations to the local lipid profile, which result from viral hijacking of lipid metabolic

enzymes.! Activity-based protein profiling has been used to identify which enzymes are targeted by the

virus, and to determine how their regulation is modulated.

1.3.1 Role of triglycerides

One of the most pronounced HCV-induced changes to cell architecture is the appearance of larger and
more numerous lipid droplets near sites of viral replication.! This is the result of both increases in fatty

acid synthesis and decreases in fatty acid oxidation and secretion.!®

Fatty acid synthase (FASN), the enzyme responsible for de novo synthesis of fatty acids, was associated
with HCV replication as early as 2002; however the nature of the interactions between HCV and FASN
were not completely characterised.!”” A probe based on the B-lactone inhibitor orlistat, orlistat-alkyne,
shown to strongly and selectively label active FASN,?° was used to investigate how HCV altered FASN
activity. By comparing changes in protein expression and probe labelling, Nasheri et a/ determined that
FASN activity was significantly enhanced during HCV replication by increases both in protein
expression as well as post-translational activation.?! Imaging of active FASN using the orlistat-alkyne
probe demonstrated that HCV does not alter the localisation of active FASN, indicating that the post-
translational regulation of FASN occurs by another mechanism.?! Increased activity of FASN during

HCYV replication was further confirmed using probes containing a p-lactam warhead.?



HCV-mediated upregulation of intracellular lipids has been shown to be regulated via numerous
mechanisms: in addition to increases in lipid synthesis, decreases in lipolysis and lipid secretion have
also been demonstrated to play a significant role.'® Singaravelu et a/ used a novel activity-based probe
with a phenyl sulfonate ester warhear (PS) to identify enzymes displaying differential activity during
HCV replication.’> The PS probe was shown to label an enzyme involved in the B-oxidation of fatty
acids, the electron transfer flavoprotein subunit alpha (ETFA). Comparison of labelling in HCV-
replicating and naive cells shows a decrease in ETFA activity during HCV replication, suggesting that
targeting of ETFA may be a mechanism by which HCV reduces lipid oxidation and increases intracellular

lipid levels.?

In a more recent study, Nourbakhsh et al used a fluorescently labelled fluorophosphonate probe (Fig 1.3a
shows a desthiobiotin-labelled variant) to profile serine hydrolase activity in infected versus naive
hepatoma cells. They identified one enzyme, arylacetamide deacetylase (AADAC), which was
significantly down-regulated during HCV infection.?* It was subsequently demonstrated that AADAC
induces lipolysis and VLDL secretion of lipids, thereby decreasing the levels of intracellular
triglycerides.”*  Altogether, this study demonstrated that HCV decreases the activity of the serine
hydrolase AADAC in order to increase intracellular lipid levels via the inhibition of lipolysis and lipid

secretion.

1.3.2 Role of phosphatidylinositides

Phosphatidylinositides (PIs) are minor components of intracellular membranes which play important
roles in establishing organelle identity and in propagating cell signalling, and certain species have
additionally been shown to be able to induce high membrane curvature.?> A phosphorylated species of
PI, PI4P, has been shown to be upregulated in the membranous web induced by HCV and other closely

related viruses; it has been hypothesised that this plays a role in establishing the morphology of the
8



membranous web.>?® PI4P is synthesised from PI by four Pl-kinases (PIKs) which are differentially
localised within the cell.?® The identity of the kinases which contribute to HCV-mediated up-regulation
of PI4P levels within the replication complex has been a subject of significant interest.?%?’” While PIKs
such as PI4KA are well-established as HCV host factors, the role of other PIKs, such as PI4KB, during

infection remained ambiguous.?’

In order to investigate the activity of PI4Ks during HCV infection, Sherratt et al synthesised a novel
activity-based probe, PIKBPyne, derived from the well-known reversible PIK active-site inhibitor
PIK93.28 (Fig 1.3b) The warhead of this probe contained a PIK93 group to enable selective interaction
with active PIKs, and a UV-inducible benzophenone crosslinker to form a covalent bond between the
probe and its protein target. Using this probe, it was shown that PI4KB activity, but not expression, is

28

upregulated by HCV infection. This finding illustrates the important role ABPP can play in

characterising the dysregulation of host factors by viruses.

1.3.3 Role of cholesterol

The double-membrane vesicles of the HCV replication sites have been shown to contain elevated levels
of cholesterol.! Activity-based probes have been applied to characterise the processes by which

cholesterol metabolism is hijacked during HCV replication.

Fluorophosphonate-based probes were used to profile serine hydrolase activity during HCV replication,
in order to identify enzymes differentially regulated by the virus.?*3° Carboxylesterase 1 (CES1), a liver-
abundant serine hydrolase which displays cholesteryl ester hydrolase activity, was identified as a target
of activity-based labelling by both fluorophosphonate-based and peptide-based probes containing either
a serine or a threonine moiety.?”! CESI activity plays a role in decreasing the levels of intracellular

cholesteryl ester, as well as the secretion of intracellular triglycerides by the VLDL pathway.’!*? CES1
9
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Figure 1.3: Examples of types of activity-based probes used to interrogate host-virus interactions.
Targeting groups shown in blue, reactive groups shown in green, and reporter tags or handles for
attachment of reporter tags shown in red. A) Inhibitor-based fluorophosphonate conjugated to
desthiobiotin possesses a broad specificity towards host cell serine hydrolases. B) Inhibitor-based
PIKBPyne labels specific host cell lipid kinases, phosphatidylinositol kinases type IIl. C) Peptide-
mimetic LW124 selectively labels proteasomal subunit 5 and immunoproteasomal subunit 5i. The
BODIPY group allows LW124 to be used as a fluorescent probe, while the azide handle allows the
attachment of affinity tags for purification of labelled targets. D) Substrate-mimetic HAUb-MVE
targets deubiquitinating enzymes from both viruses and host cells. The HA tag allows detection of
labelling and purification of labelled enzymes. E) Substrate-derived PDFSA targets neuraminidases on
the envelope of the influenza A virus. F) Peptide-based WRPK3 contains unnatural amino acids and
specifically labels Zika virus NS2B-NS3 protease.
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activity is not always correlated to its expression, suggesting that the regulation of CES1 function relies
on post-translational modifications and interactions.>' Activity-based labelling is therefore ideally suited
for interrogating the function of CESI1. Both flurophosphonate and the peptide-based probes
demonstrated significantly increased activity during HCV replication, suggesting that CES1 is activated
as part of the host cell’s anti-viral strategy to counteract the virally-induced increases in cholesterol and

triglycerides.?*°

B-lactam warhead probes, described above, have also been used to investigate cholesterol metabolic
enzymes. These probes have been shown to label hydroxymethylglutaryl-CoA synthase 1 (HMGCS1),
an enzyme which catalyses an early step in cholesterol synthesis.?>** Labelling with the B-lactam probe
showed an increases HMGCSI1 activity during HCV replication, suggesting that differential activation
of this enzyme is a mechanism by which HCV induces the formation of a favourable replication
environment.”? This finding provided further confirmation of the suggested role of HMGCS1 in HCV

infection.>*

This section has described ABPs which target lipid metabolic enzymes and how they have been used to
profile changes to the regulation of lipids during viral infection. Hijacking of lipid homeostasis is a major
contributor to the diversion of metabolic energy during infection. However, other metabolic pathways
are also perturbed during infection: glycolysis in particular is targeted by multiple diverse viruses,
including HCV, influenza A virus, and several herpesviruses, though the mechanisms by which
glycolysis is mis-regulated are not fully understood.*® The development of novel probes targeting
glucose metabolic enzymes represents an opportunity to increase our understanding of metabolic flux

during viral infection.

11



1.4 Programmed cell death

A fundamental aspect of the innate immune response to infection lies in the activation of apoptotic and
cell death pathways upon viral invasion of the cell in order to restrict the spread of infection throughout
the host.>® Commercial peptide-based probes, FLICA™, have been established as chemical-based tools
to study apoptosis.>’” These probes are designed to report on the activity of caspaces, enzymes essential
to the progression of apoptosis.>’ Using these probes, Furman et al determined that norovirus infection
induces apoptosis, as demonstrated by the significant increase in caspace activity. Mass spectrometry
analysis of enzymes labelled by these probes revealed that they are equally capable of reporting on the
activity of the cysteine protease cathepsin B. It was shown that cathepsin B is activated during norovirus

infection, and acts as an upstream activator of the apoptotic pathway.?’

Cathepsin D is a lysosomal aspartic peptidase which has also been shown to induce apoptosis.*® Using
a peptide-based probe containing a phenylalanine targeting group, Blais et a/ demonstrated that HCV
significantly down-regulates the activity of cathepsin D, suggesting that HCV decreases cathepsin D
activity in order to avoid apoptosis of infected cells.*® Activation of anti-apoptotic genes was also
demonstrated during infection of Dengue virus, a close relative of HCV. Novel ATP-based probes
containing acyl phosphate warheads were used to profile the activity of kinases during Dengue
infection.®® The activity of DNA-dependant protein kinase (DNA-PK), an anti-apoptotic enzyme which
recognises and repairs DNA double-stranded breaks, was shown to be significantly upregulated by
Dengue infection.*® Altogether, ABPP has shown that both HCV and Dengue virus act to counteract the

activation of the apoptotic pathway.

1.5 Viral evasion of the immune response
In addition to their role in apoptosis, cathepsins are also involved in the regulation of inflammation and

the recruitment of the adaptive immune response during infection. Cathepsin G, for example, participates

12



in the degradation of proteins for presentation by the major histocompatibility complex,*® and has also
been shown to negatively regulate STATS transcriptional activation,*! as well the inflammatory

O A novel peptide-based probe, Mars116, developed to label cathepsin G, was used to

response.”*
investigate the immune response during Epstein-Barr virus (EBV) infection. Labelling with Mars116
showed a significant decrease in cathepsin G activity 12 days after infection. The activity of four other
cathepsins, cathepsins X, B, and S, by DAP22c, another peptide-based ABP, were similarly down-

regulated. This decrease in the activities of immune-linked cathepsins is suggestive of an immune escape

strategy by EBV.#?

1.5.1 Viral alterations to proteasome activity

The proteasome is a multi-subunit structure responsible for the degradation of damaged or excess
proteins within the cell, and plays an essential role in protein quality control, cell signalling, immune

# A specialised form of the proteasome, the immunoproteasome, consists of

responses, and apoptosis.
many of the same regulatory subunits in addition to three variant catalytic subunits found only in the
immunoproteasome.** This specialised form of the proteasome plays a role in directing the activity of
the adaptive immune system. It is induced during infection and generates peptides with a hydrophobic C
terminus for cell-surface display in MHC class I molecules. CD8 T cells survey these peptides and

1.**  The existence of mixed

propagate an immune response upon recognition of foreign materia
proteasomes, containing both the constitutively expressed and immunoproteasome subunits, has also
been demonstrated, indicating that both categories of catalytic subunits could be implicated in immune
response.*?

The catalytically active proteasomal subunits, though they are threonine and not serine hydrolases,**

have been shown to be labelled by the activity-based probe fluorophosphonate.*’ (Fig 1.3a) Using a

fluorophosphonate-based probe, Shahiduzzaman et a/ have shown that the activity of several proteasomal
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subunits, PSMA2, PSMA3, PSMA6, PSMB3, increased during influenza A infection, most likely due to
increases in immunoproteasome activation as part of the anti-viral response.*’ Monitoring the activity of
the immunoproteasome in this manner has the potential to provide valuable information of the extent of
the immune response to various pathogens. However, a complete understanding of the activity of this
complex cannot be achieved through flurophosphonate alone, as, although it was able to interrogate the

activity of a few proteasomal subunits, several other subunits were not detected.

Probes able to specifically and quantitatively assess the activities of all the possible catalytic subunits of
the proteasome have been developed by various groups over the past decade. The first to be developed,
MV151, is a peptide-mimetic probe conjugated to a BODIPY fluorophore, and labels all catalytically
active proteasome subunits.*® Other more specific probes were later developed: LW 124, a probe specific
for the B1 subunit and LMP2, its immunoproteasome analogue, and MVB127, a probe specific for 5

and its analogue LMP7.4>° (Fig 3c)

These probes were applied by Keller et al to investigate perturbation to the proteasome system during
viral infection. Proteasome activity was shown to be increased during murine gamma-herpes virus
infection using the general-use MV151 probe. LW124 and MVB127 were used to assess the changes to
catalytic activity of the proteasomal subunits versus the activity of their immunoproteasomal analogues
during infection. The identity of the labelled subunits was determined based on their reactivity and their
molecular weight, as determined by in-gel fluorescent imaging. It was demonstrated that while the
activity of the proteasomal subunits remained relatively unchanged, the activity of the
immunoproteasome subunits increased significantly during the early stages of infection, before
decreasing as the infection progressed.’® While these probes had been previously demonstrated to be

specific proteasome probes,*®*° Keller et al were the first to demonstrate how they can be used to
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specifically assess regulatory changes to the activity of the immunoproteasome in the context of viral

infection.>®

These increases in proteasome activity represent part of the host’s response to viral infection, wherein
proteasomal degradation of proteins is increased in order to generate antigenic peptides for the
recruitment of the adaptive immune response. Viral targeting of proteasomal activity could therefore be
a potential immune evasion strategy. Recently, Nasheri et a/ used a B-lactone based activity-based probe,
orlistat-alkyne, to label active proteasome subunits and thereby interrogate proteasome activity during
hepatitis C virus infection.*® It was shown that the activity of multiple members of the proteasome system
displayed decreased activity in HCV infected cells. PSMBS5, which displays broad specificity and
chymotrypsin-like hydrolase activity,* PSMC6, an ATPase which regulates proteasome activity,’! and
two immunoproteasomal subunits, PSME1, and PSME2 32 were down-regulated between 40% to 80%.4
Interestingly, changes to protein expression did not match the observed changes in enzymatic activity.*
Altogether, this suggests that HCV targets proteasomal degradation by altering both protein expression
and post-translational regulation as part of its efforts to evade the immune response. Altogether, these
studies describe multiple activity-based protein profiling tools which, in addition to traditional
proteomics, can be used to gain a better understanding of the virally induced perturbation of host cell

systems.

1.5.2 NFxB signalling during herpesvirus infection

Nuclear factor kB (NFkB) is a transcription factor, activated during viral infection, which induces the
expression of genes involved in the innate immune response.> The signalling cascade which is
responsible for the activation of NF«kB during infection relies in great part on the ubiquitination of key
signal transducers.>* The auto-ubiquitination of the ubiquitin ligase TRAF6 promotes the activity of the

TAK1 kinase.’* The IxB kinase (IKK) complex is then activated via TAK1-mediated phosphorylation
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and TRAF6-mediated ubiquitination.”*>> Phosphorylation of IxB results in its ubiquitination and
subsequent degradation.>® NF«xB is sequestered in the cytoplasm by IxB; upon its degradation, NFxB
translocates to the nucleus and induces the expression of anti-viral, pro-inflammatory, and pro-apoptotic

genes.>?

The activity of enzymes responsible for the regulation of ubiquitination is therefore of interest when
investigating host-virus interactions due to the importance of ubiquitination to the immune response to
infection. Deubiquitinating enzymes (DUBs) are enzymes responsible for removing ubiquitin from
ubiquitinated proteins. As they are cysteine proteases, they are excellent candidates for activity-based

probes.>®

HAUD probes are based on modified ubiquitin proteins, and mimic the natural substrate of DUBs,
allowing them to specifically target DUBs. Ubiquitin is recombinantly expressed with the
haemagglutinin tag HA, which functions as a reporter of enzyme labelling. A thiol-reactive group
functioning as the warhead is subsequently added to the C-terminus via intein-based chemical ligation.
Several variants were produced, containing a several different warheads: chloroethylamine (Cl),
bromoethylamine (Br2), bromopropylamine (Br3), glycine vinylmethylsulfone (VS), glycine vinyl
methylester (VME), glycine vinyl phenylsulfone (VSPh), and glycine vinylcyanide (VCN).%
Immunoblotting and MS/MS profiling of labelled DUBs demonstrated a slight but significant difference
in the labelling patterns of the HAUb probes °*>’. The probe containing vinyl methylester warhead
(HAUb-VME, Fig 1.3d) displayed the broadest labelling capacity and was used in most subsequent

studies.**7

After developing these probes, Ovaa et al applied them to interrogate the activity of host cell

deubiquitinating proteins during infection by EBV.?’ Herpesviruses, such as EBV, are large double-
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stranded DNA viruses and have been shown to modulate the immune response via multiple different
mechanisms.”® Using the HAUb-VME probe, Ovaa et al. labelled active host cell deubiquitinating
enzymes, and identified multiple DUBs whose activity was increased during infection: UCH-L3, USP15,
UCH-L1, UCH37, USP7, and USP9X. Several of these enzymes have been shown to regulate the NFxB
pathway. USP15 negatively regulates NFxB activation by deubiquitinating IxB,> while USP7 decreases
NFkB signalling by deubiquitinating TRAF6 and IKK.®® USP37, on the other hand, has been shown to
be required for IxB-o degradation and therefore NFkB activity.%! Altogether, Ovaa et al demonstrated
that the herpesvirus EBV differentially regulates DUBs implicated in the regulation of the innate immune

response, suggesting a pro-viral immune evasion mechanism.

1.5.3 Virally-encoded deubiquitinases

Kattenhorn et al applied the HAUb-VME probes designed by Borodovsky et al to study the perturbation
of ubiquitination-regulating enzymes during infection of Herpes simplex virus 1 (HHV-1), a herpesvirus
related to EBV. MS/MS analysis of labelled proteins identified an enzyme which did not correspond to
any known DUB, and whose sequence was found to correspond to a viral protein with unknown function,

the large tegument protein deneddylase (UL36).5>

Perturbation of the host cell by viruses is usually indirect, as the limited size of viral genomes means the
virus cannot itself encode the functionalities it requires. Herpesviruses, however, are large, double-
stranded DNA viruses, and possess larger and more complex genomes than the simpler RNA viruses

discussed elsewhere in this chapter. HHV-1, for example, encodes approximately 80 proteins.®*

As UL36 does not share significant sequence homology with any other DUB known at the time,®
tradition bioinformatics could therefore not have predicted its function. This discovery highlights one of

the unique advantages of activity-based protein profiling: it reports directly on the functional output of
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an enzymes and allows the identification of novel targets. UL36 has recently been shown to
deubiquitinate IkBa, preventing its degradation and promoting the sequestration of NF«xB outside of the

nucleus, and thereby interfering with the activation of the innate immune response.®

Following this discovery, several research groups postulated the existence of homologous
deubiquitinating enzymes in closely related viruses whose function had remained undiscovered due to
their lack of homology to previously characterised DUBs. Having been established as an effective probe
of herpesvirus deubiquitinating enzymes, HAUb-VME was used to interrogate the activity of viral

proteins from several different viruses.

Schlieker et al. identified an Epstein-Barr virus protein, BPLF1, and a murine cytomegalovirus protein
(MCMYV), M48, which possessed significant sequence homology to the HHV-1 UL36.% They
subsequently demonstrated that both BPLF1 and M48 were labelled by the HAUb-VME probe,
indicating that these proteins were enzymes which targeted and hydrolysed ubiquitinated proteins.® It
was later shown that BPFL1 acts similarly to HHV-1’s UL36, inhibiting the activation of NFxB by
catalysing the removal of ubiquitin from the sequestering protein IkBa.>> It has furthermore been
demonstrated that BPLF1 exerts additional control over the NFkB pathway, deubiquitinates both TRAF6
and subunits of IKK, thereby inhibiting the propagation of toll-like receptor (TLR) signalling and the
resultant activation of NFkB.*>® Taken together, this demonstrates that EBV uses the virally encoded

DUB functions to inhibit the activation of the anti-viral innate immune response.

Another herpesvirus, human cytomegalovirus (HCMV), has also been shown to encode a
deubiquitinating enzyme.®” HAUb-VME labelled a high molecular weight enzyme, pUL48, whose role
in infection had previously been unknown. In the absence of pUL48 deubiquitinating activity, virion

production was significantly inhibited, though not entirely blocked, indicating that pULA48
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deubiquitinating activity contributes to, but is not required for, virion production. HAUb-VME has also
been used to identify similar deubiquitinating proteins in murine gamma herpesvirus 68 (MHV-68) and
Marek’s disease virus (MDV).®%°  Competitive ABPP was later used to characterise the catalytic
mechanism of deubiquitinating enzymes: UL36, the deubiquitinating enzyme of Marek’s disease virus,
was shown to be a cysteine protease,’® which suggests the other closely-related enzymes identified by

HAUb-VME may possess this mechanism as well.

Assigning novel functionalities is one of the more well-known uses of ABPP, and an essential primary
step in characterising poorly understood enzymes which opens up further avenues of investigation.
Identifying the reactivity of an enzyme allows the determination of its specific targets and therefore its
biological role. The ubiquitin chains targeted by the DUBs discussed in this section are linked to each
other by one of seven different linkage sub-types, corresponding to the location of the lysine residue to
which the next ubiquitin is bound: Lys®, Lys!!, Lys?’, Lys®’, Lys*, Lys*, and Lys®. New diUb-VME
probes were developed containing two ubiquitin moieties conjugated by one of the seven possible linkage
types, thereby allowing the determination of DUB’s linkage specificity.”! These probes were used to
interrogate the substrate specificity of the SARS coronavirus papain-like protease (PLPro), a
dubiquitinating enzyme, thought to play a role in innate immune evasion.””> The structural basis of
PLPro’s specificity was determined by co-crystallising it in conjunction with a diUb-VME probe. Co-
crystallisation of enzymes with their substrates is often challenging, as the enzyme will catalyse the
substrate and release the products. Using a substrate-mimetic ABP ensures that it is retained within the
active site, preserving the interactions which give rise to specificity as well as the active conformation of
the enzyme. This showed that PLpro interacts with the two ubiquitin moieties, but has few interactions
with the interface between the two,’” suggesting that specificity originates from the orientation of the
ubiquitin proteins in the S1 and S2 pockets, and not from recognition of the linkage itself. Screening with

a panel of Ub-VME probes containing mono-Ub or di-Ub and possessing different linkage types
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demonstrated that PLpro possessed a similarly low labelling efficiency for mono-Ub and most di-Ub
probes.”? This lends further support to the idea that interactions with a properly-oriented S2 ubiquitin

stabilise the enzyme-substrate complex and contribute to the specificity of SARS PLPro.

In this section, a number of probes against deubiquitinating enzymes — both host and virally derived —
have been described. Future work using these probes to characterise the selectivity of these
deubiquitinating proteins has the potential to provide both a clearer understanding of the nature of their

targets and the pathways they control.

1.6 Viral assembly and egress

The last stage of the viral life cycle consists of the assembly of the viral particle and its release into the
extracellular space. The majority of the contributions made by ABPP towards the understanding of virus
infection have focused on viral entry and replication. In some cases, this has been due to limitations in
cell culture models of infection: these models could replicate the genome but were unable to efficiently
assemble infectious particles.”® As viral assembly and egress do rely on host factors to translocate to the
plasma membrane and exit the cell, profiling enzymatic activity during these processes is of significant

interest.

Hijacking of cellular trafficking plays a significant role in the packaging and secretion of viruses. The
COPI system is essential for correct localisation of influenza A virus (IAV) particles, while HCV utilises
the COPII system to travel from the ER to the Golgi, at which point they can be trafficked through the
VLDL secretory pathway.”*”> These systems are regulated in part by Rab GTPases, host cell enzymes

which play an important role in trafficking throughout the cell,’®

and which have been implicated in the
egress of multiple viruses.”*’””® Rab11 has been shown to be essential for the trafficking of IAV RNA

from the perinuclear region to the plasma membrane.”* Another Rab protein, Rabl, has been proposed
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to mediate transport of nascent HCV virions from the ER to the Golgi.”” Rab proteins have also been
shown to play a role in DNA virus egress in the case of herpesviruses.”® Altogether, this suggests that

Rab GTPase activity could be an interesting target for activity-based profiling during viral infection.

IAV budding been shown to involve the activity of a class of ATPases, the mitochondrial F1FO-ATPases.
These enzymes localise to the plasma membrane and are necessary for efficient budding of new virions,
though the precise nature of their contribution has yet to be fully understood.”* ATP-based probes have
previously been used to profile host enzyme activity during Dengue infection,*® and applying them to
profile the changes in activity of various ATPases during IAV infection could yield new information

with regards to how enzymes are recruited and utilised during viral egress.

Lipid regulatory systems, which play an important role in earlier stages of viral life cycles, continue to
play an important role in viral egress. HCV once again provides a good example of this dependence on
host lipids, as its egress relies on the very-low-density-lipoparticle (VLDL) secretory pathway to release

the mature virus particle into the bloodstream.!

Certain VLDL-associated enzymes, such as the
triglyceride-recruiting enzyme ABHDS5 or the phospholipid synthesis enzyme LPCATI1, have been
identified as pro- or anti-viral HCV host factors. However, the interactions between these enzymes and

HCV is not fully understood.”*°

Interrogating enzymes which regulate the VLDL pathway could
therefore reveal novel information clarifying how it is hijacked by HCV. Even viruses such as influenza,
which do not rely on a lipid secretory pathway, still alter the cell’s lipid profile in order to exit into the
bloodstream.” Influenza virus egress occurs by budding from the plasma membrane, a process requiring
an altered membrane lipid composition.”* Profiling changes to lipid regulatory networks during the

assembly and egress of virions could therefore yield new information and improve our understanding of

host-virus interactions during the late stages of infection of a diverse set of viruses.
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In general, activity-based profiling on these later stages of viral infection has the potential to uncover
novel host factors requirements for productive infections. Targeting the secretion of new virions could

play an important role within combinatorial anti-viral strategies to limit the spread of viral infections.

1.7 Selective labelling of individual viral enzymes

Selective labelling of viral enzymes enables the measurement of their activity within a complex
proteome. While viral enzymes can be labelled by broadly-reactive probes such as fluorophosphonate or
HAUDb-VME, as discussed in the preceding sections, it can be difficult to detect them amongst the more
numerous host cell enzymes which are labelled simultaneously.’® For this reason, specific and selective

probes have been developed against multiple viral enzymes.

The infectious particle of IAV, the most common cause of the flu, incorporates two viral enzymes on its
surface, haemagglutinin (HA) and neuraminidase (NA).®! NA is known to play many roles; the most
well-established being its sialidase activity which cleaves sialic acid from the nascent virions following
virion secretion ®!. NA enzymatic activity has also been suggested to play a role in viral entry, though
the mechanism by which this could occur has not been well established.®*> The NA active site is highly
conserved between strains of IAV strains, making NA an attractive target for chemical probes as well as

therapeutic drugs.®!

In 2005, Lu et al reported the synthesis of a mechanism-based neuramidinase probe, consisting of a sialic
acid targeting moiety and an ortho-difluoromethylphenyl warhead attached to a biotin reporter tag.’
They demonstrated that this probe was able to specifically label neuraminidases, and could be used to
detect neuraminidase activity. Of particular interest in this study was a demonstration of a more
uncommon application of activity-based probes for isolation of viral particles. Immobilised probe bound

to NA enzymes present on the particle surface, thereby enabling the isolation of the entire virion.®* While
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this probe was able to form a covalently label IAV NA, there were several limitations. Its large size and
multiple rings necessitated millimolar concentrations to label even purified protein. The probe was also
unable to penetrate cell membranes, which precluded the application of this probe in complex systems.
Lastly, though the sialic acid did convey some selectivity, the difluoromethylphenyl warhead

nevertheless reacted non-specifically with multiple targets in a complex environment.?*

A more streamlined probe was reported by Tsai et al. Instead of the inclusion of a separate warhead
group in addition to the sialic acid moiety, the sialic acid sugar was modified to include fluorine at C2
and C3, displacing a hydroxyl group and a hydrogen, respectively. The electron-withdrawing property
of the fluorines transforms the probe into an irreversible mechanism-based inhibitor. Two probes were
made: DFSA and an ester-protected probe, PDFSA, both containing the sialic acid warhead and an alkyne
handle.* (Fig 1.3¢) PDFSA is able to label NA in situ at micromolar concentrations, allowing imaging
of sub-cellular localisation of the viral enzyme during infection.® PDFSA was able to label wild-type
NA as well as mutant NA resistant to active-site anti-virals, indicating that this probe could be applied

to screen for the presence of drug-resistant strains by competitive ABPP.%*

The Zika virus has recently been the subject of international attention following the South American
outbreak which caused a dramatic increase in the rates of microencephaly in newborn infants.®> The
Zika virus, like most positive-strand RNA viruses, encodes a serine protease, NS3, which cleaves the
precursor polyprotein into the mature viral proteins. As activity of the NS3 protease is essential to the
establishment of a productive infection, the development of tools capable of characterising its activity

and regulation is of great interest.

Proteases are capable of displaying high selectivity for the specific amino acid sequences they cleave.

While it is possible to design activity-based probes based on these sequences, these probes risk lacking
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specificity to individual proteases due to the overlapping substrate specificity of closely related enzymes.
Recently, this problem was addressed by using unnatural amino acids to expand the chemical space of
their peptides’ building blocks. The Hybrid Combinatorial Substrate Library (HyCoSuL) uses 102
unnatural amino acids in addition to the twenty canonical ones to build optimal substrates containing a
variable 4-amino acid sequence targeting the S1-S4 pockets of the protease active site.*® To allow specific
activity-based labelling, a fluorogenic coumarin and a diphenyl phosphate warhead are added.®® This
library has previously been used to design probes targeting human proteases.®’® Recently, the HyCoSuL
methodology was applied to design a probe, WRPK3, which rapidly labels Zika’s NS3 protease at low
nanomolar concentrations.’® (Fig 1.3f) This same methodology was subsequently used in the study of the
proteases from the closely related Dengue and West Nile viruses. A small library of probes were
developed, including probes capable of selectively labelling proteases from a single virus, as well as less-
specific pan-viral probes which targeted proteases from Dengue, West Nile, and Zika viruses.”! These
probes have the potential to be applied to interrogate NS3 activity during flavivirus infection, and
demonstrate a useful application of unnatural amino acids which has the potential to be used to design

activity-based probes against other viral proteases.

ABPs against proteases from Enterovirus 71 and Middle Eastern Respiratory Syndrome viruses have
recently been reported.”> Contrary to the above example, the design of these probes was based on
previously established inhibitors possessing a loosely peptido-mimetic structure. Labelling of the viral
protease by these probes in the context of an infection of a host cell revealed the existence of host proteins
capable of targeting similar substrates. Further investigation revealed that the activity of host proteases
contributed to the cleavage of the viral polyprotein, and could compensate for the absence of the viral
protease.”> The development of novel anti-virals often focuses on discovering selective inhibitors against
the viral protease;”**® this study implies that this strategy may not be sufficient to prevent polyprotein

cleavage and the propagation of the virus.
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The above examples of virus-targeting probes were designed by mimicking the natural substrate of the
enzyme: either carbohydrates or peptides. However, viral polymerases and transcriptases play essential
roles in the viral life cycle, and therefore represent important targets both for the study of viral function
and for the development of novel drugs.””'® One of the most-targeted viral enzyme in HIV drug
therapies is the reverse transcriptase (RT).! A nucleic acid-mimetic probe was recently developed
which labels the active form of this enzyme favourable compared to the inactive form. Furthermore, by
conjugating this probe with a known RT inhibitor to form a bifunctional molecule, a significant increase

to the inhibition of the RT potential was achieved.!*

1.8 Conclusions

Over the past decades, activity-based protein profiling has proven to be a useful chemical proteomics
tool for the interrogation of the role enzymes play in viral infection, providing information not otherwise
accessible by traditional genomic and proteomic methods. ABPP has been used to quantify enzymatic
activity, detect changes in the localisation of active enzymes, identify protein-protein interactions
regulating activity, and assign novel functionalities to proteins playing important roles in viral infection.
When considered as a part of a larger body of research, they have greatly contributed to our understanding

of viral infection and host response.

1.9 Thesis objectives

The hepatitis C virus, as of 2015, is thought to currently infect over 70 million people world-wide.
Approximately 20% of chronically infected individuals will develop severe complications, the most
common of which are decompensated cirrhosis of the liver and hepatocellular carcinoma.'?” These are
the result of HCV-induced dysregulation of intracellular systems, which occurs as the virus attempts to
alter the cellular environment to favour the production of novel virions and to avoid the immune response

mounted by the host. Infected cells display an increase in the unfolded protein response as well as
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autophagy, while the mitochondrial network is fragmented in order to mitochondrially-mediated immune
activation.! As discussed earlier in this chapter, the lipid profile and metabolism of the cell undergo a
significant alteration, which results in the establishment of a pro-viral and pro-oncogenic environment.!'%
In addition to the hepatic pathologies mentioned above, the compromised function of the liver results in
myriad extrahepatic morbidities, including diabetes, renal disease, and cardiovascular disease, among

others. !

To gain a better understanding of how these dysregulations of cell systems occur, activity-based protein
profiling has been applied to identify modulations of enzyme activity resulting from host-pathogen
interactions during infection by the hepatitis C virus. In the second chapter, a kinase-directed probe is
used to profile broadly profile changes to the activity of kinases from a range of cellular pathways during
viral replication. In the third, the functions of a targeted activity-based probe are expanded to interrogate
protein-protein interactions of active enzymes during viral replication, as well as report on their catalytic
activity. In the fourth chapter, an activity-based probe is used to identify functional effectors of a virally-
modulated microRNA, miR-27b. The nature of the links between these effectors, miR-27b, and the
propagation of the hepatitis C virus is investigated. In the fifth chapter, future research to characterise
the mechanisms of virus and miRNA mediated alteration of enzyme activity as well as the results of these

alterations are discussed.
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2.2 Summary

To complete its life cycle, the hepatitis C virus (HCV) induces changes to numerous aspects of its host
cell. As kinases act as regulators of many pathways utilized by HCV, they are likely enzyme targets for
virally induced inhibition or activation. Herein, we used activity-based protein profiling (ABPP), which
allows for the identification of active enzymes in complex protein samples and the quantification of their
activity, to identify kinases that displayed differential activity in HCV-expressing cells. We utilized an
ABPP probe, wortmannin-yne, based on the kinase inhibitor wortmannin, which contains a pendant
alkyne group for bioconjugation using bio-orthogonal chemistry. We observed changes in the activity of
kinases involved in the mitogen-activated protein kinase pathway, apoptosis pathways, and cell cycle
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control. These results establish changes to the active kinome, as reported by wortmannin-yne, in the
proteome of human hepatoma cells actively replicating HCV. The observed changes include kinase
activity that affects viral entry, replication, assembly, and secretion, implying that HCV is regulating the

pathways that it uses for its life cycle through modulation of the active kinome.

2.3 Introduction

The hepatitis C virus (HCV) is a small, positive-sense RNA virus consisting of a 3’ and 5’ untranslated
region (UTR) flanking a coding region for a polyprotein, later cleaved into three structural and seven
non-structural proteins.! It currently infects between 2 and 3% of the global population and presents a

' No vaccine is currently available.?

global health threat in both developed and undeveloped countries.
Although recent direct-acting antivirals (DA As) currently show promise, with a cure rate between 70 and
95%,? their long-term therapeutic potential is limited by the virus’s high heterogeneity, which leads to a
low barrier to drug resistance and the development of escape mutants. Furthermore, DAAs display
different degrees of success in producing a significant reduction in viremia across the various HCV
genotypes.” The development of host-targeting antivirals addresses this issue, targeting aspects of the
host cell required for viral propagation and thereby reducing the possibility of escape mutants when used
in conjunction with DAAs. To propagate efficiently, HCV must alter the host cell machinery it uses to
enter, replicate, assemble, and secrete from the cell.!* Investigating host factors required for replication
and infection allows for a better understanding of how HCV and related RNA viruses utilize host cells
and can serve as targets for the development of host-targeting antivirals. Many of the biochemical

pathways HCV needs to manipulate to create a pro-viral environment are controlled by kinases, which

are therefore attractive targets both for the virus and for drug therapies.

HCYV has been shown to depend on the activity of a wide variety of kinases. These kinases include C-

Src kinase (CSK),> cell cycle regulatory kinases,® choline kinases,” and phosphatidylinositol
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4 Kinases involved in the AKT-PI3K pathway,'>!® mitogen-activated protein kinase

4-kinases.®!
pathway,”!> and apoptotic pathway,'> as well as kinases that act as growth factors and initiation factors,’
have also been implicated. Alternatively, certain kinases have been shown to act as HCV suppressors,

such as protein kinase C and casein substrate in neurons 1 (PACSIN 1), cyclin-dependent kinase

regulatory subunit, and a kinase in the MAPK pathway, mitogen-activated protein kinase kinase 5.!”

It has been shown that, as a result of this dependence, HCV modifies the activity of numerous kinases to
promote the production of new virions. The activities of pro-viral kinases, such as phosphoinositide
kinases PI3K,'® 20 PI4KA, and, potentially, PI4KB,'*?!?* are up-regulated by HCV to create an
environment more favourable for the various stages of the viral life cycle. To the same end, HCV is also
known to suppress kinase activity to inhibit the NF-kB pathway, the insulin signalling pathway, and
immune response, where affected proteins include protein kinase R and inducible IxB kinase.”*>2
However, the effect of viral infection on the activity of many kinases shown to play a role in HCV
infection has yet to be determined. The identification of kinases that display differential activity in

response to HCV infection allows us to elucidate the mechanisms by which HCV propagates and to

identify novel drug targets not previously associated with HCV.

As the activities of kinases are regulated by a number of post-translational regulatory mechanisms, it is
necessary to use methods that go beyond traditional abundance-based proteomics to obtain an accurate
portrait of changes in the state of the cell. Activity-based protein profiling (ABPP) uses probes with

active-site directed reactive groups, typically based on previously identified inhibitors, to assess the
catalytic ability of target enzymes.?®?° The development of rapid, bio-orthogonal “click” chemistry has
made it possible to attach the bulky reporter tag to the probe after labelling to increase the permeability
of the activity-based probe. ABPP can be combined with stable isotope dimethyl labelling followed by

LC-MS/MS, a high-throughput method by which proteins can be identified and their relative quantities
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across two samples compared, to identify enzymes that display differential activity between two

24,32-35

samples.’®*! ABPP has previously been used in the labelling and identification of kinases and in

the context of viral infections®**¢*! to label and quantify the activity of enzymes and kinases

specifically.?*?7

Wortmannin (Fig 2.1a) is a small fungal-derived molecule that acts as an irreversible inhibitor against a
range of kinases in the phosphoinositide kinase family of enzymes, as well as members of the protein-
phosphorylating phosphoinositide 3-kinase related kinase (PIKK) family.** It has also been shown to
have antiviral properties against HCV®!® and should therefore be capable of targeting kinases relevant to
the life cycle of HCV. Wortmannin inactivates its target enzymes through the formation of a covalent
bond with a catalytic lysine residue.** The formation of this covalent bond between wortmannin and an
active enzyme allows a modified wortmannin molecule to act as a selective label of specific active
kinases. It has previously been modified to act as an activity-based probe and has been shown to report
on the activity PI3K, polo-like kinase of 1, and DNA-dependent protein kinases.***> In this paper, we
used a wortmannin-based probe, wortmannin-yne, (Fig 2.1b) to investigate the activity of kinases in
response to HCV infection. The activity dependent labelling of a range of kinases is demonstrated, and
we show that HCV induces a change in the activity of several kinases implicated in viral infection,

metabolism, hepatic disorders, and cell stress response.

2.4 Methods
Wortmannin-yne was synthesized as previously reported.?* The inclusion of the tethered alkyne was
shown to not adversely affect targeting of wortmannin. Wortmannin-yne continues to covalently bind to

the active sites of phosphatidylinositide and other kinases.?
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Figure 2.1: Probes used to target active kinases and schematic of the HCV replicon used. A)
Wortmannin; B) wortmannin-derived clickable ABPP probe, wortmannin-yne, containing a bio-
orthogonal alkyne moiety. C) Schematic representation of the HCV model, bicistronic full-genomic
replicon with an S2204I adaptive mutation in NS5A (Huh7.5-FGR)
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2.4.1 Cell Culture and Reagents

The human hepatoma cell line Huh-7.5 was grown in DMEM supplemented with 100 nM nonessential
amino acids, 50 U/mL penicillin, 50 pg/mL streptomycin, and 10% FBS (CANSERA, Rexdale, ON,
Canada). The Huh-7.5 cells stably expressing the full genomic replicons (genotype 1B, conl), a kind
gift from Dr. Charles Rice (Rockefeller University, New York, NY, USA), were maintained in the same
culture medium supplemented with 250 pg/mL G418 Geneticin (GIBCO-BRL, Burlington, ON,

Canada).

2.4.2 Proteome Extraction and Labelling

Confluent cells (90—100%) were washed and pooled in ice-cold cell culture lysis buffer (1% Triton-X,
10 mM sodium phosphate buffer (PBS), pH 7.4). Cells were then lysed by sonication (30% duty cycle,
15 pulses, Sonifier 250, Branson Ultrasonic). The proteome extract was cleared by centrifugation at
20000g and 4 °C for 5 min, quantified with the DC protein assay (Bio-Rad), and diluted to 1 mg/mL for
the fluorescent gels or to 2 mg/mL for the activity pulldowns. Proteome samples were treated with 10
uM wortmannin-yne for 1 h at room temperature. Competitive inhibition samples were incubated

with 200 uM wortmannin for 30 min at 37 °C prior to labelling. Copper-catalysed azide-alkyne click
chemistry and streptavidin enrichment of labelled samples were performed as previously described,*

with the addition of an acetone precipitation step after the click reaction.

2.4.3 Preparation for Mass Spectrometry

On-bead samples were washed with 50 mM ammonium bicarbonate (ABC) and reduced with 10 mM
DTT in 50 mM ABC for 15 min at 65 °C. Samples were rotated with 25 mM iodoacetamide in the dark
at room temperature for 30 min. The samples were pelleted, the supernatant was discarded, and the beads
were washed with ABC. Samples were digested for 16 h in 10 ng/uL trypsin in ABC and analysed by

mass spectrometric analysis.

44



2.4.4 Dimethyl Labelling

“Light”-labelled peptides were mixed with formaldehyde (0.16%) and sodium cyanoborohydride (0.025
M). “Heavy”-labelled peptides were mixed with '3C deuterated formaldehyde (0.16%) and sodium
cyanoborodeuteride (0.025M). The samples were rotated for 1 h at room temperature, and the reaction
was quenched by the sequential addition of ammonia solution (0.13%) and formic acid (0.32%). Samples

were mixed and cleaned in a reverse-phase tC18 Sep-Pak column (Waters, Milford, MA, USA).

2.4.5 Reversed-Phase Liquid Chromatography (RP-LC)

An Agilent 1100 capillary-HPLC system (Agilent Technologies, Santa Clara, CA, USA) was hooked up
with an LTQ-Orbitrap mass spectrometer (Thermo Electron, Waltham, MA, USA). The solvent system
consists of buffer A (0.1% formic acid (FA) in water) and buffer B (0.1% FA in acetonitrile). Dried-
down protein digest was acidified with 0.5% (V/V) FA and loaded on a 75 pm i.d. x 100 mm fused silica
analytical column packed inhouse with 3 um ReproSil-Pur C18 beads (100 A; Dr. Maisch GmbH,
Ammerbuch, Germany) at a flow rate of 2 pL/min for 15 min. A flow of 20 uL/min from HPLC was
split into 200 nL/min to perform the peptide separation. Gradient elution was set as 5—35% buffer B
over 2 h for the on-bead digestion and over 1 h for the in-solution digestion, followed by 2 min at 100%

buffer B and 10 min at 2% buffer B to re-equilibrate for the next run.

2.4.6 MS Analysis

An LTQ-Orbitrap mass spectrometer (ThermoFisher Scientific, San Jose, CA, USA), equipped with a
nanoelectrospray interface, was operated in positive ion mode. The spray voltage was set to 2.0 kV and
the temperature of the heated capillary was 200 °C. The instrument method consisted of one full MS
scan from m/z 300 to 1700, followed by data-dependent MS/MS scan of the five most intense ions, a
dynamic exclusion repeat count of 1 in 30 s, and an exclusion duration of 90 s. The full mass was scanned

in Orbitrap analyser with R = 60000 (defined at m/z 400), and the subsequent MS/MS analyses were
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performed in the LTQ analyser. All of the measurements in the Orbitrap mass analyser were performed
with a real-time internal calibration by the lock mass of background ion 445.120025 in order to improve
mass accuracy. The charge state rejection function was enabled, and charge states with unknown and
single charge state were excluded for subsequent MS/MS analysis. All data were recorded with Xcalibur

software (ThermoFisher Scientific, San Jose, CA, USA).

2.4.7 Data Analysis, Mascot

All raw files were converted into .mgf files by Proteomics Tools7 and searched using Mascot. Cysteine
carbamidomethylation was selected as a fixed modification and the methionine oxidation and protein N-
terminal acetylation were selected as variable modifications. Enzyme specificity was set to trypsin,
allowing for up to two missing trypsin cleavages not allowing for cleavage of N-terminal to proline. The
precursor ion mass tolerances were 7 ppm, and fragment ion mass tolerance was 0.8 Da. The .dat files
generated by Mascot were parsed and filtered by BuildSummary4 using a peptide FDR of 1% and a
minimum length of six amino acids for peptide identification. All of the identifications from reversed

database were removed.

2.4.8 Western Blotting

Labelled proteins were removed from beads by boiling at 95°C in gel loading buffer (0.1 M Tris, pH 6.8,
10% glycerol, 4% SDS, 0.02% bromophenol blue, 30 mM DTT) for 10 min. Samples were resolved by
SDS-PAGE under reducing conditions (10% gel) and transferred to a Hybond-P PVDF membrane
(Amersham Biosciences). The membranes were blocked using 2.5% bovine serum albumin (BSA) in
Tris-buffered saline (TBS) with 0.05% Tween-20. Membranes were incubated with MAPKI1 (1:500)
(Santa Cruz), Akt (1:500) (Cell Signalling), or PTP1D (1:4000) (BD Biosciences) in 3% milk in TBST

at 4°C overnight. Membranes were subsequently incubated for 1 h with donkey or mouse monoclonal
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antibodies (Jackson ImmunoResearch Laboratories) diluted in 3% milk in TBST. Signal was generated

using the ECL Plus Western Blotting System (GE Healthcare) as recommended by the manufacturer.

2.4.9 In Vitro 1D Fluorescent Gel Analysis

Cell lysates were treated with 10 uM wortmannin-yne in DMSO for 1 h at room temperature. The
copper-catalysed azide—alkyne click reaction was performed by incubation with click buffer (200 uM

rhodamine azide, 2 mM TCEP-HCI, 200 uM TBTA, 2 mM CuSO04) at 25 °C for 1 h with mixing.
Following the incubation, the reaction was quenched by acetone precipitation, and the sample was dried
and resolved by SDS-PAGE using a 10% acrylamide gel. Gels were scanned with FM BIOIII Mutiview

scanner (Hitachi) and stained with Coomassie.

2.5 Results and Discussion

To understand the dependence of HCV on host factors and to develop new monitoring and treatment
strategies, it is necessary to identify novel host—virus interactions. To this end, we have searched for
host factors that are required for viral propagation. The perturbation of individual enzymes or pathways
provides useful clues as to the identity of targetable host factors that are required by the virus. By
measuring catalytic activity, the functional end-point of all enzymes, and also the effector of the methods
by which enzymatic activity can be regulated, ABPP methods provide a more accurate portrait of the

proteome alterations made by HCV.

2.5.1 Proteome Labelling Using Wortmannin-yne

To test the efficacy of wortmannin-yne as a probe in a complex mixture of proteins, Huh7.5 cell lysates
were labelled in vitro with various concentrations of wortmannin-yne and tagged with a fluorescent

marker. Wortmannin-yne labelled numerous targets and showed most effective labelling at 10 uM.
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Competitive inhibition with wortmannin and heat denaturation both resulted in a decrease in wortmannin-

yne labelling (Fig 2.2).

The inhibition of wortmannin-yne labelling by protein denaturation indicates that wortmannin-yne acts
as an activity-based probe, whereas the inhibition of numerous bands by the competitive inhibitor
wortmannin indicates that the target range of the probe retains significant similarity to the parent
molecule. The presence of uninhibitable bands is due to structural differences between the inhibitor
wortmannin and the probe-wortmannin-yne, which results in a slight difference in the range of enzymes
targeted, consistent with previous results.***> The Coomassie stain showed similar band intensities in

every lane, indicating identical amounts and composition of protein in each sample (Fig 2.2c).

2.5.2 Wortmannin-yne Target ldentification by Comparative ABPP

To assess changes in kinase activity caused by HCV, naive Huh7.5 and Huh7.5 cells expressing the full
genomic replicon, Huh7.5-FGR (Fig 2.1c), were lysed and the proteomes labelled in vitro with
wortmannin-yne. The lysates were subsequently tagged with biotin-azide via copper-catalysed click
chemistry. The labelled proteome was separated from the unlabelled proteome by affinity pull-down and
analysed by LC-MS/MS. The relative kinase activities of the HCV replicon-containing and naive
samples were determined by calculating the ratio of the spectral counts from the two samples. Due to the
low number of spectral counts per hit, this method yielded only semi-quantitative results (Tables 2.1 and

2.2)4

To confirm our results, we used a method that combines ABPP with dimethyl labelling followed by mass
spectrometry.3! As shown in Fig 2.3, the tryptic digests of the wortmannin-yne labelled proteomes were
dimethylated with either “heavy” or “light” formaldehyde, then combined and analysed by LC-MS/MS.

To eliminate bias caused by the nature of the stable isotope label, the dimethyl labelling was performed

48



A
WM-yne (1uM)

WM (uM)

250 kDa
150 kDa

100 kDa
75 kDa

50 kDa

37 kDa

25 kDa

A

+

B

WM-yne (10pM) + + +
WM (uM) - 200
A+ -

250 kDa
150 kDa

100 kDa
75 kDa

50 kDa

37 kDa

25 kDa

C
WM-yne (1uM)
WM ( pM

250 kDa —
150 kDa —

100 kDa —
75 kDa—

50 kDa—

37 kDa—

25 kDa—

Figure 2.2: Wortmannin-yne labelling of Huh7.5 proteome. Huh7.5 cell lysates were pre-incubated
with the competitive inhibitor wortmannin (WM) at 37 °C for 30 min or heat denatured for 10 min
(symbolized by A) before incubation with increasing concentrations of wortmannin-yne (WM-yne) and
subsequent attachment of a fluorescent rhodamine tag via click chemistry. Labelled proteomes were
visualized by fluorescent scanning at 65% sensitivity for samples labelled with 1 uM wortmannin-yne
and at 50% sensitivity for samples labelled by 10 pM wortmannin-yne. Proteins exhibiting decreased
labelling in the presence of inhibitor are marked by an asterisk.
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in reciprocal pairs: one sample contained “light”-labelled peptides from Huh7.5 cells and ‘“heavy”-
labelled peptides from Huh7.5-FGR cells, and the other pair contained “heavy”-labelled peptides from
Huh7.5 cells and “light”-labelled peptides from Huh7.5-FGR cells. The peak intensities for the identified
proteins were used to calculate the ratio of the enzymes’ activities between Huh7.5 and HCV-containing
cells. Wortmannin-yne labelling demonstrated differential activity in a large number of enzymes,

enabling the assessment of HCV-induced changes in activity of numerous enzymes using a single probe.

TOPPGENE enrichment analysis was conducted on protein hits. Analysis of kinases displaying
differential activity showed that HCV activates kinases involved in the mitogen-activated protein kinase
(MAPK) pathway, cell cycle regulation, and tumour suppression (Table 2.3). Other individual kinases
that had previously been associated with HCV entry, replication, and assembly were also identified and

demonstrated differential activity in the presence of HCV (Tables 2.1 and 2.2).

2.5.3 Kinases Involved in Insulin Signalling

The protein kinase Akt acts as a central hub between extracellular signals and the regulation of several
cellular pathways, the most significant of which is insulin signaling.*® Comparative ABPP by MS shows
an HCV-mediated decrease in the activity of protein kinase Akt. (Table 2.1) Glycogen synthase kinase
3 beta (GSK3p), a downstream target of insulin signalling that inhibits insulin-mediated glycogen
synthesis,* displayed increased activity in HCV-expressing cells. (Table 2.2) These results are consistent

49,50

with hypothesized mechanisms for hepatitis C associated insulin resistance and agree with previous

research, which showed that HCV proteins decrease Akt activity while increasing GSK3 activity.'®>!-
3¢ Contrary to these findings, other researchers have shown that HCV increases the activity of Akt!>’

and that GSK3 is inactivated in cells expressing either the HCV core protein®® or the sub-genomic HCV

replicon.*
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Figure 2.3. Scheme of the activity-based protein profiling methods used to identify differentially
active kinases. (A) The active proteome isolated from naive hepatoma cells or hepatoma cells stably
expressing an HCV replicon is labelled by wortmannin-yne and subsequently attached to an affinity tag.
The tagged proteome was isolated by affinity pull-down digested by trypsin. Peptides could be analysed
by LC-MS/MS or undergo further manipulation. (B) Additional steps were used in ABPP-dimethyl
labelling. Digested peptides are labelled with either “light” or “heavy” formaldehyde. The samples are
mixed and the targets identified and quantified by LC-MS/MS.
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Table 2.1: Kinases Displayed Down-Regulated Activities in Hepatoma Cells Expressing the HCV

Full-Genomic Replicon

Dimethyl labelling
Protein Names Gene Accession  Spectral Trial 1° Tr:)al Mean
Names # counts® 2
Dual specificity mitogen- |\ ypoi g 02750 0/1
activated protein kinase
RAC-beta se;rme;/ threonine- AKT?2 P31751 /1
protein kinase
Serine/threonine-protein PAK2 Q13177 /1
kinase PAK 2
Cyclin-dependent kinase 2 CDK2 P24941 0/1
Casein klgf‘;gan subunit | ~NgoAT  QSUSI2 6/12 0.45 077 0.6l
Cy"hn'depigdent Kinase | ppis Q07002 0.60 075  0.65
Phosphatidylinositol 5- 1 5151004 pagansg 039 092 0.6
phosphate 4-kinase type-2
Casein kinase [T subunit | gnons  p1o784 3/5 0.61 083  0.72
alpha
Cyclin-dependent kinase 1 CDK1 P06493 0.58 0.75 0.66
Mitogen-activated protein | \yapgy  pogago 3/7 0.81  1.03 092
kinase 1
UMP-CMP kinase CMPK1 P30085 4/6 0.72 0.74 0.73
Bifunctional ATP- DAK  Q3LXA3 21 0.54 067 0.3
dependent

¥Kinase activity is reported as the fraction of the spectral count from Huh7.5-FGR cells over the spectral

count of Huh7.5 cells.

®The reported ratio for one trial is the mean of a reciprocal pair of samples. One sample contained “light”-
labelled peptides from Huh7.5 cells and “heavy”’-labelled peptides from Huh7.5-FGR cells, and the other
contained “heavy”-labelled peptides from Huh7.5 cells and “light”-labelled peptides from Huh7.5-FGR

cells
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Table 2.2: Kinases That Displayed Up-Regulated Activities in Hepatoma Cells Expressing the HCV
Full-Genomic Replicon

Dimethyl labelling
Protein Names Gene Accession Spectrz;l T1®> T2® Mean
Names counts
6-phosphofructokinase, muscle type PFKM P08237 3/1 0.97 122 1.10
Calcium/calmodulin-dependent
protein kinase type Il subunit delta CAMKZD Q13557 212 L711.85 178
Phosphoenolpyruvate carboxykinase
[GTP]. mitochondrial PCK2 Q16822 1/1 132 2.62 1.97
6-phosphofructokinase, liver type PFKL P17858 1.58 1.74 1.66
Cyclin-G-associated kinase GAK 014976 1.70  2.35 2.02
Nucleoside diphosphate kinase A NMEI1 P15531 1/0 2.19 278 2.38
RAC-beta serlnf:/threonlne—proteln AKT? P31751 10
kinase
Calcmm/cglmgduhn-dependent CAMKI Q14012 10
protein kinase type 1
Calmodulin CALMI HOY7A7 1/0
cAMP-dependent protein klnage type | PRKARI P10644 10
I-alpha regulatory subunit A
Serine-protein kinase ATM ATM QI3315 1/0
Cell cycle progression restoration TBRG4 Q96920 10
protein 2
Glycogen synthase kinase-3 beta GSK3B P49841 2/0

¥Kinase activity is reported as the fraction of the spectral count from Huh7.5-FGR cells over the spectral
count of Huh7.5 cells.

®The reported ratio for one trial is the mean of a reciprocal pair of samples. One sample contained “light”-
labelled peptides from Huh7.5 cells and “heavy”-labelled peptides from Huh7.5-FGR cells, and the other
contained “heavy”-labelled peptides from Huh7.5 cells and “light”-labelled peptides from Huh7.5-FGR
cells
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Table 2.3. Pathways Identified by TOPPGENE Gene Enrichment Analysis

Pa thway Name pValue Ngenes Ngenes Ratio labelled to
input annotation pathway genes
ERK activation 7.81E-08 3 5 0.60
RAF/MAP kinase cascade 9.31E-07 3 10 0.30
Condensation of Prometaphase 1 70E-06 3 12 0.25
Chromosomes
RB Tumor Suppressor/Checkpoint
Signaling in response to DNA damage 2.21E-06 3 13 0.23
Cat++/ Calrr}odulln-dgper}dent Protein 2 R1E-06 3 14 021
Kinase Activation
GRB2 events in EGFR signalling 2.81E-06 3 14 0.21
SOS-mediated signalling 2.81E-06 3 14 0.21
Signalling to p38 via RIT and RIN 3.51E-06 3 15 0.20
SHC-mediated signalling 3.51E-06 3 15 0.20
SHC1 events in EGFR signalling 3.51E-06 3 15 0.20
Cell Cycle: G1/S Check Point 2.79E-07 4 28 0.14
Signal transduction by L1 7.07E-07 4 35 0.11
NFAT and Hypertrophy of the heart
(Transcription in the broken heart) 9-38E-10 6 >4 0.11
fMLP induced chemokine gene
expression in HMC-1 cells 8.90E-07 4 37 0.11
Fc Epsilon Receptor I Signalling in
Mast Cells 1.11E-06 4 39 0.10
IFN-gamma pathway 1.23E-06 4 40 0.10
Bioactive Peptide Induced Signalling 1 65F-06 4 43 0.09
Pathway
IL-7 Signalling Pathway 1.81E-06 4 44 0.09
Glioma 1.83E-07 5 65 0.08
EGEFR signalling pathway 1.88E-08 6 88 0.07
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Prior studies assessed the activities of Akt and GSK3[ by measuring the activating phosphorylations of
Akt Thr308 and Ser473 and the inactivating phosphorylation of GSK Ser9 by Akt. However, recent
research has shown that this is not an accurate measurement of the activity of these kinases, as additional
post-translational modifications can modulate Akt or GSK3p independently of phosphorylation,*3:4%:60-61

The use of comparative ABPP avoids these potential sources of inaccuracy, as the activities of the

enzymes themselves are necessary for labelling.

2.5.4 Kinases Essential to Host Cell Metabolism

Key metabolic regulatory kinases displayed differential activity in the presence of HCV.
Phosphoenolpyruvate carboxykinase (PCK2), a key rate-limiting enzyme in hepatic gluconeogenesis,’’
showed increased activity in HCV-infected cells. This agrees with previous research, which showed that
PCK2 has higher transcription and protein levels in HCV-expressing cells.”’**>  Additionally, two
isoforms of ATP-dependent 6-phosphofructokinase (PFKM and PFKL), an enzyme whose activity
positively regulates the rate of glycolysis,*® were also labelled by the wortmannin probe. Quantification
by spectral counting showed a three-fold increase in PFKM activity in HCV-replicon cells. This result
was not supported by the intensity comparison method used in the dimethyl labelling, which showed
only a modest increase in activity. The dimethyl labelling experiments did, however, show an average
66% increase in the activity of PFKL, the more abundantly expressed liver isoform. Increases in

phosphofructokinase activity have previously been shown in biopsy samples from patients suffering from

acute hepatitis.**

2.5.5 Kinases Involved in the MAPK Pathway

Both spectral counting and dimethyl-labelling quantification revealed altered activity in MAPK
pathways kinases. As shown in Table 2.1, the activities of mitogen-activated protein kinase 1 (MAPK1)

and dual specificity mitogen-activated protein kinase kinase 1 (MAP2K1), the kinase that activates
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MAPK1,% were downregulated in HCV-containing cells compared to naive cells. (Table 2.1) Pathway
enrichment analysis of differentially active kinases indicates that the MAPK pathway is strongly

inhibited by HCV. (Table 2.3)

To confirm that MAPK1 activity is decreased in HCV replicon samples, active kinases of Huh7.5 and
Huh7.5-FGR cells labelled with wortmannin-yne were isolated by affinity enrichment and detected by
western immunoblotting to confirm both the wortmannin-yne labelling of MAPK pathway kinases and
the dimethyl-labelling-based quantification of activity. MAPK1 showed a decrease in activity in Huh7.5-
FGR cells, which agrees with the mass spectrometry quantification (Fig 2.4). A decrease in MAPK1
abundance was also observed, suggesting that the decrease in MAPKI1 activity is due to lower

transcription levels and not solely due to post-translational regulation.

These results are in agreement with previous studies, which have shown that expression of the HCV
replicon inhibits the activation of the MAPK pathway via interaction between non-structural protein SA
(NS5A) and upstream regulators, and that the chemical inhibition of MAP2KI increases HCV
replication.!>®>%® In addition to confirming that the MAPK pathway is inhibited by HCV replication,
these results show that the wortmannin-yne probe is a valuable tool, which can be used to assess the

activation of the MAPK pathway in Huh7.5 cells.®"

2.5.6 Kinases Implicated in Cell Cycle Regulation

HCYV has previously been shown to decrease the proliferation of hepatocytes by inhibiting cell cycle

71-74 " Comparative ABPP with wortmannin-yne revealed multiple perturbations in the

progression.
activity of cell cycle regulatory proteins. Cyclin-dependent kinase 1 (CDK1), which facilitates the onset
of mitosis,”® and cyclin-dependent kinase 2 (CDK2), which promotes passage through the G1/S barrier,”®

both displayed decreased activity in the presence of HCV (Table 2.1). This is in agreement with previous
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Figure 2.4: Western blot analysis of wortmannin-yne pulldown in HCV expressing cell lines. Cell
lysate proteins probed with wortmannin-yne were affinity enriched, separated using SDS-PAGE, and

probed with antibodies against MAPK1 and PTP1D.
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research, which showed that chemical inhibition of CDK2 increases viral replication.’® Cell cycle
restoration protein 2 (TBRG4), a kinase that has been shown to block cell cycle arrest at the G1/S
barrier,”” was activated in the presence of HCV (Table 2.2). Altogether, this suggests that in the presence
of HCV, normal cell cycle progression is perturbed via the inhibition of CDK1 and CDK2 and that cell

cycle progression is rescued by the activation of the cell cycle progression restoration protein 2.

Kinases regulating apoptosis also displayed differential activation. Serine protein kinase ATM (ATM)
demonstrated higher activity in HCV-expressing cells (Table 2.2). ATM is a regulator of multiple
pathways leading to cell cycle arrest and apoptosis. It has previously been shown to be activated and to
promote cell cycle arrest and apoptosis in response to high lipid levels and oxidative stress, both
conditions caused by HCV.!"7 The activities of two subunits of casein kinase II, (CSNK2) another

O were decreased

kinase that has been shown to play a role in cell cycle arrest and promotion of apoptosis,®
in the presence of HCV (Table 2.1). Our data suggest that the high lipid levels and oxidative stress
caused by HCV activate ATM, promoting cell cycle arrest and apoptosis. The activation of the pro-
apoptotic pathways may be countered in part by the inhibition of CSNK2, as the depletion of CSNK2

has previously been shown to bypass cell cycle arrest.®

2.5.7 Kinases Associated with the Assembly of HCV Infectious Particles

Two kinases identified by wortmannin-yne labelling, CSNK2 and cyclin-G associated kinase (GAK),
have previously been associated with HCV assembly. GAK is a kinase that has been shown to promote
both viral entry and viral assembly, but does not affect replication.3!8? Table 2.2 shows that it displayed
increased activity in Huh7.5-FGR cells, suggesting that GAK activity is up-regulated by HCV to promote

efficient assembly of viral particles and to help enable viral entry during the cycle of infection.
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Assembly of HCV infectious particles is regulated by the viral protein NS5A, which acts as a switch
between HCV replication and assembly, promoting virion assembly when hyperphosphorylated.®?
CNSK?2 has been shown to phosphorylate NS5A and promote the switch from viral replication to viral

assembly.®®> Our results indicate that CSNK2 displayed reduced activity in Huh7.5-FGR cells (Table
2.1), which replicate the HCV genome but do not assemble or secrete infectious particles.** Previous
research has shown that a decrease in casein kinase activity can increase the production of infectious
viral particles.®> Taken together, this suggests that in cells in which HCV replication occurs, CSNK2
activity is downregulated to promote the continued replication of the virus. This is consistent with the

notion that CNSK2 acts as a master regulator of replication of HCV.

In this paper, we have shown that wortmannin-yne is capable of acting as a probe for high-throughput
identification of individual kinases that have altered enzyme activity during HCV replication. As
numerous kinases can be labelled by wortmannin-yne, this probe is a valuable tool that can be used to
assess differences in both the activity of individual kinases and activation of signalling pathways, for
instance, the insulin signalling pathway and the MAPK pathway. Using wortmannin-yne to perform
activity-based profiling of HCV genomic replicon expressing cells, we have shown that HCV replication
inhibits MAPK signalling and misregulates other enzymes, such as kinases involved in cell cycle control
and in tumour suppression, as summarized in Fig 2.5. These kinases represent not only biomarkers for
HCYV infection but also potential targets for the development of new drug therapies. The misregulation
of kinase signalling appears to be important both for the remodelling of the cell by HCV and for the host
cell’s response to these alterations. These changes occur in the host cell as a result of the expression of
the complete viral proteome and of viral replication and, as such, can be assumed to be representative of
the effects of HCV infection. The replicon system used herein expresses all of the HCV genome and
forms active replication complexes; however, it does not assemble or secrete virions. Thus, there may be

some additional changes within the active kinome during a real infection in the human liver in the context
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Figure 2.5: HCV-induced change in Kinase activity affects host and host—virus interactions. RAC-
B serine/threonine-protein kinase (AKT), glycogen synthase kinase 3-f (GSK3p), cyclin-dependent
kinases (CDK), cyclin-G associated kinase (GAK), cell cycle progression restoration protein (TBRG4),
casein kinase (CSNK), serine protein kinase ATM (ATM), and mitogen-activated pathway kinases
(MAPK) displayed altered activity in HCV-replicon containing cells when probed with activity-based
probe wortmannin-yne, leading to the misregulation of host pathways.
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of the changes in enzyme activity measured herein. We are currently exploring the mechanistic aspects

of these changes in activity.
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3.2 Summary

Protein-protein interactions are integral to host-virus interactions and can contribute significantly to
enzyme regulation by changing the localization of both host and viral enzymes within the cell, inducing
conformational change relevant to enzyme activity, or recruiting other additional proteins to form
functional complexes. Identifying the interactors of active enzymes using an activity-based protein
profiling probe has allowed us to characterise both normal enzyme activation mechanisms, and the
manner by which these are mechanisms are hijacked and altered by the hepatitis C virus (HCV). Here
we report use of a novel activity-based probe, PIKBPyne, which labels PIKs in an activity-based manner,
to investigate HCV-dependent changes in protein-protein interactions for PI4KB. Herein, we report the
synthesis of new variations on PIKBPyne, compare their ability to label the interacting partners of PIKSs,
and demonstrate the utility of our approach in characterizing virus-mediated changes to host function.
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3.3 Introduction

Protein-protein interactions play an important role host-virus interactions, including the hepatitis C virus
(HCV), and are involved in the regulation of cellular growth and function, such as cell division and liver
development and regeneration,'? viral and cancer pathogenesis,** and the activation and evasion of the
immune system.>* Modulation of these interactions has become a focus for the development of novel
therapeutics, and new drugs which disrupt key interactions are currently being developed.’”’ The
development of tools which enable the identification and characterization these interactions is therefore

of great interest.

Photo-affinity labelling (PAL) is a technique which uses a photo-activatable crosslinking group to induce
covalent bonds to target proteins.®? Benzophenone, one of the most commonly used crosslinking groups,
forms a radical upon irradiation with light at 365 nm which is able to react with amino acids or
nucleotides.!® It is widely used as a crosslinking group due to its selectivity, stability, compatibility with

many synthetic strategies, and mild photoactivation conditions.”!!

Incorporation of a benzophenone-
containing unnatural amino acid into an engineered protein has previously been used to probe protein-
protein interactions.'?'* This strategy, while effective, relies on the expression of the protein of interest
at higher than physiological levels. To avoid exogenous protein overexpression, recent research has
focused on the development of small molecule probes. PAL probes have previously been used to label
and characterise exchange factors, binding proteins, and enzymes in lysates and live cells.®!>"?? Certain
probes have additionally been shown to be able to detect protein-protein interactions between a protein
of interest and its regulators, or specialized interactions dependent on the presence of post-translational
modifications.'?* This ability to label enzymes either in situ or with minimal disruption enables the

capture of transient or easily disrupted interactions, a clear advantage over other techniques such as co-

immunoprecipitation.
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Activity-based probes (ABPs) are small molecules typically based on covalent active-site enzyme
inhibitors that either require enzyme activity to catalyse protein labelling or report on the active form
using other molecular approaches including PAL.?* These probes are typically then modified to contain
a reporter group using bio-orthogonal chemistry.?* In order to make probes out of non-covalent
inhibitors, inhibitors have been combined with PAL to form new activity-based probes.?>?’ The first
such example, from the Cravatt group, was a series of probes against histone deacetylaces (HDAC) used

for photo-inducible enzyme labelling.?>

It was subsequently demonstrated that these probes, in
addition to labelling the target enzyme, were also capable of labelling the target’s associated proteins,
and could therefore identify any proteins which interacted with and regulated the targeted enzyme.?® We
applied this strategy to design probes against phosphatidylinositol kinases (PIKs), and study one specific
PIK, PI4KB. The phosphatidylinositol phosphates (PIPs) are key eukaryotic intracellular phospholipids,
generated through the phosphorylation of the 3, 4, or 5 position of the inositol ring by PIKs.?®30
Regulation of the various members of the PIK family of enzymes leads to the differences in the PI profile
throughout the cell which regulate the membrane environment via the establishment of organelle identity,
signal transduction, and the recruitment of proteins to membranes.>* Disruption of normal PI distribution
via hijacking of PIK regulation has been shown to play a role in virus-mediated cellular remodelling by

positive-strand RNA viruses, including HCV, and Aichi virus, and other picornaviruses.?! 3¢

The role of PI4KB in viral infection is of particular interest, as it has been shown that its increase in
activity is due to post-translational activation.’ Increased expression alone of PI4KB does not result in
an increase to the level of its substrate, PI4P.>® PI4KB must be activated by recruitment to the Golgi
membrane, followed by phosphorylation and stabilization of its most active form via protein-protein
interactions.?®¥3 This makes the identification and quantification of protein-protein interactions of vital
interest to investigating the methods by which viruses regulate enzyme activity. We have previously

introduced an ABPP PAL probe, PIKBPyne (Fig 3.1, ABP1), based on the PIK inhibitor PIK93.3" This
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probe can report on the activities of several PIKs.?” Although similar probes are sometimes referred to
as affinity-based probes (AfBPs), we consider probe 1 and others herein to be ABPs because they only
bind the active conformation of their target enzyme and distinguish active from inactive forms of their
targets. Herein we report new probes based on PIKBPyne, with enhanced ability to capture and
characterise the protein interactions, and demonstrate their utility in examining PI4KB activity and

simultaneous alterations to protein-protein interactions during HCV replication.

3.4 Methods

3.4.1 Kinetic assay

Purified PI4KB (Sigma) was diluted in kinase buffer (12.5mM MgCly, 12.5mM MnCly, 75mM Tris-HCI,
25mM EGTA). ICses of probes 1-4 were measured using the ADP-Glo PI kinase kit (Progema) in
reaction buffer (SmM MgCly, SmM MnClz, 30mM Tris-HCI, 10mM EGTA, SmM DTT, 2.5g/L. BSA,
0.25g/L Triton-X) according to the manufacturer’s protocol, using 100 uM ATP in a total reaction

volume of 10pL.

3.4.2 Tissue culture

Huh7.5 human hepatoma cells were maintained in DMEM medium (Invitrogen) supplemented with 10%
fetal bovine serum (CANSERA) and 100nM non-essential amino acids (GIBCO-BRL). The HCV full-
genomic replicon cells (Huh7.5-FGR) were a kind gift from Charles Rice (Rockefeller University, USA)
and Apath LLC (St. Louis, MO, USA). Cells stably expressing replicons were maintained in Huh7.5

culture medium supplemented with 250 pg/mL of G418 Geneticin (GIBCO-BRL).

3.4.3 siRNA transfection

Huh7.5 cells were seeded in 100 mm dishes and transfected with 10 nM siRNA against PI4KB and

GAPDH (Dharmacon, Thermoscience). Cells were transfected again after 24 hours and lysed 48 hours
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after the last transfection.

3.4.4 Proteome extraction

Proteins were lysed as previously described.?’ Proteins samples were quantified using the DC protein

assay (Bio-Rad) according to the manufacturer’s instructions.

3.4.5 Active proteome labelling and in-gel fluorescence

100pg of protein at 2mg/mL was labelled as previously described.?” Labelled protein was fluorophore-
tagged using click chemistry by the addition of 2 volumes of a stock solution containing 1mM
CuS04+5H20, 100 uM TBTA (1:4 DMSO:t-butanol), 1 mM fresh TCEP, and 200 uM rhodamine azide
in PBS. Samples were rotated for 45 minutes and the reaction was precipitated at -80°C in 4 volumes of
acetone. The acetone was removed, and the proteins dissolved in SDS-PAGE loading buffer (0.1M Tris
pH 6.8, 10% glycerol, 4% SDS, 0.02% bromophenol blue, 30mM DTT). Proteins were resolved on 10%
TGX FastCast polyacrylamide gels (Bio-Rad), and fluorescence detected by the ChemiDoc MP system

(Bio-Rad).

3.4.6 Active proteome labelling and western blotting

2 mg of protein at 2mg/mL was labelled and isolated as previously described,’” using ABP3 (20uM) in
place of probe 1 to label interacting proteins. Proteins were resolved on 12% TGX FastCast
polyacrylamide gels (Bio-Rad) and transferred onto PVDF membrane using the Trans-Blot Turbo
Transfer System (Bio-Rad). Immunoblotting was performed with mouse monoclonal antibodies anti-
ACBD3 (Santa Cruz, 1:100 or 1:1000), anti-NS5A (Virogen, 1:4000), anti-B-tubulin (Santa Cruz,
1:1000) and anti-14-3-3 B (Santa Cruz, 1:250) and donkey monoclonal antibodies anti-PI4KB (Cell

Signaling, 1:500) overnight at 4°C. Blots were subsequently probed with appropriate secondary
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antibodies (Jackson Immunoresearch) and imaged using ECL clarity (Bio-Rad) in a ChemiDoc MP

system (Bio-Rad).

3.5 Results and Discussion

Three new probes were synthesized, ABPs 2, 3 and 4, based on the original PIKBPyne probe.?” (Fig 3.1)
The probes all contain a PIK93 group to target the probe to PIK active sites, a benzophenone group to
allow UV-mediated crosslinking to proteins, an alkyne handle to allow subsequent attachment of reporter
tags, and a variable linker region between the targeting and crosslinking groups. This paper explores the
effect of this linker region, either short (ABP 2), moderate (ABP 1), long (ABP 3), or rigid (ABP 4), on
the labelling capabilities of the PIKBPyne group of probes. The details of the synthetic procedures are

reported in the appendix.

PIK93 is a non-covalent competitive inhibitor of PI4KB, and interacts with the active site of its target
enzymes, competing for the ATP-binding site.***! These ABPs contain additional structures which may
interfere with probe-active site interactions through steric hindrance or the gain and loss of hydrophobic
or electrostatic interactions. It is therefore essential to assess the ability of these probes to interact with
the active site of PI4KB. To this end, we determined the ICso values of ABP 1-4 using the commercially
available ADP-Glo and compared them to that of the original PIK93 inhibitor. The ICso of PIK93 against
PI4KB was determined to be 2.8nM, which agrees with literature values.*> ABPs 1-3 demonstrated
inhibition of PI4KB approximately 100-fold lower than PIK93, possessing ICso values of 310, 480, and
360 nM, respectively (Table 3.1, Fig 3.3). The ICso of ABP 4 was estimated to be approximately 7000
nM, 2000-fold higher than the ICso of PIK93. We were unable to confidently determine the ICso of ABP
4, as complete inhibition of enzyme activity was not achievable in this assay. The effective inhibition of
enzymatic activity by ABPs 1-3 allows us to conclude that they are able to interact with the enzyme’s

active site as PIK93 does, albeit with lower affinity, and can be used to label PI4KB, while the higher
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Figure 3.1: Activity-based protein profiling of PIKs. A) Structures of the PIK93 inhibitor and the
PIKBPyne probes used to target PI kinases. B) Scheme of activity-based labelling of a target enzyme or
an associated protein. W denotes the probe warhead.
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ICso of ABP 4 indicates that it could not effectively label PI4KB. We postulate that the structural rigidity
of ABP 4 causes steric interactions that limit access of the probe to the enzyme active site, whereas ABPs

1-3 appear to bind to the PI4KB active site in a manner similar to PIK93.

We next compared the ability of the four probes to label proteins within a complex proteome. We found
that ABPs 1, 2, and 3 demonstrated a similar pattern of labelled bands, with ABP3 displaying the
strongest labelling, and ABP1 the weakest, while labelling by ABP4 was negligible. (Fig 3.2) This
supports the conclusions drawn from the kinetic assay that ABPs 1-3 are able to interact with and label
the enzyme active site, while the rigidity of ABP4 makes it unable to enter and label the active site. This
is further supported by examination of the PI4KB crystal structure in complex with the PIK93 inhibitor,

which shows an active site pocket too small to easily accommodate a rigid molecule.*!

We have previously shown that ABP1 labels PI4KB.?>’ It has previously been shown that ABPs
containing benzophenone crosslinkers are capable of labelling interacting proteins which associate with
the target enzyme, if the linker region extends the benzophenone photocrosslinking group outside of the
active site pocket in the correct orientation.”® Thus, we next investigated whether proteins interacting

with PI4KB could be labelled by probes ABP 1-3.

Using mass spectrometry, we confirmed capture of known interactors of PI4KB using ABP 1-3. We
used the IntAct Molecular Interaction Database*’ to identify potential interacting partners of PI4KB. LC-
MS/MS on a PIBPyne-labelled proteome showed that several of these proteins were labelled by
PIKBPyne (Table 3.2). Two such proteins, ACBD3 and a 14-3-3 protein, were of particular interest.
Neither are known to have a nucleotide-binding site which could interact with PIKBPyne, and both have
a well-characterized mechanism of interaction with PI4KB. The Golgi protein ACBD3, a membrane

33,34,44-47

recruitment protein which plays essential roles in several cell signalling processes, regulates the
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Figure 3.2: Fluorescent gel of active proteome labelling by ABPs 1-4. The proteome was labelled by
PIKBPyne, and a fluorescent rhodamine reporter tag attached by copper-catalyzed click chemistry.
Proteins were resolved by SDS-PAGE and visualized by fluorescent scanning. Coomassie stain is shown

below.
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Table 3.1: Inhibitory dose-response curve on PI4KB activity by PIK93 or PIKBPyne probes. Dose
curves were generated using the ADP-Glo Lipid Kinase kit according to the manufacturer’s protocol.
Percent activity was calculated using a standard curve of ADP:ATP ratios, and dividing the concentration
of ADP produced at each point by the ADP concentration in the absence of inhibitor (100% activity).
ICso values were determined using the sigmoidal dose-response model of the GraphPad Prism software.

Probe | ICso (nM) £ SE  Relative Ki

PIK93 |  2.8+0.7 1
1| 310 + 70 110 + 40
2 480 + 70 170 + 50
3 | 360+50 130 + 40
4 | 7000+5000 2000+ 2000
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Figure 3.3: Inhibitory dose-response curve on PI4KB activity by PIK93 or PIKBPyne probes. Dose
curves were generated using the ADP-Glo Lipid Kinase kit according to the manufacturer’s protocol.
Percent activity was calculated using a standard curve of ADP:ATP ratios, and dividing the concentration
of ADP produced at each point by the ADP concentration in the absence of inhibitor (100% activity).
The sigmoidal dose-response model of the GraphPad Prism software was used to determine the ICso

values (uM) indicated in parentheses.
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activity of PI4KB by recruiting it to membranes containing its substrate.*® Once recruited, PI4KB is
activated by phosphorylation, and this active conformation is protected by interaction with 14-3-3
proteins.*®34%30 Altogether, this suggests that our probe was able to label proteins interacting with its

target, labelling the proteins interacting with active PI4KB.

We next asked whether labelling of these proteins could be blocked by incubation with the inhibitor
PIK93. Competitive ABPP with PIK93 is able to eliminate labelling by ABP3 (Fig 3.4). Labelling of
these proteins is therefore dependent on specific interactions with PIKBPyne. We subsequently verified
that labelling of these proteins was dependent on the interaction of PIKBPyne with PI4KB. We used
siRNA to knock-down PI4KB to 25% of its normal expression level (Fig 3.5). ABP3 was used to label
the proteome, due to its longer linker length and stronger labelling (Fig 3.2). The labelled proteome was
isolated and western blotting confirmed that both ACBD3 and 14-3-3f3 protein are labelled by PIKBPyne
(Fig 3.6b, 3.6g, 3.6h). Although the expression levels of neither ACBD3 nor 14-3-3p change upon
knock-down of PI4KB (Fig 3.6b, 3.6d, 3.6e), labelling of these regulatory proteins decreases by roughly
50% due to a decrease in the availability of PI4KB protein with which to interact (Fig 3.6g, 3.6h). We
also examined the potential interaction of another protein, Golgi transport protein ADP-ribosylation
factor 1 (ARF1), with PI4KB, however, in the cells and conditions studied we did not observe any
discernible changes in PI4KB interactions. Overall, this data suggests that ABP3 labels these proteins
due to their interaction with active PI4KB and provides further evidence that ABP3 is able to detect
changes in protein-protein interactions by labelling target-associated proteins.

HCYV relies on the activity of PIKs in order to change the cellular environment in its favour.?%-3%37-51-53
Having previously used a PIKBPyne probe to demonstrate that HCV effects an increase in the activity
of PI4KB,*” we next investigated the effect of HCV on the interaction between PI4KB and ACBD3.

Naive cells and cells expressing HCV-FGR, the HCV full-genomic replicon, (Fig 3.7a) were labelled
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Table 3.2: PIKBPyne detects members of the PI4KB interactome. PI4KB interacting proteins were

identified using the IntAct Molecular Interaction Database*® and cross-referenced with proteins identified
by LC-MS proteome labelling by PIK-BPyne.?’

Gene ID | Peptide Count (Unique)
ACBD3 [1(1)

LAMPI | 10 (3)

SFN; YWHAB; YWHAG; YWHAQ| 5 (1)

XPO1 | 115 (26)
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Figure 3.4: Competitive ABPP shows PIK93 inhibits labelling by ABP3. Huh7.5 proteome was
incubated with increasing concentration of PIK93 inhibitor for 10 minutes, then labelled with ABP3
(20uM). Rhodamine was attached by copper-catalysed click chemistry and proteins were resolved by
SDS-PAGE then visualized by fluorescent scanning. Coomassie stain is shown below.
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a second time after 24h, and lysed after 72h. Proteins were resolved by SDS-PAGE and analysed by
western immunoblotting. n=2, * p > 0.05
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Figure 3.6: PIKBPyne labelling of interacting proteins. A-B) siRNA knock-down of PI4KB decreases
A) abundance and labelling of PI4KB and B) labelling but not abundance of PIK-associated protein
ACBD3. PI4KB was knocked down by transfection of 10nM siRNA, followed by a second transfection
after 24h, and lysis and labelling with 20uM PIKBPyne after 72h. A biotin reporter tag was attached by
copper-catalysed click chemistry, and the labelled proteins isolated by streptavidin enrichment, resolved
by SDS-PAGE, and imaged by western blotting. C-H) Densitometric analysis of C) PI4KB abundance
D) ACBD3 abundance E) 14-3-3 3 abundance F) PIKBPyne labelling of PI4KB G) PIKBPyne labelling
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Figure 3.7: HCV interferes with interaction between ACBD3 and PI4KB. A) Schematic
representation of the bicistronic full-genomic HCV replicon (FGR) used in this study. B) PIKBPyne-
labelled proteins from naive and HCV-FGR Huh7.5 cells were attached to a biotin reporter by copper-
catalysed click chemistry and isolated by streptavidin enrichment. Isolated proteins were resolved by
SDS-PAGE and analysed by western immunoblotting. C) Densitometric analysis of protein abundance
and labelling. n=2, * p <0.05
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with ABP3 and the labelled proteome enriched and analysed by western blot. PI4KB expression
remained constant in the presence of the replicon, which agrees with our previous research.®’ (Fig 3.7b,
3.7c) While abundance of ACBD3 does not significantly alter, labelling by ABP3 decreases by 67%.
(Fig 3.7b, 3.7¢) This confirms previous suggestions that the HCV protein NS5A disrupts the interaction
between ACBD3 and PI4KB,>* and suggests that this disruption is linked with active PI4KB. In contrast,
we did not see a similar change for the interacting protein 14-3-3 or ARF1. The data from Fig 3.7
suggests that PI4KB is more active during HCV infection, but at a different location within the cell, with

a different set of protein interactions driven at least in part by a change in interaction with ACBD3.

In summary, we have reported the design and synthesis of three new probes against PIKs and shown that
probes with a flexible linker region interact with the active site of PI4KB and label a large number of
proteins within a complex proteome. Most importantly, we have demonstrated that our probe design
strategy allows our probes to quantitatively label protein-protein interactions. We have furthermore
shown the utility of this methodology by demonstrating that the Golgi recruitment protein ACBD3 is

labelled through its interactions with PI4KB, and that this interaction is interrupted by HCV.
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Chapter 4: Activity-based protein profiling of metabolic microRNA-27b
identifies new functional targets in the human liver

4.1 Statement of contribution

Genevieve F. Desrochers, Michele Bastienelli, and Tiffany Stern performed biochemical profiling
experiments. Roxana Filip contributed to cell culture work. Geneviéve Desrochers and John Paul
Pezacki designed the project. The manuscript was written by Genevieve Desrochers and John Paul

Pezacki.

4.2 Summary

MicroRNAs are short, non-coding RNAs which negatively and specifically regulate protein expression
by either sequestering mRNA or targeting it for degradation. The cumulative effect of these subtle
changes to protein expression allows microRNAs to broadly regulate cell systems and architecture.
Hijacking of microRNAs is therefore an attractive strategy for viruses for whom host cell remodelling is
essential for replication. The hepatitis C virus has been shown to upregulate expression of several
microRNAs, one of which, miR-27b, has been shown to promote changes the cell’s lipid profile, though
the mechanisms by which this occurs have not been well established. To elucidate these mechanisms, it
is important to identify both the direct and the indirect targets of microRNA regulation. While direct
targets can be predicted based on their mRNA sequences, indirect targets, whose activities are affected
via alterations in signalling pathway activity, are more difficult to identify. We have used a
fluorophosphonate-containing activity-based probe, targeting serine hydrolases, to profile miR-27b
induced changes to enzyme activity in the context of HCV infection. We identified several lipid
metabolism enzymes whose activities are indirectly targeted by miR-27b via transcriptional or post-
translational regulation. These enzymes represent potential downstream effectors of miR-27b used by
HCYV to alter lipid metabolism. Altogether, our results demonstrate new mechanisms by which miR-27b
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mediates remodelling of cells’ lipid profile. More generally, they highlight the usefulness of activity-
based protein profiling for characterizing the role microRNAs play in cell function and disease

pathogenesis.

4.3 Introduction

Cellular metabolism is composed of a complex set of interconnected systems controlled by myriad genes
acting in concert. The functional output of these genes relies upon the interplay of multiple layers of
regulatory mechanisms. RNA interference (RNAIi) is one of these regulatory mechanisms capable of
calibrating the function of protein-coding genes. This system uses a guide RNA which is loaded into the
RNA interference silencing complex (RISC). The guide RNA selectively recognises sequences of
interest, allowing this sequence to be targeted by RISC. Endogenous RNAi in mammals uses microRNA
(miRNA): non-coding single strands of RNA with an average length of 22 nt.! Generally, miRNA targets
the RISC complex to its target mRNAs, which it then either degrades or sequesters, thereby decreasing

the abundance of the proteins they encode.!

The interaction between the 3’ untranslated region of the mRNA and the 7-nucleotide-long “seed
sequence” on the 5’ end of the miRNA is typically essential for targeting, while any hydrogen bonds
which form with the remainder of the miRNA act to fine-tune the interaction’s stability and selectivity.!
As the number of base-pairs formed is short and the complementarity imperfect, mRNAs are frequently
targeted by multiple different miRNAs,"? and a single miRNA will target numerous different mRNAs.>*
The set of genes targeted by a single miRNA tend to be functionally related, allowing a miRNA to exert
a significant overall effect on a particular system or pathway by simultaneous synergistic targeting of

multiple component parts.* (Fig 4.1)
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Figure 4.1: A single miRNA targets multiple mRNAs and regulates pathways using different
mechanisms of action
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This ability of miRNAs to broadly modulate cellular pathways and processes means that differential
expression and dysregulation of miRNA function has the potential to either promote or inhibit diverse
pathogeneses. The aberrant function of numerous different miRNAs plays a role in the development of
chronic diseases such as cancers,*® diabetes,’ cardiovascular diseases,® liver cirrhosis,” and
neurodegenerative disorders.!” The progression of infectious diseases, either bacterial!!' or viral,'>"!° is
also often associated with the dysregylation of the miRNA profile, either caused by the invading
pathogen, or by the host in an effort to eliminate it. Conversely, recent work has demonstrated that the
alterations to the miRNA profile caused by infection of viruses of the flavivirus family include

upregulation of miRNAs which stimulate the host’s antiviral response.!®!8

The hepatitis C virus is one such flavivirus: a small, enveloped positive-strand RNA virus which
preferentially infects the liver.!” If the infection becomes chronic, the virus perturbs the normal function
and architecture of host cells in order to evade the immune response and favour its own reproduction.'
Remodelling of the host’s lipid architecture is essential to the survival of the virus,?® and contributes to
the development of long-term complications such as liver fibrosis, steatosis, and hepatocellular

carcinoma (HCC).2!"%

miRNAs have been shown to play a significant role in liver diseases generally,” and in HCV?*?* and the
development of HCV-induced HCC in particular.>*** While normal levels of liver-expressed miRNAs
have the potential to influence HCV, the infection itself is also capable of inducing a significant alteration

to the miRNA population.?’?’

The role of miRNAs in HCV infection was first demonstrated via the HCV-5’UTR and miR-122

interaction, which stabilises the viral RNA and sponges miR-122, altering the cell’s transcriptome.83

Several other direct interactions have been discovered;?> however, a much larger number of miRNAs
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indirectly affect HCV by altering diverse aspects of the cellular environment such as the interferon
response, inflammation, cell growth and proliferation, Wnt and PI3K-Akt survival-related signalling, and
lipid metabolism.?*?* This last is of particular interest, as HCV infection is known to modulate metabolic
regulation to achieve the specific lipid environment it requires.'*** Liver-abundant®!~*? lipid metabolism
regulatory miRNAs 130b,% 185,% 124,>* 27a,%° and 27b%® have been shown to play an essential role in

the process.

miR-27b, one of the most abundant miRNAs in the liver,>!* is considered to be a central lynchpin in
the maintenance of lipid homeostasis, targeting key factors in lipid metabolic pathways.>¢ ¥ Expression
of miR-27b increases extracellular’® and intracellular lipids*® and lipid deposits,*® and regulates

adipogenesis.*!#" This is mainly driven by increased triglyceride content*®*¢ while constant cholesterol

levels are maintained by simultaneous targeting of influx, efflux, hydrolysis and synthesis.*3>°

Metabolic regulation has been shown to have a significant impact on the immune response, and the study
of the role of metabolism in regulating the function of immune cells has been dubbed

“immunometabolism”.>! More recently, the role of metabolism in regulating the innate immune response

t1429§2§3

in non-immune cells has been the subject on increasing interes miR-27b, in addition to acting

as a central regulator of lipid metabolism, has been shown to modulate immune responses such as

39,54

inflammation and cytokine production,”’”* while miR-27b dysregulation is implicated in the progression

of numerous chronic diseases. In addition to HCV,*®* miR-27b is implicated in the development of

55-59

atherosclerosis®* and multiple forms of cancer, notably playing an oncogenic role in hepatocellular

60-63 which is induced by chronic HCV infection.!” Characterising miR-27b regulation is

carcinoma,
therefore of interest in the study of how changes to lipid metabolism can play both a pro-viral and a

immuno-modulatory role. Furthermore, a deeper understanding of the mechanisms by which miR-27b
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modulates lipid metabolism will provide insight into novel strategies of combat not only HCV, but also

conditions such as atherosclerosis and other obesity-related illnesses with which it is associated.**>>*

As specific miIRNA-mRNA interactions may alter key factors within larger pathways, they may result in
significant changes downstream of the gene targeted. For this reason, to identify miRNA-induced
changes to lipid metabolism, it is essential to profile functional targets: targets whose output is altered,

and which are ultimately responsible for changes to cellular function and architecture.

Activity-based protein profiling (ABPP) uses small-molecule probes to quantify changes to enzyme
activity.*+ Lipid metabolism is regulated in large part by the serine hydrolase class of enzymes,®
whose activity can be detected using a fluorophosphonate-based probe. (Fig 4.2) This probe contains a
fluorophosphate warhead, which forms a covalent bond to its enzyme targets upon nucleophilic attack
by the active-site serine residue; critically, this the formation of this bond relies on the activity of the

enzyme, and it will not form with inactive proteins.’” A reporter tag conjugated to the warhead allows

enzymes tagged with this probe to be identified and quantified.®**’

ABPP techniques have been broadly used to gain a deeper understanding of metabolic function®® and to
characterise enzyme dysregulation during infection.®*’! In this work, ABPP is used to identify and
characterise the functional effectors of miR-27b’s regulation of lipid metabolism. The mechanisms by
which miR-27b exerts this control, and the ultimate effects on cell function are investigated. A
differential activity profile was established, from which the lipid metabolic enzymes LIPC, PAFAH1B3,
and ACOT1/2 were confirmed as novel functional targets of miR-27b, expanding current understanding

of the key role played by this miRNA in liver metabolism and HCV infection. More generally, this work
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Figure 4.2: Chemical structures of fluorophosphonate probes and their applications. A) The
fluorescent fluorophosphonate-TAMRA is used to label active enzymes for in-gel visualisation. B)
Fluorophosphonate-biotin is used for affinity enrichment and detection by either western blotting or mass
spectrometry.
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highlights the need for the functional profiling of miRNA activity to fully understand their roles both in

normal cell function and in disease.

4.4 Materials and Methods

4.4.1 Cell culture

HepG2 cells were maintained in MEM (Gibco), supplemented with 10% (V/V) fetal bovine serum.
Huh7.5 cells were maintained in DMEM (Gibco) supplemented with 10% (V/V) fetal bovine serum
(Wisent) and 10 mM non-essential amino acids (Millipore-Sigma). The JFH1t strain of the hepatitis C
virus was a kind gift from the laboratory of Dr. Rodney Russel (Memorial University, Newfoundland,
Canada). Huh7.5 cells were infected with JFH1t at a MOI of 0.1 for 5 hours in a one-quarter growth
volume of unsupplemented DMEM, rocking plates every hour. Cells were transfected with 100 nM of
hsa-miR-27b-3p mirVana mimic, mimic negative control, hsa-miR-27b-3p miRVana inhibitor, or
inhibitor negative control (ThermoFisher Scientific) immediately following infection, using
Lipofectamine RNAiMax Transfection Reagent (Invitrogen), according to the manufacturer’s
instructions, and lysed after 72 hours. Cells treated with benzamide (Calbiochem) or bezafibrate

(Cedarlane) were incubated with 75 uM compound for 24h before lysis.

4.4.2 siRNA knockdowns

Expression knockdowns for ABPP were performed with Silencer™ Select Pre-Designed siRNAs
ACOT1/2 (s54802, ThermoFisher), and Negative Control No. 1 (ThermoFisher), ON-TARGETplus
PAFAHI1B1 siRNA (5048, Horizon Dharmacon) and ON-TARGET GAPDH (Horizon Dharmacon) at
10 nM using RNAiMax according to the manufacturer’s instruction, and cells were lysed after 48h.
Expression knockdown for infectivity assays was performed using Silencer™ Select Pre-Designed
siRNAs against ACOT1/2 (s54802, ThermoFisher) Negative Control No. 1 (ThermoFisher), PAFAH1B3

(s224162, ThermoFisher) and LIPC (s8202) at 10 nM using RNAiMax according to the manufacturer’s
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instructions. 48h after transfection cells were infected with JFH1tat an MOI of 0.1. RNA was harvested
48h after infection, and the growth media used to infect naive cells. RNA from growth-media infected

cells was harvested after 48h.

4.4.3 Lipidomic analysis

Huh7.5 cells transfected as above were trypsinised, spun down, and resuspended in 10 mM PBS, pH 7.4.
Cells were washed by centrifugation and subsequent resuspension in PBS twice. Cells were diluted to a
concentration of 3000 cells/uL. 300 pL of each sample were sent for analysis at Lipotype GmbH and
the rest reserved for western blotting. Lipids were quantified in picomoles and normalised by the protein

concentration of each sample.

4.4.4 Protein harvesting

Cells were washed twice in 10 mM PBS, pH 7.4. Cells were harvested in 10 mM PBS, pH 7.4
supplemented with 1% (v/v) Triton-X 100 (BioShop). Cells lysed by sonication with 15 1-second pulses
and centrifuged at 20,000g at 4°C for 5 min. The supernatant was removed, and the protein content

quantified by DC assay (Bio-Rad).

4.4.5 Fluorescent activity-based protein profiling

1 uM ActivX TAMRA-FP serine hydrolase probe (ThermoFisher Scientific) was rotated with 70 pg of
protein, 1 pg/uL, at 37°C for 1 hour. Protein was precipitated with 14 volumes of acetone and chilled at
-80°C for 20 min before centrifugation at 20,000g for 15 min at 4°C. Acetone was removed and the
protein pellet was resuspended in SDS-PAGE gel loading buffer (3.5% (m/V) SDS, 0.018% (m/V)
bromophenol blue, 9% (V/V) glycerol, 90mM Tris, 30mM DTT) by vortexing until the pellet was no
longer visible, followed by heating at 95°C for 10 min. Proteins were resolved on a 10% TGX FastCast

Acrylamide gel (Bio-Rad) and fluorescence visualised by Chemidoc MP imaging system.
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4.4.6 Enrichment of proteins labelled by activity-based protein profiling

5 uM FP-Biotin (Santa Cruz Biotechnology) was incubated under rotation with 1-2 mg of protein at 1-2
mg/mL for 1 hour at 37°C. Protein was precipitated with 5 volumes of acetone and chilled at -80°C for
20 min. Protein was centrifuged at 4500g for 15 min at 4°C and acetone was removed. The protein
pellet was resuspended in methanol by sonication with 5 1-second pulses, pelleted by centrifugation at
20,000g for 5 min at 4°C, and the methanol removed. Washing was repeated twice more. Protein was
solubilised in 650 puL 2.5% (m/V) SDS in 10 mM PBS, pH 7.4 by sonication with 15 1-second pulses
followed by heating at 65°C for 4 min. The solution was centrifuged at 6400g for 4 min at RT and an
aliquot of 20 pL removed for use as an input control. The remainder of the solubilised protein was
diluted in 9 mL of 10 mM PBS, pH 7.4 and incubated, rotating, with 100 pL of Pierce streptavidin-
agarose beads, normal load (ThermoFisher Scientific) for 2 hours at RT. Beads were pelleted at 1400g
for 2 min and transferred to micro Bio-Spin chromatography columns (Bio-Rad). Beads were washed

thrice in 1% (m/v) SDS, thrice in 6M urea, and once in 10 mM PBS, pH 7.4.

4.4.7 Sample preparation for mass spectrometry analysis of activity-labelled proteins

Bead-bound activity-labelled proteins were washed thrice in 50 mM ammonium bicarbonate (ABC) and
transferred to microcentrifuge tubes. Proteins were reduced by 10 mM DTT in ABC at 65°C for 15 min
and alkylated by 24 mM iodoacetamide for 30 min at RT in the dark. Beads were centrifuged at 1400g
for 2 min and the supernatant removed. Beads were washed thrice with 50 mM tetraethylammonium
bicarbonate (TEAB) and suspended in 100 pL of 50 mM TEAB. Proteins were digested by 1 pg
sequencing grade modified trypsin (Promega) overnight at 37°C. Beads were pelleted at 1400g for 2
min and the supernatant transferred to micro Bio-Spin chromatography columns. The solution was

centrifuged at 1000g for 1 minute and the flow-through dried by vacuum centrifugation.

105



Peptides were reconstituted in 100 mM TEAB and labelled with 50 mM CHj3 (light), CD3; (medium), or
13CD; (heavy) formaldehyde in the presence of 22 mM sodium cyanoborohydride (light and medium) or
sodium cyanoborodeuteride (heavy) for 1 hour, rotating, at RT. The reaction was quenched with 0.13%
(v/v) ammonium hydroxide and acidified with formic acid until the pH was under 5. Sample was desalted
using Pierce C18 100-pL tips (ThermoFisher Scientific) according to the manufacturer’s protocol and

dried by vacuum centrifugation. Obtained peptide samples were re-suspended with 25 pL of 1% FA in

water and 2 puL were injected into the LC/MS/MS.

4.4.8 LC-MS/MS

All experiments were performed on an Orbitrap Fusion (Thermo Scientific) coupled to an Ultimate3000
nanoRLSC (Dionex). Peptides were separated on an in-house packed column (Polymicro Technologies),
15 cm x 70 um ID, Luna C18 (2), 3 um, 100 A (Phenomenex) employing a water/acetonitrile/0.1%
formic acid gradient. Samples were loaded onto the column for 105 min at a flow rate of 0.30 uL/min.
Peptides were separated using 2% acetonitrile in the first 7 min and then using a linear gradient from 2
to 38% of acetonitrile for 70 min, followed by gradient from 38 to 98% of acetonitrile for 9 min, then at
98% of acetonitrile for 10 min, followed by gradient from 98 to 2% of acetonitrile for 3 min and wash of
10 min at 2% of acetonitrile. Eluted peptides were directly sprayed into mass spectrometer using positive
electrospray ionization (ESI) at an ion source temperature of 250°C and an ionspray voltage of 2.1 kV.
The Orbitrap Fusion Tribrid was run in top speed mode. Full-scan MS spectra (m/z 350-2000) were
acquired at a resolution of 60 000. Precursor ions were filtered according to monoisotopic precursor
selection, charge state (+2 to + 7), and dynamic exclusion (30 s with a £ 10 ppm window). The automatic
gain control settings were 4e5 for full FTMS scans and le4 for MS/MS scans. Fragmentation was
performed with collision-induced dissociation (CID) in the linear ion trap. Precursors were isolated using

a 2 m/z isolation window and fragmented with a normalized collision energy of 35%.
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4.4.9 Peptide and protein identification

Proteome Discoverer 2.1 (ThermoFisher Scientific) was used for protein identification and
quantification. The precursor mass tolerance was set at 10 ppm and 0.6 Da mass tolerance for fragment
ions. Search engine: SEQUEST-HT implemented in Proteome Discovery was applied for all MS raw
files. Search parameters were set to allow for dynamic modification of methionine oxidation, and static
modification of cysteine carbamidomethylation as well as dimethyl modifications on lysine and N-
terminus (light, medium, and heavy). The raw files were searched separately with “light”, “medium”,
and “heavy” labels in the same workflow. The search database consisted of a nonredundant Homo
sapiens protein sequences in FASTA file format from the UniProt/SwissProt database. The FDR was
set to 0.05 for protein identifications. Quantification of peptides and proteins was performed using
standard settings provided by Proteome Discoverer. The average fold change of the technical and

biological replicates was calculated using differential abundance expressed in a logio scale.

4.4.10 Sample preparation for western blotting of activity-labelled proteins

Bead-bound activity-labelled proteins were washed twice in 10 mM PBS, pH 7.4 and transferred to
microcentrifuge tubes. Beads were centrifuged for 5 min at 1400g and the supernatant was removed.
SDS-PAGE loading buffer was added and protein was released from beads by heating at 95°C for 15
min. The beads were cooled to RT and centrifuged for 5 min at 1400g. The supernatant was removed

and proteins were analysed by western blotting

4.4.11 Western blotting

Proteins were resolved using a 10% TGX FastCast Acrylamide gel (Bio-Rad). Stain-free whole protein
visualisation was activated by UV irradiation for 1 min using Chemidoc MP and whole protein was
visualised at 302 nm by Chemidoc MP. Proteins were transferred using Trans-Blot Turbo RTA mini

PVDF transfer kit (Bio-Rad) following the manufacturer’s instructions, on the Trans-Blot Turbo Transfer
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System (Bio-Rad) for 15 minutes at a constant 2.5 A. TGX-whole protein was imaged by Chemidoc
MP. Blots were blocked for 30 min in 2.5% (m/V) bovine serum albumin (BSA) in tris-buffered saline
with Tween-20 (TBST)(10 mM Tris, 0.15M NaCl, pH 8, 0.05% Tween-20). Blots were incubated with
primary antibodies PAFAH1B3 1:200 (Santa Cruz, sc-393612), PAFAH1B1 1:500 (Abcam, ab2607),
LIPC 1:500 (Santa Cruz, sc-21740), ACOT1/2 1:500 (Santa Cruz, sc-373917), GAPDH 1:10,000
(Ambion, AM4300), B-tubulin 1:4,000 (Abcam, ab6046), PPARG 1:500 (Abcam, ab178860) in 2.5%
BSA in TBST overnight at 4°C. Blots were incubated for 1 hour at RT with the appropriate secondary
antibody, peroxidase AffiniPure goat anti-mouse IgG (H+L) (Jackson ImmunoResearch Laboratories,
115-035-062) or Peroxidase AffiniPure Donkey Anti-Rabbit IgG (H+L) (Jackson ImmunoResearch
Laboratories, 711-035-152), at 1:20,000 in 2.5% BSA in TBST. Chemiluminescence was detected using
Clarity Western ECL Substrate (Bio-Rad) on Chemidoc MP running ImageLab 6.0 (Bio-Rad).
Chemiluminescent signal quantification was performed using ImageLab 6.0 and the result normalised by
TGX whole protein signal. Blots were stripped using ReBlot Plus Strong Antibody Stripping Solution

(Millipore) according to the manufacturer’s instruction before blotting was repeated.

4.4.12 Inhibition of palmitovlation

Cells at 90% confluency were treated for 6 hours with 20 uM 2-bromopalmitate (Sigma-Aldrich) then
lysed and labelled with FP-biotin as above. Alternatively, untreated cells were lysed and the lysate

rotated with 20 uM 2-bromopalmitate for 10 min at 37°C before labelling with FP-biotin as above.

4.4.13 RNA harvest, purification, and quantification

Cells were lysed and RNA purified using the RNeasy Plus Mini Kit (Qiagen), according to the
manufacturer’s instructions. Any sample containing live JFH1t virus was vortexed for 30 seconds after
harvesting and incubated for five min at RT to destroy the virus before proceeding to gDNA elimination.

Purified RNA was quantified by NanoDrop 1000 (ThermoFisher Scientific). cDNA was synthesised
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using the iScript Reverse Transcription kit (Bio-Rad) according to the manufacturer’s instructions. qPCR
was performed using the SsoAdvanced Universal SYBR Green Supermix (BioRad), according to the

manufacturer’s instructions. Results were normalised using 18S RNA quantification.

4.4.14 3°-UTR assays

The LIPC 3’UTR dual luciferase construct and negative control was purchased from Genecopoeia. The
miR-27b-3p seed site was mutated using KOD extreme polymerase (MilliporeSigma) using the following
protocol: 120 s at 98°C, (30 s at 95°C, 60 s at 55°C, 440 s at 72°C eighteen times), 300 s at 72°C. DNA
was digested with 0.6U/uL ANZA Dpnl (Invitrogen) for 45 minutes, followed by heat inactivation for
15 minutes at 8 0°C. Mutagenesis was confirmed by sequencing at the McGill University and Génome
Québec Innovation Centre. Cells were transfected with 1 pg of the UTR construct per mL of media,
using Lipofectamine 2000 Transfection Reagent (Invitrogen) according to the manufacturer’s
instruction. After 24 hours, cells were transfected with 100 nM miR-27b-3p mirVana mimic using
Lipofectamine RNAiMax Transfection Reagent (Invitrogen) according to the manufacturer’s
instructions. Cells were lysed after 48 hours in Passive Lysis Buffer (Promega). Luciferase assays were
performed as previously described’? using a SpectraMax L (Molecular Devices). Luciferase signal was

normalized over protein concentration quantified by DC assay (BioRad).

4.4.15 Wnt-reporter assays

Huh7.5 and HepG2 cells were seeded in a 12-well plate. The following day, cells were co-transfected
with the 0.5 pg TOP/FOPflash constructs (Addgene) using Lipofectamine 2000 (Invitrogen) at half the
recommended concentration, and 100 nM miR-27b mimic using Lipofectamine RNAiMax (Invitrogen)
according to the manufacturer’s instructions. After 24h, cells were treated with SuM P11 in DMSO, 20

uM 2-bromopalmitate in EtOH, or vector alone. Cells were lysed 48h after transfection. Luciferase
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activity was measured as previously described’? and normalised over protein concentration quantified by

DC assay (BioRad).

4.5 Results

Differential activation of serine hydrolases by miR-27b in naive and HCV-infected cells was assessed
by labelling proteome lysates from Huh7.5 hepatoma cells transfected with microRNA mimic, inhibitor,
or their respective controls with the activity-based probe fluorophosphonate-TAMRA. Differential
labelling, and therefore activity, of serine hydrolases was then visualised by fluorescent scanning of the
proteins resolved on an SDS-PAGE gel. Multiple differential band intensities were observed in samples

in which miR-27b had either been over-expressed or inhibited. (Fig 4.3)

Active serine hydrolases were identified using a biotinylated FP probe to selectively enrich labelled
enzymes, followed by analysis of these enriched samples by LC-MS/MS. Thirty-six of the serine
hydrolases detected were present in all four conditions, representing enzymes expressed with sufficiently
high abundance in the Huh7.5 model. (Table 4.1, Fig 4.4) Pathway analysis using TOPPFUN was
performed on enzymes exhibiting an abundance increase greater than 1.25-fold or decrease of less than
0.8-fold. This revealed that the pathways most significantly affected by miR-27b modulation of serine
hydrolase activity were all involved in lipid metabolism, with an emphasis on phospholipids and

glycerolipids. (Table 4.2)

To assess the functional consequences of this modulation of cells’ lipid machinery, lipidomic analysis
was performed to quantify miR-27b mediated changes to cellular lipids. Changes to the abundance of
lipid species in cells over-expressing miR-27b were quantified by mass spectrometry (Table 4.1). A 70%
increase in the overall quantity of triacylglycerides present was observed, (Fig 4.5a) with a trend towards

desaturation. (Fig 4.5b) No significant changes were observed in any other lipid groups. (Fig 4.5a) To
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link these changes in lipid composition to changes in enzymatic activity, the differential activity of the
lipid hydrolases identified earlier by mass spectrometry was examined in greater detail. The activity of
three enzymes of interest were confirmed to be modulated by miR-27b by activity-based labelling

followed by western blotting: LIPC, PAFAH1B3, and ACOT1/ACOT?2.

4.5.1 Hepatic Lipase (LIPC)

Hepatic lipase (LIPC) is a liver enzyme mainly localised to the cell surface of hepatocytes,”® where it
predominantly hydrolyses triglycerides, though it can also target other acyl-containing lipid species.”
LIPC activity is primarily responsible for reducing the triglyceride abundance in both high- and low-

density lipoproteins.®%’>

The ABPP-MS screen demonstrated that LIPC was significantly less active in cells transfected with miR-
27b mimic, while the presence of the miR-27b inhibitor increased enzyme activity. (Fig 4.6a) To
determine whether this regulation of LIPC activity was pre- or post-translational, western blotting was
performed on proteomes extracted from cells with and without exogenous expression of miR-27b or its
inhibitor. These proteomes were labelled by FP-biotin and the active serine hydrolase fraction isolated
by streptavidin enrichment before western blotting, to confirm the changes in activity seen by mass
spectrometry. Fig 4.6c and Fig 4.6d shows a significant decrease in both LIPC activity and abundance
in the presence of miR-27b, paralleled by an insignificant increase in LIPC activity and abundance when
miR-27b was inhibited. JPCR showed a similar mimic-mediated decrease in mRNA, while the inhibitor
left LIPC mRNA levels relatively unchanged. (Fig 4.6b) Overall, this indicates that the observed

regulation of LIPC is based largely on changes to protein expression regulated at the mRNA level.

The seed site of miR-27b was found in the 3’-UTR of LIPC. (Fig 4.7a) A luciferase construct containing

the 3’-UTR from LIPC was purchased and the seed site mutated. Cells were co-transfected with miR-
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Figure 4.3: miR-27b alters the enzymatic activity of serine hydrolases. A) Naive Huh7.5 cells and
cells infected with the JFH 1t strain of HCV were transfected with miR-27b mimic, inhibitor, or negative
control. Cells were lysed after 72h, labelled with FP-rhodamine, resolved on a 10% SDS-PAGE gel and

visualised by UV irradiation.
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Table 4.1: Relative activity of serine hydrolases measured by ABPP-mass spectrometry. Naive
Huh7.5 cells and cells infected with the JFH1 . strain of HCV were transfected with miR-27b mimic,

inhibitor, or negative control. Cells were lysed after 72h and labelled with FP-biotin. The labelled

proteome was isolated by streptavidin enrichment, isotopically labelled and differential labelling
quantified by LC-MS/MS.

Gene Mimic Inhibitor Mimic & HCV Inhibitor & HCV
AADAC 1.22+0.31 0.72+0.12 0.85+0.18 1.21+0.17
ABHD10 1.04+0.15 0.96+0.19 1.04 +£0.38 1.20+0.31
ABHDI11 0.94 +£0.25 0.72 +0.28 1.76 £ 0.40 0.81 £0.08
ABHD12 1.11+0.17 0.76 £0.27 1.11 £0.09 0.85+0.11
ABHD4 0.99 +0.21 1.22 +£0.55 1.37+0.22 1.73+£1.02
ABHD6 1.16 £ 0.27 0.92+0.20 1.11 £0.61 1.84+0.3
ACOT1 0.12+0.12 0.42 +£0.36 0.79 £ 0.01 0.92+0.1
ACOT2 1.68 +£1.51 0.96 +£0.35 0.76 £0.17 1.45+0.25
APEH 1.09 +0.07 1.03+0.22 1.25+0.12 0.96 +£0.04
CESI 0.64 +0.04 0.39+0.13 0.69 +£0.31 1.39+£0.16
CPVL 036+0.17 0.34 +£0.04 0.86 +£0.07 1.23 +0.09
CTSA 0.92 +£0.08 0.23 +£0.18 098 £0.54 1.16 £ 0.35
DPP4 0.55+0.14 0.59 +0.12 1.24 +£0.34 1.40+£0.15
DPP7 2.09 0.19+0.04 1.52+0.62 097 +£0.18
DPP8 1.47 £0.25 0.59 +£0.50 1.46 +£0.32 1.07+£0.13
DPP9 0.94+0.12 0.75+0.10 1.03+0.27 1.11+£0.09
ESD 097 +0.22 0.94 +£0.20 1.06 £ 0.66 0.75+0.25
FAAH 0.6 0.79 8.15 991
FASN 1.10 £ 0.04 0.89+ 0.08 1.06 £0.07 1.04 £ 0.04
LIPC 0.21+0.14 1.28 £0.15 0.51 £0.09 1.50+0.10
LYPLAI1 0.25+0.17 0.32 +£0.05 1.20 £0.29 1.32+0.17
LYPLA2 0.85+0.12 0.60+0.21 1.18 +£0.31 0.96 +£0.19
LYPLALI1 1.10+£0.14 0.37+0.14 0.64 £0.24 0.76 = 0.08
MGLL 0.74+0.13 0.41+0.17 1.69 +£0.63 1.36 £ 0.28
NCEHI1 1.27 £0.05 1.40+0.17 1.13 £ 0.04 1.08 £0.08
PAFAH1B3 1.47+0.16 0.94 +0.49 1.74 £0.46 1.11+£0.07
PAFAH2 091 +£0.43 0.81+0.17 1.05+£0.58 0.92 +£0.09
PNPLAG6 1.21+0.25 0.78 £0.18 1.07+£0.16 0.74 +£0.11
PPMEI1 044 £0.11 1.81+£0.78 1.28 £0.99 3.98
PPT2 0.89+0.12 223+1.27 0.95+0.38 2.14+0.40
PREP 0.76 £ 0.14 0.71 £0.16 1.67+0.41 1.32+0.11
PREPL 0.60+0.16 0.77 £0.28 1.08 +£0.18 0.96 +£0.20
RBBP9 1.66 £1.18 3.36+1.32 3.57 1.01
STIAE 1.23+0.49 0.35+0.22 1.20+0.07 0.41+0.17
TMPRSS13 0.89 £0.05 1.34+£0.02 1.302 £ 0.001 1.43 +£0.09
TPP2 0.79+0.12 0.64+0.14 1.13+£0.05 1.09+0.17
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Figure 4.4: Heat map for the identification of differentially active serine hydrolases by ABPP-mass
spectrometry. Naive Huh7.5 cells and cells infected with the JFH1 | strain of HCV were transfected

with miR-27b mimic, inhibitor, or negative control. Cells were lysed after 72h and labelled with FP-
biotin. The labelled proteome was isolated by streptavidin enrichment, isotopically labelled and

differential labelling quantified by LC-MS/MS.
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Table 4.2: Functional analysis of enzymes displaying miR-27b induced differential activity. Naive
Huh7.5 cells and cells infected with the JFH1t strain of HCV were transfected with miR-27b mimic,
inhibitor, or negative control, lysed after 72h and labelled with FP-biotin. The labelled proteome was
isolated by streptavidin enrichment, isotopically labelled and differential labelling was quantified by LC-
MS/MS. Enzymes exhibiting an increase greater than 1.25-fold or a decrease of less than 0.8-fold were
submitted for analysis but TOPFUNN.

p-value of]
Pathway annotation/Hit in Query List

ABHD4, AADAC, MGLL, ACOT2, LIPC, PNPLASG,
lipid catabolic process |2.45E-13 |ABHD12, PLA2G15, FAAH, PAFAHIB3, PAFAH2,

ABHD6
glycerolipid catabolic AADAC, MGLL, LIPC, PNPLA6, ABHD12, PLA2GI15,
6.82E-12
process ABHDG6

ABHD4, AFMID, AADAC, MGLL, ACOT2, LIPC,
organic substance catabolic 2 18F-11 PNPLAG6, CTSA, CPVL, ABHDI12, PLA2G15, LYPLALIL,

process ’ ACHE, LYPLA2, ESD, ABHD10, FAAH, PAFAH1B3,
PAFAH2, ABHD6

cellular lipid catabolic 1 06E-10 AADAC, MGLL, ACOT2, LIPC, PNPLA6, ABHDI12,
process ’ PLA2G15, FAAH, ABHD6

ABHD4, AADAC, MGLL, ACOT1, FASN, ACOT2, LIPC,
lipid metabolic process |1.19E-10 |PNPLA6, CTSA, ABHD12, PLA2G15, ACHE, LYPLA2,
FAAH, PAFAH1B3, PAFAH2, ABHD6

ABHD4, AADAC, MGLL, ACOT1, FASN, ACOT2, LIPC,
3.67E-10 |PNPLA6, CTSA, ABHDI12, PLA2G15, ACHE, LYPLA2,
FAAH, ABHD6

cellular lipid metabolic
process

neutral lipid catabolic

process 8.43E-09 |AADAC, MGLL, LIPC, ABHD12, ABHD6

acylglycerol catabolic

process 8.43E-09 |AADAC, MGLL, LIPC, ABHD12, ABHD6

phospholipid catabolic

process 1.63E-08 |LIPC, PNPLA6, ABHDI12, PLA2G15, ABHD6

glycerophospholipid

. 2.75E-08 |LIPC, PNPLA6, ABHDI12, PLA2G15
catabolic process
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Figure 4.5: miR-27b selectively increases the abundance of triacylglycerols. Huh7.5 cells were
transfected with miR-27b mimic or negative control. Cells were harvested after 72h and the lipid species
quantified. A) Cumulative fold change of the lipid species in each class. B) Fold change of triglycerides
of different lengths and desaturation. C) Western blotting on lysates of cells reserved from lipidomics
samples against validated miR-27b targets. Values shown are normalised to the control-transfected
sample. Data represents mean values + s.e.m. n=3, *p < 0.05
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27b mimic and either the purchased luciferase construct, the mutated construct, or an empty construct.
No significant change in luciferase signal was observed in the presence of miR-27b, (Fig 4.7b) indicating
that despite the presence of the canonical seed site, LIPC expression was not directly targeted by this

microRNA.

Peroxisome proliferator-activated receptors (PPARs), are a group of transcription factors implicated in
the regulation of lipid metabolism, and have more specifically been linked to the transcriptional
regulation of LIPC.”%’” Both PPARa and PPARY were significantly decreased in the presence of miR-
27b mimic (Fig 4.8), in agreement with previous findings.>**® To assess whether a reduction in PPAR
activity was responsible for the decreased expression of LIPC, cells were treated with the pan-PPAR
inhibitor benzamide’® and LIPC activity quantified by using FP-biotin to label and enrich the active serine
hydrolases. Western blotting showed a dramatic decrease in LIPC activity and expression, (Fig 4.8a,b)
confirming that PPARs play a major role in the transcription of LIPC in the model system used. To
investigate whether the miR-27b mediated decrease in LIPC expression was due to a decrease in PPAR
signalling, cells transfected with miR-27b mimic were treated with the pan-PPAR activator
bezafibrate.”” 8! While bezafibrate did increase LIPC expression and activity, the rescue represented
only a small proportion of the decrease in activity induced by miR-27b. (Fig 4.8a,b) It was therefore

apparent that other regulators were also utilized by miR-27b to decrease LIPC abundance.

To identify other factors implicated in miR-27b mediated regulation of LIPC expression, a literature
search was performed to identify all known regulators of LIPC transcription. After eliminating LIPC
regulatory genes which were not expressed in the Huh7 model, seven potential regulators were left:
apolipoprotein A-I regulatory protein 1 (ARP1, also abbreviated NR2F2),”” CCAAT/enhancer-binding
protein B (CEPBP),% hepatic nuclear factor la. (HNF1A),”” hepatic nuclear factor 40 (HNF4A),”’

transcription factor AP-1 (JUN),®® bile acid receptor (NR1H4)® and PPARy coactivator la
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(PPARGC1A).”7 miR-27b was overexpressed and the expression of genes associated with the regulation
of LIPC was quantified by qRT-PCR. Of this list, two proteins, JUN and HNF4a, were identified as

targets of interest. (Fig 4.8d)

HNF4a is a transcription factor which has been shown to promote the transcription of LIPC.”” In cells
transfected with miR-27b mimic, HNF4a mRNA is decreased by 30%. Western blotting in mimic-
transfected cells shows a significant decrease in protein expression at the molecular weight associated
with the major active form of HNF4q, confirming that miR-27b decreases the expression of this
transcription factor. (Fig 4.8a,c) Interestingly, blotting against HNF4a showed a second band at a lower
molecular weight increasing in abundance with miR-27b treatment. (Fig 4.8a) Though efforts to identify
this protein were not successful, it is possible for this band to represent an alternative splicing of the
protein. This would not negate the functional effect of miR-27b on HNF4a, as these alternatively spliced
forms possess less activity than the main form, and in, fact some reports indicate that they might hinder
the DNA binding activity of the main form.®> JUN is a transcription factor implicated in the regulation
of cell proliferation and survival,® whose binding upstream of the LIPC coding sequence has been
demonstrated to inhibit transcription.’® Transfection with miR-27b mimic increases the expression of
JUN by 60%. (Fig 4.8d) miR-27b modulation of LIPC expression might therefore proceeds from a
simultaneous decrease of the positive regulators PPARa and HNF4a, and an increase in the negative

regulator JUN.

The activity labelling by FP-biotin in cells transfected with miR-27b mimic or inhibitor was repeated in
cells infected with the JFHI1t strain of HCV. Though miR-27b modulation of LIPC activity and
abundance was broadly reproduced in the presence of HCV, there were a few notable changes in the
magnitude of the observed changes. The decreases observed in mimic-transfected samples was inferior

to that seen in experiments with HCV-naive cells, while the inhibitor was able to increase the expression
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Figure 4.8: miR-27b modulation of LIPC expression is controlled by multiple transcription factors.
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<0.01
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and activity of LIPC to a much greater extent. (Fig 4.9a-d) These observations are consistent with reports
that HCV increases the expression of miR-27b:*¢ as miR-27b levels are already high, the addition of the
mimic would less significant. Conversely, inhibition of miR-27b should lead to more dramatic effects
when its endogenous expression is higher. Altogether, these results indicate that miR-27b regulation of

LIPC function occurs during HCV infection.

Next, the link between the modulation of LIPC activity and HCV infection was examined by
investigating both the effect of the virus on LIPC activity and the effect of LIPC activity on the virus.
Protein lysates from Huh7.5 cells infected with the JFH1T cell culture strain of virus were labelled with
FP-biotin and processed for mass spectrometry analysis. LIPC activity was decreased by nearly 50% in
infected as compared to the naive cells, (Fig 4.11a) and mRNA abundance was similarly decreased. (Fig
4.11b) This corroborates previous findings in vivo, in which a significant decrease in LIPC mRNA was
observed in liver tissue of patients suffering from HCV as compared to healthy controls.®” To investigate
the dependence of HCV infection on LIPC activity, LIPC was knocked down by siRNA and intracellular
RNA was measured by qRT-PCR. The production of infectious virions was also assessed by measuring
the infectivity potential of the supernatants of the infected cells, as illustrated in Fig 4.10. A non-
significant increase of 40% was observed in the amount of intracellular RNA. In contrast, the levels of

infectious virions produced was significantly increased by 100% with LIPC KD.
A comparison of these two measurements shows a significantly higher increase in virion production than
intracellular RNA. (Fig 4.11C) This indicates that while decreases in LIPC activity may play a role in

promoting HCV replication, it is more important to the assembly and secretion of new virions.

4.5.2 Platelet Activating Factor 1B3 (PAFAHIB3)

ABPP-MS showed that miR-27b significantly upregulated the activity of PAFAH1B3, an upstream
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Figure 4.9: miR-27b modulates LIPC expression and activity in the context of HCV infection.
Huh7.5 cells were infected with the JFH1t strain of HCV and subsequently transfected with miR-27b
mimic, inhibitor, or the respective negative control and lysed after 72h. Results represent signal from
mimic or inhibitor-transfected samples normalised to their respective controls. A) LC-MS/MS
quantification of FP-biotin labelled of LIPC, n=3. B) qRT-PCR quantification of LIPC mRNA, n=4. C)
Western blotting analysis of LIPC labelling by FP-biotin compared to the total abundance of LIPC and
known direct target EGFR. D) Densitometric analysis of western blotting against LIPC, n=3. Values
shown are normalised to the control-transfected sample. Data represents mean values + s.e.m. *p <0.05,
**p <0.01
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Figure 4.11: HCV-mediated decrease in LIPC activity promotes virion production. A-B) Huh7.5
cells were infected with the JFHIt strain of HCV and lysed after 72h. A) LC-MS/MS relative
quantification of FP-biotin labelled LIPC, n=3. B) qRT-PCR quantification of LIPC mRNA, n=4. C)
Huh7.5 cells were transfected with siRNA against ACOT1/2 and infected with the JFH 1t strain of HCV.
Intracellular RNA was harvested and quantified by qRT-PCR,and growth media from these cells was
used to infect cells without siRNA knock-down. Intracellular RNA was harvested and quantified by
qRT-PCR. Values shown are normalised to the control-transfected sample. Data represents mean values
+s.e.m. *p <0.05, **p <0.01, ***p <0.001
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regulator of multiple classes of lipids.®® (Fig 4.12a) Western blotting of the FP-labelled and enriched
proteome also showed a significant increase in labelling, and therefore activity. (Fig 4.12c,d) Blotting
of unenriched whole protein samples revealed that miR-27b did not change the abundance of
PAFAHIB3. PAFAH1B3 mRNA expression was also unchanged by over-expression of miR-27b. (Fig

4.12b) PAFAHI1B3 activity is therefore upregulated post-translationally by miR-27b.

PAFAHIB3 is a subunit of the PAFAHIB complex, composed of two catalytic subunits, either
PAFAHIB2 or PAFAHIB3, and the regulatory subunit PAFAHIBI1, also known as LIS1.% While
monomeric PAFAHIB3 is still capable of enzymatic activity, inclusion in a complex, as well as the
composition of the complex, affects activity towards various substrates.®® ! To determine whether the
miR-27b-induced increase in PAFAH1B3 activity is mediated by modulation of the composition of the
complex, the mRNA expression of PAFAH1B2 and PAFAHIB1 was measured by qPCR. While
PAFAHI1B2 expression remained unchanged, PAFAH1B1 expression was significantly increased. (Fig
4.13a) Western blotting confirmed that PAFAH1B1 expression is significantly increased by miRNA-
27b. (Fig 4.13b, c) This suggests that PAFAH1B3 activity could be upregulated by an increase in
interaction with the regulatory PAFAHI1B1 subunit. A 50% knock-down of PAFAH1B1 expression by
siRNA did not result in any change in PAFAHI1B3 activity; (Fig 4.13d-f) however, it may be that the
baseline level of interaction was already low, and that therefore decreasing expression of PAFAH1B3
does not change the oligomerization status of a sufficient amount of PAFAH1B3 to generate an

observable change in activity.

Recent literature has suggested that PAFAHIB3 is palmitoylated, and that the presence of this post-
translational modification is associated with the presence of downstream effects of PAFAH1B3
function.”” To assess whether palmitoylation is important for PAFAH1B3 activity, cells were treated

with the general palmitoylation inhibitor 2-bromopalmitate (2-BP) and lysates labelled by FP-biotin. (Fig
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Figure 4.12: miR-27b increases the activity of PAFAH1B3 post-translationally. Huh7.5 cells were
transfected with miR-27b mimic, inhibitor, or the respective negative control and lysed after 72h. Results
represent signal from mimic or inhibitor-transfected samples normalised to their respective controls A)
LC-MS/MS relative quantification of FP-biotin labelled PAFAH1B3, n=3 B) qRT-PCR quantification
of PAFAHIB3 mRNA, n=4 C) Western blotting analysis of PAFAHIB3 labelling by FP-biotin
compared to the total abundance of PAFAH1B3 and known direct target EGFR. D) Densitometric
analysis of western blotting against PAFAH1B3, n=3. Values shown are normalised to the control-
transfected sample. Data represents mean values + s.e.m. *p < 0.05, **p <0.01
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Figure 4.13: Expression of regulatory subunit PAFAH1BI1 is increased by miR-27b. A-C) Huh7.5
cells were transfected with miR-27b mimic, inhibitor, or negative control and lysed after 72h. A) qRT-
PCR quantification of mRNA encoding PAFAH1B subunits B1 and B2, n=4 B) Western blotting analysis
of PAFAHI1B3 labelling by FP-biotin compared to the total abundance of PAFAH1B1 and PAFAHIB3.
C) Densitometric analysis of western blotting against PAFAH1BI1, n=3. D-F) Huh7.5 cells were
transfected with siRNA against PAFAH1B1 or GAPDH and lysed after 48h. D) Western blotting
analysis of PAFAHI1B3 labelling by FP-biotin compared to the total abundance of PAFAH1B1 and
PAFAH1B3 E) Densitometric analysis of PAFAH1BI protein expression following knockdown, n=3.
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4.14) Western blotting on the enriched fraction revealed that inhibition of palmitoylation significantly
decreased the activity of PAFAH1B3. (Fig 4.15a,b) Though 2-BP is a promiscuous inhibitor, it has not
previously been shown to inhibit PAFAH1B3 in target screens.”® A competitive ABPP assay, wherein
samples were incubated with FP-biotin in the presence of 2-BP, (Fig 4.14) demonstrated no decrease in
PAFAHIB3 labelling, (Fig 4.15a,c) indicating that 2-BP is not able to directly inhibit the activity of
PAFAHIB3. Overall, these results demonstrate that PAFAHIB3 activity is regulated post-

translationally by the addition or removal of a palmitate group.

In order to characterise the role of this miR-27b regulation of PAFAH1B3 activity in the context of HCV
infection, activity of PAFAH1B3 in cells infected with HCV and transfected with miR-27b mimic or
inhibitor was measured by FP-biotin labelling followed by enrichment and western blotting. Neither
miR-27b mimic nor miR27b inhibitor significantly altered PAFAH1B3 activity, though it was slightly
increased by the mimic. (Fig 4.16c,d) HCV infection did not demonstrate a consistent regulation either
up or down of PAFAH1B3 activity as assessed by mass spectrometry on FP-biotin enriched lysates. (Fig
4.17a) Upon knock-down of PAFAH1B3, the intracellular expression of the HCV genome was increased
two-fold, while the production of new virions was increased 1.5-fold. (Fig 4.17c) This indicates that

PAFAH1B3 activity could potentially play a role in the suppression of HCV replication.

4.5.3 ACOTI/ACOT?2

Acyl-CoA thioesterases are a large family of proteins which remove the CoA moiety from acyl-CoA,
producing free fatty acid. ACOT1 and ACOT2 possess a 98% sequence homology®* and target long-
chain acyl-CoA, performing similar catalytic reactions at different cellular locales.”> ACOT] is localised
to the cytosol, where it regulates the pool of acyl-CoA and free fatty acids.”> ACOT2 is localised on the
4.95-97

mitochondria, and promotes B-oxidation, thereby reducing the abundance of intracellular fatty aci

Mass spectrometry quantification of activity-labelled serine hydrolases reported differential changes in
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Figure 4.15: PAFAH1B3 activity is regulated by post-translational palmitoylation. Huh7.5 cells
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ABPP. n=3.
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activity for ACOT1 and ACOT2. However, while ACOT1 demonstrated a consistent decrease in
activity, measurements of ACOT2 activity possessed high variability, even within technical replicates,
wherein a samples from a single trial was repeatedly analysed by LC-MS/MS. (Fig 4.18a) This indicates

the presence of a technical difficulty, as opposed to any high variability in the activity of the enzymes.

To circumvent this problem, the abundance of activity-labelled enzyme was measured by western
blotting instead of mass spectrometry. Unfortunately, the high homology between ACOT1 and ACOT2

98

does not allow them to be differentiated using antibodies.”® For this reason, western blotting was

performed using an antibody raised against both proteins.

Transfection with miR-27b mimic significantly decreased the activity of ACOT1/2, while inhibition of
miR-27b induced a small but significant increase in activity, indicating that inhibition of ACOT1/2
activity is a physiologically relevant phenomenon. (Fig 4.18c, d) gPCR performed on mRNA showed a
decrease in abundance of ACOT1/2 in miR-27b mimic treated samples. (Fig 4.18b) Expression of both
ACOT1 and ACOT2 has been demonstrated to be induced by PPARa,” whose abundance is decreased
by miR-27b.*® However, this change in mRNA abundance was much smaller than the change in activity,
and did not result in a significant decrease in protein expression. Furthermore, no increase in abundance
was observed with miR-27b inhibition. (Fig 4.18c, d) Altogether, this suggests that the primary method
of miR-27b regulation of ACOT1/2 activity is post-translational. As ACOT2 is known to be
palmitoylated,'% the possibility that this PTM could regulate enzyme activity was investigated using 2-
BP, as shown in figure 4.14. Interestingly, while in situ treatment did not show a consistent increase in
activity, competitive ABPP in the presence of palmitoylation inhibitor resulted in large increases in
activity labelling across three trials. (Fig 4.19) This suggests that the absence of palmitoylation on
ACOT1/2 increases activity, but also that ACOT1/2 palmitoylation is regulated on a very short timescale,

and that this modification can occur even in lysates.
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Figure 4.16: Effect of miR-27b on PAFAH1B3 in the context of HCV infection. Huh7.5 cells were
infected with the JFH 1t strain of HCV and subsequently transfected with miR-27b mimic, inhibitor, or
the respective negative control and lysed after 72h. Results represent signal from mimic or inhibitor-
transfected samples normalised to their respective controls. A) LC-MS/MS relative quantification of FP-
biotin labelled PAFAHI1B3, n=3. B) qRT-PCR quantification of mRNA encoding PAFAH1B subunits,
n=4. C) Western blotting analysis of PAFAH1B3 labelling by FP-biotin compared to the total abundance
of PAFAHIB3 and known direct target EGFR. D) Densitometric analysis of western blotting against
PAFAHI1B3, n=3. Values shown are normalised to the control-transfected sample. Data represents mean
values £ s.e.m. *p < 0.05, **p < 0.01, ***p < 0.001
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Figure 4.17: PAFAH1B3 is detrimental to virion production A-B) Huh7.5 cells were infected with
the JFH 1t strain of HCV and lysed after 72h. A) LC-MS/MS relative quantification of FP-biotin labelled
PAFAHI1B3, n=3. B) qRT-PCR quantification of mRNA encoding PAFAH1B subunits, n=4. C) Huh7.5
cells were transfected with siRNA against PAFAH1B3 and infected with the JFH1t strain of HCV.
Intracellular RNA was harvested and quantified by qRT-PCR, and growth media from these cells was
used to infect cells without siRNA knock-down. Intracellular RNA was harvested and quantified by
qRT-PCR. Values shown are normalised to the control-transfected sample. Data represents mean values
+s.e.m. *p <0.05, **p <0.01, ***p <0.001
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Activity of ACOT1 has itself been identified as a regulator of S-palmitoylation: by reducing the
intracellular concentration of palmitoyl-CoA, there is a decrease in the availability of the substrate used

' As PAFAHIB3 activity is modulated by S-palmitoylation, as demonstrated

for S-palmitoylation.'®
above, the role of ACOT1/2 in regulating PAFAH1B3 activity was investigated. siRNA targeting both
ACOT1 and ACOT2 reduced expression by 44% after 48h and by 60% after 72h, mimicking the
inhibition induced by miR-27b transfection. (Fig 4.20a, ¢) Activity of PAFAHIB3 was unchanged at
both 48h and 72h post knock-down, (Fig 4.20a, b) indicating that while modulation of S- palmitoylation
may regulate PAFAH1B3 activity, this modulation was not regulated by ACOT1/2. Interestingly, the
activity of ACOT1/2, decreased by 65% and 69% at 48h and 72h, respectively, was significantly more
reduced than expression of ACOT1/2. (Fig 4.20a, c) This may indicate that ACOT1/2 activity could

function as a positive-feedback loop, wherein ACOT1/2 reduces the availability of palmitoyl-CoA,

which in turn decreases the palmitoylation of ACOT1/2, which increases ACOT1/2 activity.

The modulation of ACOT1/2 activity by miR-27b was less substantial in cells infected with HCV. (Fig
4.21a-d) This, however, may be due to the obfuscating influence of other regulatory mechanisms induced
by HCV infection. A significant decrease in ACOT1/2 activity during HCV infection alone was observed
by mass spectrometry. (Fig 4.22a) This may be caused by the HCV-induced increase in miR-27b,¢ which
mediated post-translational inhibition of ACOT1/2 activity. However, inhibition of miR-27b in HCV-
infected cells only induced a slight, insignificant increase in activity. (Fig 4.21c, d) The failure of miR-
27b inhibition to reverse the HCV-induced decrease in ACOT1/2 activity suggests there are additional

regulatory mechanisms also employed by the virus to modulate ACOT1/2 activity.

siRNA knock-down of ACOT1 and 2 followed by HCV infection resulted in increases in intracellular
HCYV RNA as well as infectious virion production. (Fig4.22¢) While this could indicate that the decrease

in ACOT1/2 activity mediated by HCV in part via miR-27b acts to promote HCV infection, the observed
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Figure 4.18: miR-27b decreases the activity of ACOT1/2. Huh7.5 cells were transfected with miR-
27b mimic, inhibitor, or the respective negative control and lysed after 72h. Results represent signal
from mimic or inhibitor-transfected samples normalised to their respective controls. A) LC-MS/MS
relative quantification of FP-biotin labelled ACOT1 and ACOT2, n=3 B) qRT-PCR quantification of
ACOT1/2 mRNA, n=4 C) Western blotting analysis of ACOT1/2 labelling by FP-biotin compared to the
total abundance of ACOT1/2 and known direct target EGFR. D) Densitometric analysis of western
blotting against ACOT1/2, n=3. Values shown are normalised to the control-transfected sample. Data
represents mean values £ s.e.m. *p < 0.05, **p < 0.01
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Figure 4.19: ACOT1/2 activity is regulated by post-translational palmitoylation. Huh7.5 cells were
either pre-treated with 2-BP for 6h, lysed, and labelled by FP-biotin, or lysed then pre-incubated with 2-
BP for 10 minutes before FP-biotin labelling. A) Western blotting analysis of ACOT1/2 labelling by FP-
biotin compared to the total abundance of ACOT1/2. B) Densitometric analysis of western blotting of
6h treatment. C) Densitometric analysis of western blotting of 10 min competitive ABPP. n=3.
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Figure 4.20: PAFAH1B3 activity is not regulated by ACOT1/2. Huh7.5 cells were transfected with
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Figure 4.21: Effect of miR-27b on ACOT1/2 in the context of HCV infection. Huh7.5 cells were
infected with the JFH1t strain of HCV and subsequently transfected with miR-27b mimic, inhibitor, or
the respective negative control and lysed after 72h. Results represent signal from mimic or inhibitor-
transfected samples normalised to their respective controls. A) LC-MS/MS relative quantification of FP-
biotin labelled ACOT1 and ACOT2, n=3. B) qRT-PCR quantification of ACOT1/2 mRNA, n=4. C)
Western blotting analysis of ACOT1/2 labelling by FP-biotin compared to the total abundance of
ACOT1/2 and known direct target EGFR. D) Densitometric analysis of western blotting against
ACOT1/2, n=3. Values shown are normalised to the control-transfected sample. Data represents mean
values + s.e.m. *p < 0.05, **p < 0.01, ***p < 0.001
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Figure 4.22: Possible HCV-mediated decrease in ACOT1/2 activity may increase HCV virion
production. A-B) Huh7.5 cells were infected with the JFH1t strain of HCV and lysed after 72h. A)
LC-MS/MS relative quantification of FP-biotin labelled ACOT1/2, n=3. B) qRT-PCR quantification of
ACOT1/2 mRNA, n=4. C) Huh7.5 cells were transfected with siRNA against ACOT1/2 and infected
with the JFH 1t strain of HCV. Intracellular RNA was harvested and quantified by qRT-PCR,and growth
media from these cells was used to infect cells without siRNA knock-down. Intracellular RNA was
harvested and quantified by qRT-PCR. Values shown are normalised to the control-transfected sample.
Data represents mean values + s.e.m. *p < 0.05, **p < 0.01, ***p < 0.001
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changes were not statistically significant.

4.5.4 Wnt pathway

One of the well-established targets of HCV-modulation of host cells is the Wnt signalling pathway.!'%?
Whnt proteins are growth stimulatory factors, responsible for shaping and maintaining tissue, the aberrant

103

functionality of which plays a role in promoting cancer progression, both generally " and specifically in

the case of HCV-induced hepatocellular carcinoma.'>!% Previous work has demonstrated that miR-27b

targets multiple components of the Wnt signalling pathway,>>105-107

ultimately decreasing canonical Wnt
signalling. PAFAH1B3 has also been shown to possess the ability to decrease Wnt signalling.'® To
investigate the role that miR-27b and PAFAH1B3 may play in modulating Wnt signalling in the context
of viral infection of the liver, Huh7.5 cells were transfected with a luciferase reporter for Wnt activity '
and miR-27b mimic, and treated with the specific PAFAH1B3 inhibitor P11.!'° Contrary to previous
work, an increase in Wnt signalling was observed in miR-27b treated cells. (Fig 4.23a) P11 had no visible
effect on Wnt signalling. As Huh7.5 cells produce very low levels of canonical Wnt proteins,'!! the
experiment was repeated in the Wnt-producing HepG?2 cells, with similar results. (Fig 4.23b) Treatment
with 2-BP, which blocks the palmitoylation step necessary for Wnt secretion and subsequent
signalling,''? is used as a positive control of signalling inhibition. This confirms that in liver cell lines,

miR-27b increases Wnt signalling, though it does not seem to rely on an increase in PAFAH1B3 activity

to do so.

4.6 Discussion

The importance of miR-27b to the regulation of hepatic lipid metabolism, both in healthy tissue and in
the context of disease, has been previously established;***® however, the mechanisms by which this
modulation of the cell’s lipid profile is accomplished are not yet well understood. For example, previous

work has shown that miR-27b, despite its ability to induce a lipid-rich intracellular environment
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Figure 4.23: miR-27b increases Wnt signalling in a non-PAFAH1B3 dependent manner. A) Huh7.5
and B) HepG2 cells were transfected with the Wnt luciferase reporter system TOP/FOP{flash and 100nM
mir-27b mimic. After 24h cells were treated with 20uM 2-bromopalmitate and SuM P11. Cells were
lysed 48h after transfection and luciferase signal was measured and normalised by protein abundance.
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Figure 4.24: miR-27b decreases expression of established targets EGFR and HCV. A-B) Huh7.5
cells were transfected with miR-27b mimic, inhibitor, or negative control and lysed after 72h. A) qRT-
PCR quantification of EGFR mRNA, n=4 B) Densitometric analysis of western blotting of EGFR
expression, n=3. C-F) Huh7.5 cells were infected with the JFH1t strain of HCV and subsequently
transfected with miR-27b mimic, inhibitor, or negative control and lysed after 72h. C) qRT-PCR
quantification of EGFR mRNA, n=4. D) Densitometric analysis of western blotting of EGFR expression,
n=3. E) qRT-PCR quantification of HCV RNA, n=4. F) Densitometric analysis of western blotting of
HCV core protein expression, n=3. Values shown are normalised to the control-transfected sample. Data
represents mean values £+ s.e.m. *p < 0.05, **p <0.01, ***p <0.001
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beneficial to the HCV infection,?® decreases viral titre in infected cells.>® This is confirmed in the present
study, (Fig 4.24) and is likely due to other, unknown effects of miR-27b activity. While decreases in the
miR-27b target EGFR is known to inhibit viral entry,!' inhibition of viral entry alone is unlikely to fully
explain the decrease in viral proteins and RNA observed, as a decrease in EGFR expression would only
affect secondary infections from virions newly-produced by the initially-infected cells, and the infections
performed were of short duration. It is therefore necessary for prior processes, from protein translation

to RNA replication and virion assembly to be implicated in miR-27b’s anti-viral activity.

A comprehensive understanding of these mechanisms could enable the development of techniques to
counteract or enhance the effects of abnormal miRNA function which are implicated in the pathogenesis
of multiple diseases. In this work, functional effectors of miR-27b regulation of lipid metabolism are

identified, and the mechanisms by which their activities are controlled are explored.

Previous efforts to profile miR-27b-induced changes to the proteome have relied mainly on sequencing-
based techniques such as Ago-HITS-CLIP,*!"%!15 which reports on only direct hydrogen-bonding
interactions between miRNAs and mRNAs, and does not allow the detection of any potentially more
significant changes occurring down-stream. Other studies have used microarrays to globally profile miR-
27b’s impact, direct or indirect, on the transcriptome.!!®!!"” However, this type of screen only reports on
a pre-selected panel of genes and is furthermore incapable of reporting on any potential post-translational
regulation of protein function. Use of an activity based-probe measures differential enzyme activity
derived not only from direct miRNA targeting or altered gene expression, but also from changes to
protein localisation, post-translational modifications, and protein-protein interactions, thereby providing

a more complete and relevant picture of the functional role of the microRNA.
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This is demonstrated by comparing results of Ago-HITS-CLIP screens to those of activity-based
profiling. These screens of miRNA interactions in the liver identified only one metabolic serine
hydrolase as a potential target of miR-27b, fatty acid synthase (FASN).28!!4115 However, no change in
either activity or abundance was detected, (Fig 4.25) illustrating that the presence of complementarity
between miRNAs and mRNAs does not necessarily translate into a functional change. Conversely,
activity-based profiling has been able to detect miR-27b-induced differential function in multiple lipid

metabolic enzymes which had not been detected by complementarity-based screening.

Regulation of LIPC has not previously been associated with miR-27b. Though the new consensus
sequence contained the miR-27b seed site within its 3’-UTR, the failure of miR-27b to target this
sequence in the luciferase construct is not surprising. Base pairing outside the seed sequence plays an
important role in stabilising the miRNA-mRNA interaction,' and the remainder of the sequence outside

the seed site displayed very little complementarity.

Figure 4.26 describes the multiple modes of action used simultaneously by miR-27b to decrease LIPC
expression, modulating the expression of three separate transcription factors: PPARa, JUN, and HNF4a.
Interestingly, HNF4a has been shown to be pro-viral, and the inhibition of its activity decreased HCV

18

replication.!'® The miR-27b-induced decrease in HNF4a expression discovered in this experiment

therefore represents a novel potential mechanism by which miR-27b may reduce viral titres.

Fig 4.6d hints that LIPC activity may be simultaneously regulated by an additional, post-translational
mechanism, as the large decrease in activity is only partially mirrored by the still statistically significant
but smaller decrease in protein abundance. This discrepancy suggests the presence both pre- and post-
translational regulation. Synthesis of active LIPC requires the activity of multiple chaperone proteins

and folding factors,!!” as well as the addition of a glycosylation at Asn-56;'° miR-27b induced
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Figure 4.25: miR-27b does not alter expression of predicted target FASN. A-D) Naive Huh7.5 cells
or cells infected with the JFH1t strain of HCV were transfected with miR-27b mimic, inhibitor, or
negative control and lysed after 72h. A) Western blotting analysis of FASN labelling by FP-biotin in
miR-27b mimic-transfected samples compared to total abundance of FASN and known targets of miR-
27b. B) Densitometric analysis of western blotting against FASN, n=3 C-D) LC-MS/MS relative
quantification of FP-biotin labelled FASN, n=3. E) Huh7.5 cells were infected with the JFH 1t strain of
HCV and lysed after 72h. LC-MS/MS measured relative quantification of FP-biotin labelled FASN,
n=3. Values shown are normalised to the control samples. Data represents mean values + s.e.m. *p <
0.05
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differential folding and glycosylation represent an opportunity for post-translational regulation of LIPC

which could be an interesting basis for further investigation.

The observed decrease in LIPC activity would, in humans, cause a significant decrease in plasma
triglycerides in high density lipoproteins (HDL), low-density lipoproteins (LDL), and very low density
lipoproteins (VLDL).%%”> A decrease in plasma triglycerides has been observed in mice treated with
miR-27b mimics, which was attributed to a decrease in lipoprotein lipase (LPL) activity.** The results
presented herein suggest that miR-27b simultaneous decreases LIPC as well as LPL, and that these

changes could act in concert to increase circulating triglycerides.

The hepatitis C virion exists as a lipoviral particle, and uses the host cell’s VLDL machinery in the

formation and secretion of infectious particles.'”

As LIPC plays a significant role in regulating
lipoparticles, this enzyme could be expected to likewise influence the lipoviral particle. Figure 4.11c¢
replicates results from previous studies which have shown that infectivity of secreted virions is
significantly increased when LIPC abundance is decreased,'?! though intracellular HCV is not
affected,'?!!?? which suggests that LIPC interferes with an important role in virion secretion. In this
work, in vitro HCV infection induced a significant decrease in LIPC activity and abundance, and previous
work showed this decrease also occurs in human infection.®” This decrease in LIPC abundance is more
pronounced in HCV-HCC,? indicating that absence of LIPC activity could furthermore contribute to the
development of liver cancer. The role of LIPC in cancer has not been extensively studied: it has been
suggested to have a positive effect on the anti-cancer immune response'?® and has been associated with
increased survival in some cancers,'?* though in others it has been associated with decreased survival.!?
Overall, this suggests that the down-regulation of LIPC activity during HCV infection via increased miR-

27b performs an pro-viral function, and that this may create an oncogenic environment which contributes

to the development of HCV-induced HCC. (Fig 4.24) This is in apparent contradiction to the previously
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established anti-viral nature of miR-27b; however, as microRNAs typically modulate a large number of

different targets, this pro-viral effect is most likely overshadowed by other anti-viral effects.

miR-27b also appears to induce an oncogenic environment via an upregulation of PAFAH1B3 activity.
PAFAH enzymes typically hydrolyse platelet activating factors (PAFs).!?%!27 PAFAH1B3 preferentially

hydrolyses acetyl over longer-chain PAFs, !

and is highly expressed compared to other PAFAHSs in the
model system used in this study'?® as well as in the adult liver.'* 3! As PAFAH1B3 abundance does
not increase with activity with miR-27b treatment, catalytic activity must be regulated post-
translationally. Modulation of the composition of the PAFAHIB complex represents one potential
mechanism: differential activity of PAFAH1B3 has been observed based on the presence of the
interacting proteins PAFAH1B1 and PAFAH1B2.%°%127 However, while the miR-27b-induced increase
in the abundance of the regulatory factor PAFAH1B1 seems to suggest that an increase in complex
formation may be the basis for the increase in activity, a 50% decrease in PAFAHI1B1 expression did not
affect PAFAHI1B3 activity. It may be that the baseline level of interaction was already low, and that
therefore decreasing expression of PAFAH1B1 does not change the oligomerization status of a sufficient
quantity of PAFAH1B3 to generate an observable change in activity. Previous studies of purified
recombinant proteins had suggested PAFAH1BI1 either does not change PAFAH1B3 activity (when in
complex with PAFAH1B2) or decreases it (in the absence of PAFAH1B2), though the changes appear
to be primarily based in changes to PAFAH1B3 abundance and not activation state.”® While it is
therefore not possible at the present time to make a definitive conclusion about the role of PAFAHIBI

in the up-regulation of PAFABI1B3 activity by miR-27b, based on its ability to modulate PAFAHIB

activity and its miR-27b-induced increase in expression, further investigation seems merited.

The activity of PAFAH1B3 can be said to be regulated by S-palmitoylation with somewhat more

confidence. This post-translational modification was previously suggested to be important for
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PAFAHIB3 function, though the presence of the modification itself on PAFAHIB3 had not been
demonstrated.”” The demonstrated dependence of PAFAH1B3 activity on a functional palmitoylation
system confirms that this enzyme does indeed require the presence of an S-palmitoylation for catalytic
activity. It furthermore suggests that modulation of palmitoylation by miR-27b may be responsible for
the miR-27b-induced increase in PAFAH1B3 activity. It is not clear whether this is the result of changes
to enzymes responsible for palmitoylation, or of an increase in substrate concentration due to miR-27b

increase of intracellular lipids.

If PAFAH1B3 activity is increased by miR-27b, its activity should also be up-regulated by HCV, which
induces miR-27b expression. In addition, a high-throughput screen of gene expression during HCV
infection has indicated that PAFAH1B3 expression is increased by HCV infection.'*? This suggests that
PAFAHI1B3 activity could be increased during infection not only by a post-translational miR-27b
mediated mechanism, but also by an independent upregulation of expression. As PAFAH1B3 expression
has an inhibitory effect on HCV replication and, to a lesser, extent, the production of new virions, this
could represent a mechanism by which miR-27b inhibits the life cycle of HCV, as shown in this work

and in previous studies.*¢

The primary consequence of this heightened activity would likely be a decrease in the concentration of
PAFs. PAFs act as messenger lipids,'* activating inflammation'** as well as PI3K, MAPK, and NF«xB
signalling. 13° They have been shown to play a role in viral pathogenesis of dengue and influenza viruses,
increasing the virulence of the disease, though with no effect on overall viral titres.!**!37 By increasing
PAFAHI1B3 activity, the host may be attempting to decrease the detrimental effect of PAF signalling
during viral infection. '37 Expression profiling of patients with HCV-associated HCC shows a further
increase in expression of PAFAH1B3 compared to non-cancerous infectection,'*® while autoantibodies

against PAFAHI1B3, found in HCV-associated HCC patients, are thought to play a role in anti-viral and
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anti-oncogenic host responses to infection.!** Altogether, this supports the potential of PAFAH1B3 to

contribute to the development of HCC from HCV.

88,110,140 and

PAFAHI1B3 activity has previously been associated with the progression of multiple cancers
evasion of apoptosis,'*! though the mechanism by which it promotes oncogenesis is unknown. In some
cancers, the pro-oncogenic effect seems to occur at least partially through inhibition of PAF signalling,'#?
through which it may promote tumour apoptosis by activating NF«kB signalling.!** However, the role of
PAF in cancer is thought to be mainly pro- not anti-oncogenic,'** though it may vary with the type of
cancer studied. While it has also been suggested that PAFAHs could affect signalling by increasing

133 others have speculated that

levels of their product, lyso-PAF, which also has inflammatory properties,
PAFAH1B3 may have other substrates by which it alters cell signalling. PAFAH1B3 activity, either
directly or indirectly, has been shown to broadly alter the cell’s lipid profile'*° to increase the abundance

8 However, these specific alterations to the lipid profile were not

of multiple anti-tumorigenic lipids.
mirrored in the profile of miR-27b induced changes to the lipidome, indicating that this antitumor

function of PAFAH1B3 activity does not occur in this context.

The most prominent miR-27b induced change to the lipid profile was the significant increase in
triglycerides, which has previously been attributed to a decrease in fatty acid oxidation, among other
factors.’® Interestingly, while ACOT1 has been shown to decrease B-oxidation in liver,"*> ACOT2 has
been shown to promote B-oxidation.”” As ACOT?2 is by far the higher expressed form within the cell
model used,'* this suggests that the miR-27b-induced decrease in ACOT?2 activity plays a role in the
inhibition of B-oxidation and the consequent increase in cellular triglycerides. ACOT?2 preferentially
targets long-chain substrates;'* this may explain the tendency of longer length lipids to be more highly

upregulated which was observed during miR-27b overexpression.
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In this study, in vitro infection with HCV decreased ACOT1/2 activity, which is in agreement with
previous research showing that HCV down-regulates ACOT1: the effect of HCV on ACOT2 has not
previously been investigated.'*!*” The decreased B-oxidation which should result from a decrease in
ACOT2 activity is characteristic of HCV infection!*® as well as HCV-induced HCC."*® Decrease in
ACOT2 has previously been associated with tumour incidence,'*’ though no data exists on the role of
ACOT2 in HCC specifically. Altogether, this suggests another pathway by which HCV-mediated

increase of miR-27b might induce conditions conducive to the development of HCC.

The mechanisms by which miR-27b regulates ACOT2 activity are not clear. Transcription of ACOT2,
like ACOTI, is thought to be regulated by PPARa and HNF4q;!**!5! as abundance of both these
transcription factors decrease, this could explain the observed decrease in ACOT1/2 mRNA. However,
in this case, ACOT1/2 protein abundance does not change in conjunction with mRNA, implying that a
post-transcriptional mechanism of regulation may be responsible for the change in catalytic activity,
something which has previously been suggested.'>> Given the lack of change in ACOT1/2 abundance,
the decrease in activity must necessarily be due to some unknown method of post-translational regulation.
Like PAFAHIB3, ACOT2 is palmitoylated,'® and inhibition of palmitoylation seems to increase
ACOT1/2 activity within a short-term time frame. This suggests that, contrary to the regulation of
PAFAH1B3, palmitoylation of ACOT1/2 may possess an inhibitory function. miR-27b, then, appears
to alter the activity of two enzymes possessing lipidation-based methods of regulation. It can therefore
be hypothesized that miR-27b induces alterations to protein palmitoylation processes as part of a broader
strategy to alter enzyme activity post-translationally. Though profiling changes to palmitoylation
induced by miR-27b is beyond the scope of this study, characterisation of miRNA-induced changes to
post-translational modifications could represent an interesting avenue of investigation into cross-talk

between a cell’s lipid metabolism and its enzymes’ activity.
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While this manuscript was in preparation, a study on adipocytes differentiation was published showing
that, contrary the what is seen in hepatoma cells, miR-27b increases ACOT2 expression.*® They
furthermore showed that knock-down of ACOT?2 decreased cellular triglycerides,*® though it seems likely
that this is not due to the inherent activity of ACOT2 but by inhibiting the differentiation into mature
adipocytes. This seeming contradiction in the regulation of ACOT2 by miR-27b highlights the
differences in miRNA function between cell types. While direct mRNA-miRNA interactions can differ
between cell types due to alternative compartmentalisation, splicing, and protein interactions which alter
the presence or availability of target sites,! functional targeting by miRNAs, which in addition relies on
the presence of specific sets of cell signalling pathways, is bound to create an even greater disparity.

While miR-27b seems to play an onco-protective role in most cancers, > in the liver, it seems to act as
an oncogene, increasing proliferation and decreasing survival®®®* (though one paper to the contrary has
been published),” indicating that miRNAs can play substantially different roles in different contexts.
For instance, Wnt signalling, a key oncogenic driver,'!? is increased by miR-27b in both Huh7.5 and
HepG2 models, whereas work in models derived from other systems, ranging from cancerous cell lines
to in vivo cancer-free animal models, showed a marked decrease in Wnt signalling.>>!%5-197  Wwnt

C’1537155

signalling plays a significant role in the pathogenesis of HC and a link has been suggested

between its tumorigenic potential and its ability to up-regulate the lipid content of cancerous cells.!>%1%
It has previously been demonstrated that HCV induces Wnt via multiple mechanisms;'>® data presented
in this paper suggests that modulation of miR-27b may be an additional novel method of Wnt
dysregulation. Similarly, Wnt signalling may represent a potential mechanism of miR-27b induced
modulation of lipid metabolism. While understanding of the relationship between miR-27b and Wnt
signalling is still incomplete, the novel miR-27b targets identified in this study represent potential

mediators. Though chemical inhibition of PAFAH1B3 did not affect Wnt signalling, as shown in Fig

23, knock-down of LIPC has been shown to modulate the expression of many genes involved in the Wnt
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pathway,'”” and it has been hypothesised that it acts as a Wnt-antagonist analogue.!®® Though the
ACOT1/2 enzymes have not been linked to Wnt signalling, their role in the regulation of palmitoylation

pools!®!

may allow them to affect the secretion of Wnt proteins, a process which relies on the presence
of an S-palmitoylation post-translational modification which controls subsequent signalling.!'?> Future

work may therefore reveal novel links between miR-27b-regulated lipid metabolic genes and Wnt

signalling.

The development of direct acting antivirals over the past decade has provided a cure for HCV infection
with approximately 80-95% efficacy, depending on the genotype and stage of infection.!¢! While these
pharmaceuticals, by clearing the infection, prevent any more viral remodelling of host systems, and arrest
the progression of fibrosis and cirrhosis, they are not able to reverse damage already done: the risk of
HCC development remains high,!¢"!%? while some studies have even reported an increase in HCC
incidence with certain antiviral treatments.'®""!% For this reason, surveying HCV-induced changes to the
hepatic environment is essential to forestall the adverse sequalae of long-term infection. Current practice
mostly involves assessment of fibrosis and cirrhosis upon viral clearance, which has limited predictive
power, and regular imaging to detect tumour emergence.'®* Detection risk-related biomarkers, such as
the activity of the enzyme discussed herein, upon virus clearance could allow a more sensitive assessment
of the risk of developing HCC. As these LIPC, PAFAH1B3, and ACOT2 are known to play a role in the
development of HCC, correction of their dysregulated activity could represent an attractive onco-
protective strategy. More generally, this study, in identifying novel miR-27b mediated mechanisms of
lipidome regulation, has provided new avenues of investigation which may be of interest in the study of

the various pathogenicities with which this miRNA is associated.

Future work may further investigate the importance of alterations to the catalytic activity of these

enzymes to the viral life cycle and to the development of HCC in vivo. This work was performed in

154



cancerous cell lines, whose metabolic functions closely resemble those of tumour cells.'®> The
metabolism of Huh7.5 cells is therefore distinct from that of healthy hepatocytes, as the cell line has
already undergone some of the metabolic reorientations typical of oncogenesis, resulting in a correlation
coefficient of 0.6 between human liver and cell line gene expression.!®® In hepatocytes, this includes an

increase in lipogenesis and a decrease in B-oxidation, necessary for the production of new cells which

1671t is of note, however, that the metabolisms of these cell lines

occurs during tumour growth.
recapitulate the early stages of HCC tumorigenesis, and therefore still possess many characteristics of
hepatocytes which may be lost in more advanced stages.'> Nevertheless, it would be worthwhile to
investigate how miR-27b and the hepatitis C virus modulate the activity of these enzymes in healthy

primary hepatic cells, as well as whether this miR-27b modulation of activity was required or detrimental

to the establishment of infection.

Cell culture models allow an in-depth study of cell biology. However, crosstalk between different cell
systems within an organism have the potential to significantly alter the host response to infection. For
example, though LIPC is synthesised in hepatocytes, it is subsequently secreted and attaches to the
surface of liver cells, including non-parenchymal cells, to which it binds at a considerably higher rate.!*®
The repercussions of miR-27b’s decrease of LIPC activity on overall lipid metabolism as well as HCV
infection would therefore likely be exacerbated in vivo. For this reason, substantiating the role of miR-
27b-regulation of these enzymes in the establishment of chronic infection and subsequent oncogenesis
in a live model is of considerable value. In recent years, multiple strategies have been employed to
develop various humanised mouse models to study HCV infection have been developed,'®*'”* and could

be used to investigate the role of miR-27b as well as LIPC, PAFAH1B3, and ACOT1/2 on infection,

lipid metabolism, and oncogenesis.
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In summary, this study has demonstrated that effectors of miRNA regulation of cellular systems are

indirectly regulated via alteration of transcription or post-translational modifications. As this regulation

of functional targets seem to be highly dependent on the cellular environment and cannot be predicted

based on in silico complementarity-based methods, profiling miRNA-induced changes to enzyme

activity is necessary to understand the role miRNAs in health and in diseases.
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Chapter 5: General Discussion and Future Work

5.1 Summary

As obligate intracellular parasites, viruses rely on host cells for their completion of their life cycle. To
this end, they hijack cell function to divert resources and metabolic energy to the production of new
virions. Over the last several years, the emergence of novel viruses and their impact on global health has
highlighted the importance of understanding how cellular structure and function is altered during
infection, in order to cure the infection and counter its long-term sequelae. Identifying the enzymes
whose altered activity is responsible for this cellular remodelling provides both novel biomarkers for
disease progression and novel pharmaceutical targets. To this end, the development and application of
activity-based probes, which allow for the functional state of target enzymes to be assessed, represent a

valuable contribution to the investigative toolbox.

This thesis presents (1) a new kinase-targeting activity-based probe, (2) derivates of an activity-based
probe which expand its functionality, and (3) the application of ABPP in characterizing the functional
role of a miRNA. Each chapter furthermore demonstrates how these tools are used to further our

understanding of viral infection, using the hepatitis C virus as a model.

5.1.1 Wortmannin-yne

Kinases play a fundamental role in propagating cell signals, and for this reason are of particular interest
when studying the system reorganisation which results from viral infection. Wortmannin, a covalent
kinase inhibitor, was modified to form wortmannin-yne, which contains an alkyne handle to which a
reporter tag could be appended using copper-catalysed azide-alkyne cycloaddition, thereby enabling the

detection of active kinases. Wortmannin-yne was used to identify enzymes whose activity was altered
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by HCV replication. Functional analysis of differentially active enzymes identified, among others, the

MAPK pathway as a target of HCV modulation whose enzymes could be profiled by wortmannin-yne.

5.1.2 PIKBPyne

Phosphatidylinositol phosphates and their kinases play a key role in cell organisation and signalling.'
The activity of these kinases is regulated in part by protein-protein interactions which control post-
translational modifications and subcellular localisation. It is therefore of interest to identify protein-
protein interactions and quantify any changes to these interactions which occur during infection. Three
novel probes were herein reported which contained linkers of variable lengths between a moiety targeting
phoaphatidylinositol kinases and a benzophenone group capable of forming a covalent bond with
adjacent proteins. The probe containing a long flexible linker was shown to be able to bind to PIK-
interacting proteins in a PIK-dependent manner, confirming its ability to measure protein-protein
interactions. This probe was then used to show that HCV alters the interactome of PI4KB during
replication, suggesting a potential link between its interaction with the Golgi protein ACBD3, the

increase in its activity? and the increase in PI4P in the double-membrane viral replication vesicles.?

5.1.3 miR-27b

microRNAs play a significant functional role in the regulation of cell systems. Their function can be
hijacked by viruses via sponging or transcriptional control. miR-27b is a core regulator of lipid
metabolism, and its activity is therefore implicated in the progression of hepatitis C infection, which
relies on host cell lipids for each stage of its life cycle. Activity-based protein profiling, using the
fluorophosphonate probe, was used to identify the functional targets of miR-27b. Three new functional,
indirect targets were identified: LIPC, PAFAH1B3, and ACOT1/2. Activity of LIPC was decreased by
a simultaneous up- or down-regulation of the transcription factors controlling its expression. Activity of

PAFAH1B3 was increased in a post-translational manner, which was demonstrated to be linked to the
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presence of post-translational palmitoylation. Activity of ACOT1/2 was similarly decreased in a post-
translational manner. These changes in activity were considered in the context of hepatitis C and linked

to the progression of hepatocellular carcinoma, a common result of long-term infection.

Overall, activity-based protein profiling has been used to characterise how the activity of enzymes is
regulated in the context of hepatitis C infection, whether by hepatitis C directly of by an intermediate
effector. Multiple activity-based probes were used to detected changes to the functional state of kinases
and serine hydrolases, while expansion of the functionality of an activity-based probes allowed protein-

protein interactions to be identified and quantified.

5.2 Perspective on future work

This work has focused on identifying functional changes to enzyme activity caused by the hepatitis C
virus, or by a miRNA whose expression it induces. Many of these regulatory changes occurred in whole
or in part post-translationally and resulted from alterations in cell signalling pathways. Future work
might aim to characterise the mechanisms of activation or inhibition employed to regulate the activities
of the enzymes identified in this thesis. Most post-translational regulatory mechanisms fall into one or
more of three categories: post-translational modifications, protein-protein interactions, and changes to

sub-cellular localisation.

5.2.1 Post-translational modifications

Multiple enzymes identified in these profiles are either known or predicted to possess sites of post-
translational modification. As modulation of enzymatic activity often relies on post-translational
addition or removal of biomolecules, it would be of interest to profile changes to the presence of these
modifications within the proteome. Recently developed chemical biology tools allow proteins possessing

these post-translational modifications to be identified and the abundance of the modification to be
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quantified. This can be done either by labelling endogenous PTMs or by introducing analogues into cells
which mimic the PTM but include a handle to which reporter tags can be appended. The identification
of these changes would complement findings obtained by activity-based protein profiling, providing
information on mechanisms by which the observed differential activity could be modulated under the
conditions of interest. In this section, specific examples of techniques and the proteins of interest they

might target will be presented.

Phosphorylation is one of the most common post-translational modifications, and the activities of many
enzymes discussed in this work are known to be regulated by the addition or removal of a phosphate
group, among other mechanisms. PI4KB,*> MAPK.® and AKT2° are the most obvious examples of
phosphorylation-dependent enzymes whose activities were both measurable by ABPP and relevant to
viral infection. Profiling the phosphorylation of these and other proteins whose activity is altered under
the conditions of interest would determine the extent to which this PTM is responsible for observed
changes to activity. This could most easily be done by analysis of stable isotope-labelled whole proteome
samples by mass spectrometry, which can identify and quantify phosphorylated peptides.” While this
technique has the potential to annotate a large number of differentially-phosphorylated proteins, it risks
overlooking lower-abundance proteins which may be of specific interest. For this reason, the inclusion
of chemoproteomic techniques to enrich the fraction of the proteome carrying the modification of interest
may be useful. A technique to replace the phosphate group on serine or threonine with a biotin tag,
reported by Oda et al, allows phosphorylated proteins to be enriched, identified, and quantified by mass

spectrometry.®

The presence of glycans has been detected or predicted on the wortmannin-yne targeted kinases AKT2,’
PAK2,'"° PFKL,'"'? PFKM,'"'? and ATM,"* and on the FP-targeted LIPC.'* Though the presence of

glycosylation can be detected by mass spectrometry,'> chemoproteomics tools again offer the potential
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for a more comprehensive annotation of this post-translational modification. New sugar-based
chemoproteomic tools developed in recent years mimic the structure of sugars incorporated into
proteoglycans but contain handles to which reporter tags could be appended. This allows for the
detection and quantification of protein glycosylation.'®!” Alternatively, endogenous glycosylation could
be detected by oxidation of protein-linked sugars to aldehydes followed by coupling to immobilized
hydrazide groups.'® This technique possesses the advantage of not disrupting endogenous glycosylation

by the addition of an unnaturally high concentration of a particular sugar.

The presence of lipid post-translational modifications was discussed in chapter 4; however, it focused
specifically only on PAFAHIB3 and ACOT1/2. However, the presence of lipid post-translational
modifications has also been detected or predicted on a large number of enzymes discussed in this work:
the wortmannin-yne targeted kinases MAPK1,"2! MAP2K1,2! AKT2,22 CSNK2A1,2° CSNK2A2,*!
DAK,?*72° PIP4K2A,%%? CDK1,?"*® CDK2,""?! CMPK 1, PAK2,%%?' NME1,2021%30 GAK,?! PCK2,%!
CAMK2D,?° PFKL,?° PFKM,?! CAMK1,*"* PRKARI1A,?**' and TBRG4,?° and the PI4KB-regulatory
proteins ACBD3*? and PRKD1.?! Palmitoyl-mimic probes have been reported** and have been used to
detect and quantify changes to palmitoylation.’ The use of such techniques in the context of lipid-
dysregulating viruses and miRNAs, however, risks failing to detect changes to palmitoylation which are
caused by excessive or insufficient amounts of specific lipid species. Using endogenous labelling
techniques such as acyl-biotin exchange, in which the palmitoyl groups on cysteine residues are replaced

by biotin,* could allow for a more physiologically relevant measure of changes to palmitoylation.

5.2.2 Protein-protein interactions

Chapter 3 demonstrated an expansion of ABP functionality, using a PI kinase-based probe to profile
proteins interacting with the active PI kinase. Mimicking this expansion with the wortmannin and

fluorophosphonate based probes could consist of adding a photo-activatable crosslinker moiety attached
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to the probe by a long linker. (Fig 5.1) Though there are several different types of photo-activatable
crosslinkers, diazirine was chosen here, as it is capable of more efficient crosslinking, and its small size
is less likely to cause problems crossing the cell membrane.*® This would allow in situ labelling of live
cells providing a more accurate picture of the interactions between proteins, as lysis procedures often
disrupt protein complexes. The length of the linkers is undefined, any may rely on the specific goals of
a project. However, linkers longer than those used in the probes characterised in Chapter 3 should almost
certainly be used. The longer reach would allow the capture and detection of a larger proportion of a
target’s interactome, including proteins which may interact with a part of the enzyme distal to the active
site. The choice of reporter used would also depend on the specific goals of the project. A bio-orthogonal
handle, such as the terminal alkyne shown in Fig 5.1, would allow flexibility, as any reporter could be
appended to the probe after labelling via click chemistry. However, the addition of another labelling step
has the potential to increase the level of background signal, and although this can be controlled for, the
presence of more background noise could obscure the detection of targets of interest. The use of a biotin
reporter, or other affinity tag, already conjugated to the probe might therefore seem the more practical

solution.

An interaction-map of active proteins would be useful for identifying potential activating proteins or for
determining complexes and subcellular localities which contain the active form of the enzyme.
Furthermore, as fluorophosphonate probes tend to be cell-permeable,’’® this technique may allow
interactions to be captured in living cells, including weaker and more transient interactions. These types
of interactions might be missed by traditional techniques such as co-immunoprecipitation, during which
cells and cell lysates are subjected to conditions which may disrupt key protein-protein interactions. This
type of experiment, however, only provides a partial look at protein-protein interactions and could not
quantitatively measure changes to interactions which also altered activity, as enzyme activity acts as a

prerequisite to co-factor labelling.
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There are a number of methods by which protein-protein interactions can be identified and quantified.
Proteins can be engineered to contain unnatural amino acids or sugars with a photo-activatable
crosslinker, which upon irradiation with UV light forms a covalent bond with proteins directly in contact
with the unnatural group.?® Other strategies use recombinant proteins linked to an enzyme capable of
generating reactive species conjugated to a biotin group. These reactive species then react with any
nearby proteins, with the result that any protein near the recombinant protein of interest is labelled with
biotin and can be detected by mass spectrometry or western blotting.>* A third strategy uses chemical
crosslinkers, such as formaldehyde, among many others, to create crosslinkages between proteins. A
protein of interest along with its interacting proteins can then be purified by immunoprecipitation.®
Recently, crosslinking agents with variable lengthed linkers, based on disuccinimidyl sulfoxide, have
been described, which allows a more flexible capture of interacting proteins.*’ Using these strategies,
changes to the interactomes of proteins of interest, such as PAFAHIB3, or PI4KB, could be

quantitatively measured, providing a clearer picture of mechanisms of enzyme regulation and

dysregulation.
The employment of these chemoproteomic post-translational modification and protein-protein
interaction profiling methods in conjunction with activity-based protein profiling would generate a more

complete annotation of the regulation of enzyme activity.

5.2.3 Expansion of work into other virus systems

Future work might also consist of applying these techniques to the study of different related viruses. As
key modulators of regulatory processes, a not-insignificant proportion of kinases are likely to be
dysregulated by viral infections. Lipids, meanwhile, act as both key building blocks and sources of

metabolic energy which are exploited by many viruses.*!**?
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Viruses closely related to HCV, such as Dengue virus, West Nile virus, Yellow Fever virus, Japanese
Encephalitus virus, and Zika virus*® are likely to share some mechanisms of infection and pathogenesis
— using the tools described herein to study how these viruses perturb pathway signalling kinases and lipid
metabolic enzymes may provide useful information for the development of better pharmaceutical
treatments. This is not limited to closely related viruses: viruses such as the novel SARS-CoV-2 and its
precursor SARS-CoV also seems to both rely on lipid metabolism and induce a state of
dyslipidemia.*** 46 As a lipid-regulatory miRNA, the modulation of miR-27b in the context of infection

by these viruses may be of significant interest.

The study of phosphatidylinositols and their kinases may also be of particular interest. The formation of
double-membrane vesicles from the endoplasmic reticulum is essential to the life cycle of numerous
viruses, as they serve as sites for RNA replication. Like HCV, Dengue virus,*® Zika virus,* and the

SARS coronaviruses*’*8

all rely on the formation of double-membrane vesicles. The induction of the
high curvature necessary for the formation of these double-membrane vesicles is theorized to require
higher concentrations of phosphatidylinositols (PIs), particularly phosphatidylinositol-4-phosphate
(PI4P).* PIs have been shown to promote membrane curvature, and PI4P’s charged headgroup makes

it a particularly strong promoter.’® This makes PI4P and the kinases which form it, such as PI4KB, as

well as the PIK probes described in chapter 3, valuable to the study of the above-mentioned viruses.

5.2.4 Expansion of work into other systems

The majority of studies using activity-based profiling are performed either in vitro on proteomes isolated
from animal models or cultured cells, or in situ on live cell monocultures. While this has been able to
provide information on targets of viral mediation of host cell systems, the physiological relevance of this
information is not beyond doubt. Cell lysis and protein isolation procedures used in in vitro labelling

have the potential to destroy enzyme-cofactor interactions which may result in loss of information about
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the enzyme’s true activity in vivo. Labelling cells in situ preserves the regulation of catalytic activity
present in living cells; however, they do not always accurately represent the effects of infection on a live
organism. As such, the development of probes which could be administered in vivo would provide the
opportunity to characterise changes to enzyme activity in a more complex and physiologically relevant

manner.

5.2.5 Therapeutic potential

The role of these host factors discussed within this work in promoting or preventing viral infection and
virally-induced oncogenesis suggests that modulation of their activity may have therapeutic potential.
Modulation or mimicry of protein-protein interactions, such as those detected by the photo-affinity probe
PIKBPyne, may potentially be utilised to this end. Labelling by PIKBPyne, for example, showed that
interactions between the Golgi protein ACBD3 and PI4KB were decreased by the hepatitis C virus, which
suggests that PI4KB may be modulating the lipid profile elsewhere in the cell to promote viral replication.
By promoting anchoring of PI4KB to the Golgi, or decreasing it’s potential for catalytic activity
generally, this virally-induced remodelling may be prevented. The activity of the other kinases and serine
hydrolases discussed in this work also represent potential therapeutic targets either to suppress viral
infection and its resulting alterations to cellular architecture, or to reverse these changes. The extent of
the therapeutic potential of these host-targeting strategies in the context of HCV infection and the
morbidities it causes must be subject to future investigations. Though current anti-viral strategies are
direct acting,®' the emergence of resistance mutants’! opens the door to the possibility of new
combinatorial therapies which target both viral and host factors. As dysregulation of lipid metabolism
plays a significant role in oncogenesis, targeting these factors is also an attractive strategy to prevent
the development of HCV-induced HCV. Currently, there are few anti-cancer inhibitors of lipid
metabolism beyond the cholesterol-targeting statins.’?>* This study has provided potential novel targets

for both small molecule inhibitor and gene-editing based strategies currently employed.
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5.3 Concluding remarks

This work has described the use of activity-based probes to characterise the regulation and dysregulation
of host cell systems. By focusing on detecting functional and not abundance-based modulation of cellular
systems, the most significant changes to the normal operation of the cell can be identified. Though the
majority of the work presented herein was performed while studying hepatitis C infection, many of the
findings can be applied outside of this context. The novel wortmannin-yne and PIKBPyne probes, which
report on kinase activity, may be useful both for the further elucidation of regulatory mechanisms and in
the study of multiple pathogeneses which dysregulate the systems they control. miR-27b, meanwhile, is
involved not only in lipid metabolism but also oxidative damage and oncogenesis, and as such, the

identification of novel functional targets may further illuminate the role it plays in these processes.

5.4 References

(1) Balla, T. Phosphoinositides: Tiny Lipids With Giant Impact on Cell Regulation. Physiol. Rev.
2013, 93 (3), 1019-1137.

(2)  Sherratt, A. R.; Nasheri, N.; McKay, C. S.; O’Hara, S.; Hunt, A.; Ning, Z.; Figeys, D.; Goto, N.
K.; Pezacki, J. P. A New Chemical Probe for Phosphatidylinositol Kinase Activity. ChemBioChem
2014, 15 (9), 1253—-1256.

(3) Zhang, L.; Hong, Z.; Lin, W.; Shao, R.-X.; Goto, K.; Hsu, V. W.; Chung, R. T. ARF1 and GBF1
Generate a PI4P-Enriched Environment Supportive of Hepatitis C Virus Replication. PLoS One
2012, 7 (2), e32135.

(4) Hausser, A.; Storz, P.; Mirtens, S.; Link, G.; Toker, A.; Pfizenmaier, K. Protein Kinase D
Regulates Vesicular Transport by Phosphorylating and Activating Phosphatidylinositol-4 Kinase
1P at the Golgi Complex. Nat. Cell Biol. 2005, 7 (9), 880—887.

(5) Hausser, A.; Link, G.; Hoene, M.; Russo, C.; Selchow, O.; Pfizenmaier, K. Phospho-Specific

Binding of 14-3-3 Proteins to Phosphatidylinositol 4-Kinase III [ Protects from
185



(6)

(7)

(8)

)

(10)

(11)

(12)

(13)

(14)

Dephosphorylation and Stabilizes Lipid Kinase Activity. J. Cell Sci. 2006, 119 (17), 3613-3621.
Wee, P.; Wang, Z. Epidermal Growth Factor Receptor Cell Proliferation Signaling Pathways.
Cancers (Basel). 2017, 9 (5).

Espadas, G.; Borras, E.; Chiva, C.; Sabid6, E. Evaluation of Different Peptide Fragmentation
Types and Mass Analyzers in Data-Dependent Methods Using an Orbitrap Fusion Lumos Tribrid
Mass Spectrometer. Proteomics 2017, 17 (9).

Oda, Y.; Nagasu, T.; Chait, B. T. Enrichment Analysis of Phosphorylated Proteins as a Tool for
Probing the Phosphoproteome. Nat. Biotechnol. 2001, 19 (4), 379-382.

Wang, S.; Huang, X.; Sun, D.; Xin, X.; Pan, Q.; Peng, S.; Liang, Z.; Luo, C.; Yang, Y.; Jiang, H.;
et al. Extensive Crosstalk between O-GlcNAcylation and Phosphorylation Regulates Akt
Signaling. PLoS One 2012, 7 (5), €37427.

Deeb, S. J.; Cox, J.; Schmidt-Supprian, M.; Mann, M. N-Linked Glycosylation Enrichment for In-
Depth Cell Surface Proteomics of Diffuse Large B-Cell Lymphoma Subtypes. Mol. &amp,;amp;
Cell. Proteomics 2014, 13 (1), 240 LP — 251.

Yi, W.; Clark, P. M.; Mason, D. E.; Keenan, M. C.; Hill, C.; Goddard, W. A.; Peters, E. C.;
Driggers, E. M.; Hsieh-Wilson, L. C. Phosphofructokinase 1 Glycosylation Regulates Cell Growth
and Metabolism. Science (80-. ). 2012, 337 (6097), 975 LP — 980.

Sun, S.; Hu, Y.; Jia, L.; Eshghi, S. T.; Liu, Y.; Shah, P.; Zhang, H. Site-Specific Profiling of Serum
Glycoproteins Using N-Linked Glycan and Glycosite Analysis Revealing Atypical N-
Glycosylation Sites on Albumin and a-1B-Glycoprotein. Anal. Chem. 2018, 90 (10), 6292-6299.
Woo, C. M.; Lund, P. J.; Huang, A. C.; Davis, M. M.; Bertozzi, C. R.; Pitteri, S. J. Mapping and
Quantification of Over 2000 O-Linked Glycopeptides in Activated Human T Cells with Isotope-
Targeted Glycoproteomics (Isotag). Mol. &amp,;amp,; Cell. Proteomics 2018, 17 (4), 764 LP —
775.

Wolle, J.; Jansen, H.; Smith, L. C.; Chan, L. Functional Role of N-Linked Glycosylation in Human
186



(15)

(16)

(17)

(18)

(19)

(20)

1)

(22)

(23)

Hepatic Lipase: Asparagine-56 Is Important for Both Enzyme Activity and Secretion. J. Lipid Res.
1993, 34 (12), 2169-2176.

Kuo, C.-W.; Khoo, K.-H. Strategic Applications of Negative-Mode LC-MS/MS Analyses to
Expedite Confident Mass Spectrometry-Based Identification of Multiple Glycosylated Peptides.
Anal. Chem. 2020, 92 (11), 7612-7620.

Zaro, B. W.; Yang, Y.-Y.; Hang, H. C.; Pratt, M. R. Chemical Reporters for Fluorescent Detection
and Identification of O-GIcNAc-Modified Proteins Reveal Glycosylation of the Ubiquitin Ligase
NEDDA4-1. Proc. Natl. Acad. Sci. U. S. A. 2011, 108 (20), 8146-8151.

Gurcel, C.; Vercoutter-Edouart, A.-S.; Fonbonne, C.; Mortuaire, M.; Salvador, A.; Michalski, J.-
C.; Lemoine, J. Identification of New O-GIcNAc Modified Proteins Using a Click-Chemistry-
Based Tagging. Anal. Bioanal. Chem. 2008, 390 (8), 2089-2097.

Zhang, H.; Li, X.; Martin, D. B.; Aebersold, R. Identification and Quantification of N-Linked
Glycoproteins Using Hydrazide Chemistry, Stable Isotope Labeling and Mass Spectrometry. Nat.
Biotechnol. 2003, 21 (6), 660.

Peng, T.; Hang, H. C. Bifunctional Fatty Acid Chemical Reporter for Analyzing S-Palmitoylated
Membrane Protein—Protein Interactions in Mammalian Cells. J. Am. Chem. Soc. 2015, 137 (2),
556-559.

Serwa, R. A.; Abaitua, F.; Krause, E.; Tate, E. W.; O’Hare, P. Systems Analysis of Protein Fatty
Acylation in Herpes Simplex Virus-Infected Cells Using Chemical Proteomics. Chem. Biol. 2015,
22 (8), 1008-1017.

Won, S. J.; Martin, B. R. Temporal Profiling Establishes a Dynamic S-Palmitoylation Cycle. ACS
Chem. Biol. 2018, 13 (6), 1560—-1568.

Ren, W.; Jhala, U. S.; Du, K. Proteomic Analysis of Protein Palmitoylation in Adipocytes.
Adipocyte 2013, 2 (1), 17-27.

Gould, N. S.; Evans, P.; Martinez-Acedo, P.; Marino, S. M.; Gladyshev, V. N.; Carroll, K. S.;
187



(24)

(25)

(26)

(27)

(28)

(29)

(30)

€19

(32)

Ischiropoulos, H. Site-Specific Proteomic Mapping Identifies Selectively Modified Regulatory
Cysteine Residues in Functionally Distinct Protein Networks. Chem. Biol. 2015, 22 (7), 965-975.
Shen, L.-F.; Chen, Y.-J.; Liu, K.-M.; Haddad, A. N. S.; Song, I.-W.; Roan, H.-Y.; Chen, L.-Y.;
Yen, J. J. Y.; Chen, Y.-J.; Wu, J.-Y.; et al. Role of S-Palmitoylation by ZDHHCI3 in
Mitochondrial Function and Metabolism in Liver. Sci. Rep. 2017, 7 (1), 2182.

Collins, M. O.; Woodley, K. T.; Choudhary, J. S. Global, Site-Specific Analysis of Neuronal
Protein S-Acylation. Sci. Rep. 2017, 7 (1), 4683.

Zhang, X.; Zhang, Y.; Fang, C.; Zhang, L.; Yang, P.; Wang, C.; Lu, H. Ultradeep Palmitoylomics
Enabled by Dithiodipyridine-Functionalized Magnetic Nanoparticles. Anal. Chem. 2018, 90 (10),
6161-6168.

Kang, R.; Wan, J.; Arstikaitis, P.; Takahashi, H.; Huang, K.; Bailey, A. O.; Thompson, J. X.; Roth,
A. F.; Drisdel, R. C.; Mastro, R.; et al. Neural Palmitoyl-Proteomics Reveals Dynamic Synaptic
Palmitoylation. Nature 2008, 456 (7224), 904-909.

Wei, X.; Song, H.; Semenkovich, C. F. Insulin-Regulated Protein Palmitoylation Impacts
Endothelial Cell Function. Arterioscler. Thromb. Vasc. Biol. 2014, 34 (2), 346-354.

Thinon, E.; Fernandez, J. P.; Molina, H.; Hang, H. C. Selective Enrichment and Direct Analysis
of Protein S-Palmitoylation Sites. J. Proteome Res. 2018, 17 (5), 1907-1922.

Yang, W.; Di Vizio, D.; Kirchner, M.; Steen, H.; Freeman, M. R. Proteome Scale Characterization
of Human &lt;Em&gt;S&lt;/Emé&gt;-Acylated Proteins in Lipid Raft-Enriched and Non-Raft
Membranes. Mol. &amp;amp, Cell. Proteomics 2010, 9 (1), 54 LP — 70.

Zhang, M. M.; Wu, P.-Y. J.; Kelly, F. D.; Nurse, P.; Hang, H. C. Quantitative Control of Protein
S-Palmitoylation Regulates Meiotic Entry in Fission Yeast. PLOS Biol. 2013, 11 (7), e1001597.
Hemsley, P. A.; Weimar, T.; Lilley, K. S.; Dupree, P.; Grierson, C. S. A Proteomic Approach
Identifies Many Novel Palmitoylated Proteins in Arabidopsis. New Phytol. 2013, 197 (3), 805—

814.
188



(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

Hernandez, J. L.; Davda, D.; Majmudar, J. D.; Won, S. J.; Prakash, A.; Choi, A. I.; Martin, B. R.
Correlated S-Palmitoylation Profiling of Snail-Induced Epithelial to Mesenchymal Transition.
Mol. Biosyst. 2016, 12 (6), 1799—1808.

Martin, B. R.; Cravatt, B. F. Large-Scale Profiling of Protein Palmitoylation in Mammalian Cells.
Nat. Methods 2009, 6 (2), 135-138.

Edmonds, M. J.; Geary, B.; Doherty, M. K.; Morgan, A. Analysis of the Brain Palmitoyl-Proteome
Using Both Acyl-Biotin Exchange and Acyl-Resin-Assisted Capture Methods. Sci. Rep. 2017, 7
(1), 3299.

Murale, D. P.; Hong, S. C.; Haque, M. M.; Lee, J.-S. Photo-Affinity Labeling (PAL) in Chemical
Proteomics: A Handy Tool to Investigate Protein-Protein Interactions (PPIs). Proteome Sci. 2016,
15 (1), 14.

Gillet, L. C. J.; Namoto, K.; Ruchti, A.; Hoving, S.; Boesch, D.; Inverardi, B.; Mueller, D.; Coulot,
M.; Schindler, P.; Schweigler, P.; et al. In-Cell Selectivity Profiling of Serine Protease Inhibitors
by Activity-Based Proteomics. Mol. &amp,;amp, Cell. Proteomics 2008, 7 (7), 1241 LP — 1253.
Wang, C.; Abegg, D.; Dwyer, B. G.; Adibekian, A. Discovery and Evaluation of New Activity-
Based Probes for Serine Hydrolases. ChemBioChem 2019, 20 (17), 2212-2216.

Mishra, P. K.; Yoo, C.-M.; Hong, E.; Rhee, H. W. Photo-Crosslinking: An Emerging Chemical
Tool for Investigating Molecular Networks in Live Cells. ChemBioChem 2020, 21 (7), 924-932.
Yu, C.; Novitsky, E. J.; Cheng, N. W.; Rychnovsky, S. D.; Huang, L. Exploring Spacer Arm
Structures for Designs of Asymmetric Sulfoxide-Containing MS-Cleavable Cross-Linkers. Anal.
Chem. 2020, 92 (8), 6026—6033.

Heaton, N. S.; Randall, G. Multifaceted Roles for Lipids in Viral Infection. Trends Microbiol.
2011, 79 (7), 368-375.

Abu-Farha, M.; Thanaraj, T. A.; Qaddoumi, M. G.; Hashem, A.; Abubaker, J.; Al-Mulla, F. The

Role of Lipid Metabolism in COVID-19 Virus Infection and as a Drug Target. Int. J. Mol. Sci.
189



(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

2020, 21 (10).

Neufeldt, C. J.; Cortese, M.; Acosta, E. G.; Bartenschlager, R. Rewiring Cellular Networks by
Members of the Flaviviridae Family. Nat. Rev. Microbiol. 2018, 16 (3), 125-142.

Wei, X.; Zeng, W.; Su, J.; Wan, H.; Yu, X.; Cao, X.; Tan, W.; Wang, H. Hypolipidemia Is
Associated with the Severity of COVID-19. J. Clin. Lipidol. 2020.

Vavougios, G. D. A Data-Driven Hypothesis on the Epigenetic Dysregulation of Host Metabolism
by SARS Coronaviral Infection: Potential Implications for the SARS-CoV-2 Modus Operandi.
Med. Hypotheses 2020, 140.

Wu, Q.; Zhou, L.; Sun, X.; Yan, Z.; Hu, C.; Wu, J.; Xu, L.; Li, X.; Liu, H.; Yin, P.; et al. Altered
Lipid Metabolism in Recovered SARS Patients Twelve Years after Infection. Sci. Rep. 2017, 7
(1),9110.

Angelini, M. M.; Akhlaghpour, M.; Neuman, B. W.; Buchmeier, M. J. Severe Acute Respiratory
Syndrome Coronavirus Nonstructural Proteins 3, 4, and 6 Induce Double-Membrane Vesicles.
MBio 2013, 4 (4), e00524-13.

Snijder, E. J.; van der Meer, Y.; Zevenhoven-Dobbe, J.; Onderwater, J. J. M.; van der Meulen, J.;
Koerten, H. K.; Mommaas, A. M. Ultrastructure and Origin of Membrane Vesicles Associated
with the Severe Acute Respiratory Syndrome Coronavirus Replication Complex. J. Virol. 2006,
80 (12), 5927 LP — 5940.

Ishikawa-Sasaki, K.; Sasaki, J.; Taniguchi, K. A Complex Comprising Phosphatidylinositol 4-
Kinase I, ACBD3, and Aichi Virus Proteins Enhances Phosphatidylinositol 4-Phosphate
Synthesis and Is Critical for Formation of the Viral Replication Complex. J. Virol. 2014, 88 (12),
6586 LP — 6598.

Furse, S.; Brooks, N. J.; Seddon, A. M.; Woscholski, R.; Templer, R. H.; Tate, E. W.; Gaffney, P.
R. J.; Ces, O. Lipid Membrane Curvature Induced by Distearoyl Phosphatidylinositol 4-

Phosphate. Soft Matter 2012, 8 (11), 3090-3093.
190



(1)

(52)

(53)

(54)

Spengler, U. Direct Antiviral Agents (DAAs) - A New Age in the Treatment of Hepatitis C Virus
Infection. Pharmacol. Ther. 2018, 183, 118—-126.

Snaebjornsson, M. T.; Janaki-Raman, S.; Schulze, A. Greasing the Wheels of the Cancer Machine:
The Role of Lipid Metabolism in Cancer. Cell Metab. 2020, 31 (1), 62—-76.

Cheng, C.; Geng, F.; Cheng, X.; Guo, D. Lipid Metabolism Reprogramming and Its Potential
Targets in Cancer. Cancer Commun. 2018, 38 (1), 27.

Long, J.; Zhang, C.-J.; Zhu, N.; Du, K.; Yin, Y.-F.; Tan, X.; Liao, D.-F.; Qin, L. Lipid Metabolism

and Carcinogenesis, Cancer Development. Am. J. Cancer Res. 2018, 8 (5), 778-791.

191



6 Appendix

6.1 Synthesis of PIKBPyne probes

Clm
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2-chloro-N-(2-hydroxyethyl)-5-(2-oxopropyl)benzenesulfonamide was synthesized as previously

H

described.’’

Br

Cl )
S?O

NH

)

H

o’/

5-(1-bromo-2-oxopropyl)-2-chloro-N-(2 hydroxyethyl)benzenesulfonamide was synthesized as

previously described.?’

O
O
T =
H,N N
H

N-(4-(4-aminobenzoyl)phenyl)hex-5-ynamide. Synthesized according to the procedure outlined by

Cravatt®, as previously described.?’
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Hex-5-ynoic acid [4-(4-thioureido-benzoyl)-phenyl]-amide. Benzoyl chloride (13 pL, 8.5 M) was
added dropwise to a solution of NaSCN (10 mg, 0.12 mmol) in acetone (1.5mL). The mixture was
refluxed at 80°C for 15 minutes. N-(4-(4-aminobenzoyl)phenyl)hex-5-ynamide (31 mg, 0.1 mmol) in
acetone (0.5 mL) was added. The mixture was refluxed for 2 h at 80°C. The solvent was evaporated
and the product was dissolved in MeOH:H>O (5:1, 2 mL) and stirred at room temperature for 2 h. The
solvent was evaporated and the product isolated by column chromatography (CH2Cl.:MeOH, 95:5). The
title compound was obtained as a pale yellow solid (22.5 mg, 62% yield). TLC R¢=0.43 in 10% MeOH
in CH2Cl,. 'H NMR (400 MHz, (CD3),CO-de) 8 9.54 (s, 1H), 9.49 (s, 1H), 7.87-7.79 (m, 2H), 7.82-7.72
(m, 6H), 7.24 (br s, 2H), 2.57 (t, J = 7.6 Hz, 2H), 2.39 (t, ] = 2.8 Hz, 1H), 2.30 (td, J = 7.1, 2.7 Hz, 2H),
1.89 (p, J=7.2 Hz, 2H); 3C NMR (100 MHz, Acetone-ds) & ppm 194.23 (C), 183.38(C) , 171.89(C),
171.81 (C), 144.17(C), 143.87(C), 134.61(C), 133.17(CH), 131.85(CH), 131.50(CH), 122.52(CH),
122.38 (CH), 119.13(CH), 119.04(CH), 84.29(CH), 70.45(CH), 36.29(C), 36.24(CHz), 24.89(CH>),

18.29 (CHb).
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Hex-5-ynoic acid [4-(4-{5-]|4-chloro-3-(2-hydroxy-ethylsulfamoyl)-phenyl]-4-methyl-thiazol-2-
ylamino}-benzoyl)-phenyl]-amide. Hex-5-ynoic acid [4-(4-thioureido-benzoyl)-phenyl]-amide (10 mg,
0.0157 mmol) was dissolved in EtOH, heating to dissolve completely, and added to 5-(1-bromo-2-
oxopropyl)-2-chloro-N-(2 hydroxyethyl)benzenesulfonamide (5.4 mg, 0.01457 mmol). The mixture was
stirred and refluxed for 5.5 hours, until complete by TLC. The solvent was removed in vacuo and the
product was isolated by column chromatography (2.5-10% MeOH in CH2Cl). The title compound was
obtained as a yellow solid (6.2 mg, 63% yield) TLC R¢= 0.55 in 10% MeOH in CH>Cl>. 'H NMR (400
MHz, MeOD) 6 ppm 8.09 (s,1H), 7.75 (m, 8H ), 7.64 (s, 2H), 3.56 (t, J=Hz, 2H), 3.05 (t, J= 6.1Hz, 2H),
2.57 (t, J=7.5Hz, 2H), 2.42 (s, 3H), 2.28 (m, 3H), 1.91 (q, J=7.3Hz, 2H). 3C NMR (100 MHz, MeOD)
196.50, 174.07, 162.61, 147.02 (CH), 146.44 (CH), 144.02 (CH), 139.62 (CH), 134.43 (CH),
134.37(CH), 133.37 (CH), 132.94 (CH), 132.14 (CH), 132.10 (CH), 131.74 (CH), 131.74, 131.51,
130.92, 123.44,120.07, 117.51, 84.11, 70.33 (CH), 61.80 (CH3), 46.17 (CH2), 36.67 (CH2), 25.51 (CH>),
18.64 (CH»), 16.64 (CH2); HRMS (EI): Exact mass calcd for C31H29CIN4OsS, [M]" = 636.1268. Found:

637.2.
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tert-Butyl (6-((4-(4-(hex-5-ynamido)benzoyl)phenyl)amino)-6-oxohexyl)carbamate. To a solution
of N-(4-(4-aminobenzoyl)phenyl)hex-5-ynamide (500 mg, 1.63 mmol) in DMF (8.15 mL, 0.200 M), 6-
(Boc-amino)hexanoic acid (415 mg, 1.79 mmol), N-(3-diethylaminopropyl)-N’-ethyl carbodiimide
hydrochloride (531 mg, 2.77 mmol), hydroxybenzotriazole (245 mg, 1.81 mmol), and triethylamine
(0.682 mL, 4.89 mmol) were added. The reaction mixture was stirred under air for 18 h at 40 °C. The
reaction mixture was cooled to room temperature and concentrated in vacuo. The product was isolated
by column chromatography (50-100% EtOAc in hexanes). The title compound was obtained as a yellow
solid (205 mg, 29 % yield). TLC R¢= XX in 60 % EtOAc in hexanes. HRMS (EI): Exact mass calculated
for C30H37N30s [M]"= 519.2733. Found: 542.2701.
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N-(4-(4-(6-aminohexanamido)benzoyl)phenyl)hex-5-ynamide. Tert-Butyl  (6-((4-(4-(hex-5-
ynamido)benzoyl)phenyl)amino)-6-oxohexyl)carbamate (191 mg, 0.367 mmol) was dissolved in
dichloromethane (5.48 mL, 0.067 M) and trifluoroacetic acid (0.283 mL, 3.67 mmol) was added. The
reaction mixture was stirred at room temperature for 2.5 h, then concentrated in vacuo. The product was
isolated by column chromatography (20% MeOH in CH2Clz). The title compound was obtained as a
yellow solid (264 mg, quantitative yield). TLC R¢=0.33 in 20% MeOH in CH2Cl,. HRMS (EI): Exact

mass calculated for C2sH29N303 [M]" = 419.2209. Found: 420.2259.
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N-(4-(4-(6-thioureidohexanamido)benzoyl)phenyl)hex-5-ynamide. To sodium thiocyanate (61.0 mg,
0.756 mmol) in acetone (15.8 mL, 0.040 M), benzoyl chloride (0.080 mL, 0.693 mmol) was added. The
reaction mixture was heated at reflux for 15 minutes. The reaction solution was allowed to cool to room
temperature. To this, a solution of N-(4-(4-(6-aminohexanamido)benzoyl)phenyl)hex-5-ynamide (265
mg, 0.630 mmol) in acetone (5 mL, 0.200 M) was added. The reaction mixture was heated at reflux for
2 h. The reaction mixture was cooled to room temperature and concentrated in vacuo to remove the
solvent. The crude product was dissolved in a solution of MeOH:H>O/4:1 (10.5 mL) and potassium
carbonate (122 mg, 0.882 mmol) was added. The resulting mixture was allowed to stir at 30° C for 1 h,
cooled to room temperature, then concentrated in vacuo. The product was isolated by column
chromatography (2.5-20% MeOH in CH>Cl,). The title compound was obtained as a white solid (45.4

mg, 15 % yield). TLC R¢= 0.30 in 2.5% MeOH in CH2Cl.. HRMS (EI): Exact mass calculated for

Ca6H30N4O3S [M]" = 478.2039. Found: 479.2162.
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N-(4-(4-(6-((5-(4-chloro-3-(N-(2-hydroxyethyl)sulfamoyl)phenyl)-4-methylthiazol-2-yl)amino)
hexanamido)benzoyl)phenyl)hex-5-ynamide. To N-(4-(4-(6-thioureidohexanamido)benzoyl)phenyl)
hex-5-ynamide (5.80 mg, 0.012 mmol) in ethanol (0.113 mL, 0.01M) was added 5-(1-bromo-2-
oxopropyl)-2-chloro-N-(2 hydroxyethyl)benzenesulfonamide (4.20 mg, 0.011 mmol). The reaction
mixture was stirred at reflux for 5.5 hours, until complete by TLC. The solvent was removed in vacuo
and the product was isolated by column chromatography (3-5% MeOH in CH>Cl). The title compound

was obtained as a white solid (7.8 mg, 92% yield). TLC R¢=0.41 in 5% MeOH in CH>Cl.. HRMS (EI):

Exact mass calculated for C37Hs0CINsO6S, [M+Na]" = 772.2006. Found: 772.2068.
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tert-Butyl 4-((4-(4-(hex-5-ynamido)benzoyl)phenyl)carbamoyl)benzylcarbamate. To a solution of
N-(4-(4-aminobenzoyl)phenyl)hex-5-ynamide (328 mg, 1.07 mmol) in DMF (5.35 mL, 0.200 M), 4-
(Boc-aminomethyl) benzoic acid (403 mg, 1.60 mmol) and N,N-diisopropylethylamine (0.926 mL, 5.37
mmol) were added. O-7-azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate
(0.814 mg, 2.14 mmol) was added and the reaction mixture was stirred under air for 23 h at 100 °C. The
reaction mixture was cooled to room temperature and concentrated in vacuo. The product was purified
by high performance liquid chromatography (40%-80% MeCN in water). The title compound was
obtained as an off-white solid (109.1 mg, 19% yield). TLC R¢= 0.34 in 50% EtOAc in hexanes. LRMS:

Exact mass calculated for C3,H33N305 [M]"= 540.24. Found: 540.3
o

4-(aminomethyl)-/V-(4-(4-(hex-5-ynamido)benzoyl)phenyl)benzamide. Tert-Butyl 4-((4-(4-(hex-5-

H,N

ynamido)benzoyl)phenyl)carbamoyl)benzylcarbamate (50.0 mg, 0.090 mmol) was dissolved in
dichloromethane (1.34 mL, 0.067 M) and trifluoroacetic acid (0.07 mL, 0.9 mmol) was added. The
reaction mixture was stirred at room temperature for 3 h, then concentrated in vacuo. The product was
isolated by column chromatography (100% CH2Clz-20% MeOH in CH>Cl). The title compound was
obtained as a white solid (28.7 mg, 73%). TLC R¢=0.05 in 1% MeOH in CH2Cl.. HRMS (EI): Exact

mass calculated for C27H2sN303 [M]" = 439.1896.
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N-(4-(4-(hex-5-ynamido)benzoyl)phenyl)-4-(thioureidomethyl)benzamide. To sodium thiocyanate
(5.20 mg, 0.064 mmol) in acetone (1.33 mL, 0.040 M), benzoyl chloride (0.007 mL, 0.058 mmol) was
added. The reaction mixture was heated at reflux for 15 minutes. The reaction solution was allowed to
cool to room temperature. To this, a solution of 4-(aminomethyl)-N-(4-(4-(hex-5-
ynamido)benzoyl)phenyl)benzamide (23.3 mg, 0.053 mmol) in acetone (1.00 mL, 0.040 M) was added.
The reaction mixture was heated at reflux for 2 h. The reaction mixture was cooled to room temperature
and concentrated in vacuo to remove the solvent. The crude product was dissolved in a solution of
MeOH:H>0/4:1 (1.00 mL) and potassium carbonate (10.0 mg, 0.074 mmol) was added. The resulting
mixture was allowed to stir at 30° C for 1 h, cooled to room temperature, then concentrated in vacuo.
The product was isolated by flash column chromatography (20% EtOAc in hexanes-20% MeOH in
EtOAC). The title compound was obtained as an off-white solid (7.40 mg, 28 % yield). TLC R¢=0.16

in 50% EtOAc in hexanes.
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4-(((5-(4-chloro-3-(N-(2-hydroxyethyl)sulfamoyl)phenyl)-4-methylthiazol-2-yl)amino)methyl)-/V-
(4-(4-(hex-5-ynamido)benzoyl)phenyl)benzamide. To N-(4-(4-(hex-5-ynamido)benzoyl)phenyl)-4-
(thioureidomethyl)benzamide (6.00 mg, 0.012 mmol) in ethanol (0.110 mL, 0.100 M) was added 5-(1-
bromo-2-oxopropyl)-2-chloro-N-(2 hydroxyethyl)benzenesulfonamide (4.00 mg, 0.011 mmol). The
reaction mixture was stirred at reflux for 4 hours. The solvent was removed in vacuo and the product was

isolated by flash column chromatography (100% CH2Cl2-10% EtOH in CH2Clz). The title compound

was obtained as a light yellow solid (6.50 mg, 77% yield). TLC R¢= 0.36 in 100% CH>Cl.
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6.2 Primer sequences

Table 6.1: Primers used in qRT-PCR and mutagenesis

Gene Forward sequence Reverse sequence ‘TA (°O)
qPCR primers
18S GCGATGCGGCGGCGTTATTC  |CAATCTGTCAATCCTGTCCGTGTCC |65
ACOT1/2 |[CTGTCGTCATCAACGGCTCT GGTCAGGTCCTTCCAAAGGG 61
ARP1 CTGCCTCAAGGCCATAGTCC CTTTCCGAATCTCGTCGGCT 65
CEBPB [CGACGAGTACAAGATCCGGC [TGCTTGAACAAGTTCCGCAG 63
EGFR | AGGCACGAGTAACAAGCTCAC ATGAGGACATAACCAGCCACC 63
CPVL |CCCAGCTCAGATACAGCCAG |GGGAAGTCTCTGTCACGCAA 65
HCV GTCTGCGGAACCGGTGAGTA  |GCCCAAATGGCCGGGATA 60
HNFIA |CCAGGTCTTCACCTCAGACAC |[CTGCTGGAGGACACTGTGG 65
HNF4A |ATGGACATGGCCGACTACAG [TGATGGGGACGTGTCATTGC 55
HNF4G |CAACGGTGTCAACTGTCTGTG |AAACGTGACTCTTACGAATGCT 63
JUN ACATGCTCAGGGAACAGGTG [CTGCGTTAGCATGAGTTGGC 64
LIPC ATCAAGTGCCCTTGGACAAAG [TGACAGCCCTGATTGGTTTCT 63.6
MGLL |AATGCAGACGGACAGTACCTC |GAGCAAGCTCTTCATAGCGG 63.6
NF1H4 |GTGAGGGGTGTAAAGGCTTGTT GCAGACCCTTTCAGCAAAGC 64
PAFAHIB1 GGATGGGAGTGAAGGACGGAA |GTAAGATTCATTCCACCGGAGC 65
PAFAH1B2 CAAACCCAGCAGCTATTCCG |GAACAGTACATCAGGCTCTTTGT |65
PAFAHIB3 ACATCCGGCCCAAGATTGTG |GGGCTGTCGCTCATTCACC 65
PPARA | CTATCATTTGCTGTGGAGATCG AAGATATCGTCCGGGTGGTT 63.6
PPARG |AGCCTGCGAAAGCCTTTGGTG |[GGCTTCACATTCAGCAAACCTGG [63.6
PPARGCIA |[GCTTTCTGGGTGGACTCAAGT |GAGGGCAATCCGTCTTCATCC

Mutagenesis primers

LIPC-3’UTR ‘GCTTCCAGAACAGAAATAAATG‘CATTTATTTCTGTTCTGGAAGC

55
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6.3 Supplemental figures
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Figure 6.1: siRNAs efficiently knock down serine hydrolases between 48 and 96 hours after
transfection. Huh7.5 cells were transfected with 10nM siRNAs and lysed after between 24 and 96 hours
after transfection. Lysates were resolved on a 10% SDS-PAGE gel and western blotting performed
against A,B) LIPC C,D) PAFAHI1B3, and E,F) ACOT1/2. Densitometric analysis was performed to
quantify the decrease in expression. Band intensity was normalised by the time-matched control siRNA-

transfected sample. n=1
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