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Abstract

Hepatitis C virus (HCV) infection is a leading cause of liver transplantation and
hepatocellular carcinoma worldwide. HCV, like all obligate parasites, relies on host
pathways to facilitate its pathogenesis. In particular, the virus possesses an intimate link
with hepatic lipid metabolism, promoting a lipid-rich cellular environment conducive to
HCV propagation. Clinically, these metabolic perturbations manifest as steatosis in over
50% of patients. The majority of research to-date examining how the virus co-opts hepatic
lipid pathways has been focused on coding genes and their protein products.

MicroRNAs (miRNAs) are post-transcriptional regulators of gene expression, which
have been implicated in virtually every cellular process. Through interactions with partially
complementary mRNAs, each individual miRNA has the capacity to repress the expression
of hundreds of genes and induce significant regulatory effects. Herein, we demonstrate that
hepatic miRNAs, including miR-7, miR-27a/b, miR-130b, and miR-185, act as crucial
regulatory molecules to the maintenance of hepatic lipid homeostasis. These miRNAs
cooperate to regulate fatty acid and cholesterol metabolism. HCV modulates the expression
of a subset of these miRNAs (miR-27a/b, miR-130b, and miR-185) to promote
hepatocellular lipid accumulation and the HCV life cycle. There appears to be a broad viral
requirement for lipids, and the mammalian innate immune response strategically targets host
metabolic pathways to restrict virus’ access to key lipid species. We demonstrate that 25-
hydroxycholesterol, a broadly anti-viral oxysterol produced as part of the innate anti-viral
response, activates miR-185 expression in the liver to deplete virus infected cells of lipids.

HCV appears to actively counteract this anti-viral response by suppressing miR-185



expression. Collectively, our results highlight the role of microRNAs in hepatic lipid

metabolism and the immunometabolic response to viral infection.
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Chapter 1 — General introduction



Preface

The following chapter serves as a broad introduction to microRNA regulation of hepatic lipid
metabolism and hepatitis C virus pathogenesis. Portions of the introduction, including
figures, have been adapted from two previously published review articles (R. Singaravelu,
R.S. Russell, D.L. Tyrrell, J.P. Pezacki. “Hepatitis C virus and microRNAs: miRed in a host
of possibilities” Curr. Opin. Virol. and R. Singaravelu, P. Srinivasan, J.P. Pezacki. “Armand-
Frappier Outstanding Student Award — The emerging role of 25-hydroxycholesterol in innate
immunity” Can J. Microbiol.), with permission from both of the publishers of both these
journals — refer to Rights and Permissions. As first and co-corresponding author, I made

significant intellectual contributions to writing these reviews.



One of the major research focuses of the Pezacki lab is characterizing host-virus interactions
regulating cellular metabolism. This includes understanding how the virus modulates host
metabolism to facilitate its propagation as well how the host’s immune response regulates
metabolic pathways to combat viral infection. In order to achieve these research goals, our
lab employs a systems biology approach, including studies utilizing activity-based protein
profiling (Blais et al., 2012), non-linear microscopy (Pezacki et al., 2011), and genomics (Su
et al., 2002). My thesis work aimed to shed light on the role of non-coding RNAs in the

metabolic interplay between host and virus.
MicroRNAs and the non-coding transcriptome

Over the past two decades, the importance of non-coding RNAs’ contribution to gene
regulatory networks has risen to the forefront of systems biology. Recent work has revealed
that over 75% of the human genome is transcribed (Djebali et al., 2012); however, as only
2% of the genome encodes for protein, the majority of human DNA encodes transcripts
lacking coding-potential. This non-coding transcriptome can be crudely separated into long
(> 200 nt) and small (< 200 nt) non-coding RNAs (ncRNAs) based on the length of the
species. While we are only beginning to understand the role of long ncRNAs in gene
regulation, our knowledge of the three major classes of small RNAs (microRNAs, silencing
RNAs, and Piwi-interacting RNAs) is comparatively advanced (Carthew and Sontheimer,
2009; Malone and Hannon, 2009).

MicroRNAs (miRNAs) are a family of ~21-24 nt small RNAs which post-
transcriptionally regulate gene expression. The primary transcripts for miRNAs (pri-
miRNAs) are transcribed by RNA polymerase II or III, and the canonical pathway of

microRNA processing comprises of two successive endonucleolytic cleavages (Bartel, 2009;



Carthew and Sontheimer, 2009). The first processing step involves the microprocessor
complex, consisting of the RNase IIIl enzyme Drosha and DiGeorge critical region 8
(DGCRS), which cleaves the pri-miRNAs into miRNA precursor stem loops (pre-miRNAs).
The pre-miRNAs are then shuttled to the cytoplasm by the Exportin 5 (XPO5)-Ran-GTP
complex, and subsequently processed by another RNase III enzyme, Dicer, into the mature
miRNA duplex. A single guide strand of the miRNA duplex is incorporated into the RNA
induced silencing complex (RISC) for targeting of complementary mRNAs. This interaction
of the miRNA with the mRNA induces mRNA decay and translation repression — thereby
decreasing overall protein output (Huntzinger and Izaurralde, 2011). This model of miRNA
biogenesis and function is summarized in Figure 1.1.

Canonical miRNA-mRNA interactions comprise of Watson-Crick pairing at mRNA
sequences exhibiting complementary to the miRNA’s seed sequence (nts 2-7 from the 5’ end
of the miRNA) (Agarwal et al., 2015). This partial pairing between the miRNA and its
mRNA target generally occurs with the 3’UTR of the target mRNA (Gu et al., 2009).
Through this conventional mechanism, each mammalian miRNA is predicted to regulate
hundreds of different transcripts (Agarwal et al., 2015). Recent work has suggested other
non-canonical modes of interaction between miRNAs exist, including interactions mediated
through pairing with the center and 3’ end of the miRNA (Shin et al., 2010) as well as seed
site interactions bearing a nucleotide mismatch at the seed site (Chi et al., 2012); however,
biologically relevant instances of these non-conventional modes of interaction appear to be
rare (Agarwal et al., 2015). It is through these mechanisms that over half of protein coding
mRNA transcripts are predicted to be regulated by miRNAs (Friedman et al., 2009).

In order to predict miRNA function, it is important to characterize the mRNA targets

that comprise its regulome. Several computational tools have been developed for predicting
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Figure 1.1. Overview of miRNA biogenesis and potential interplay with HCV infection.
Human miRNAs are generally transcribed by RNA polymerase II or III. In the canonical
pathway, this primary miRNA transcript is first processed in the nucleus by the endonuclease
Drosha into a stem loop precursor, which is exported to the cytoplasm by the Exportin 5
(XPOS5)/RanGTP complex. In the cytosol, another endonuclease, Dicer, catalyzes the final
processing step to the mature miRNA duplex. Alternatively, the HCV RNA genome or its
dsRNA intermediate can serve as a substrate for Dicer to produce virus-derived miRNA
duplexes. Processed host and viral small RNA duplexes associate with the RNA induced
silencing complex, containing Ago2 and GW182, to inhibit complementary target genes’
expression. Reprinted from Current Opinion in Virology (2014), Vol. 7, Singaravelu,
Russell, Tyrrell & Pezacki, Hepatitis C virus and microRNAs: miRed in a host of
possibilities, pp. 1-10, with permission from Elsevier.



miRNA targets, and these algorithms consider several different criteria, including sequence
conservation of binding sites across species and thermodynamics (Friedman et al., 2009).
Generally, these predictions are limited to canonical sites. Another significant limitation of
these computational approaches is their inability to make contextual considerations for a
specific cell type. While a miRNA may have a conserved binding site in the 3’UTR of a
potential target, the levels of competing endogenous RNAs (ceRNAs) with bindings sites for
the same miRNA may dampen that miRNA’s regulatory effects on the target (Salmena et al.,
2011). Additionally, RNA binding proteins may bind and mask putative binding sites
(Szostak and Gebauer, 2013). Another important consideration is the relative expression
levels in the model of interest, as certain targets and miRNAs may not be expressed at
physiologically relevant levels. Lastly, each algorithm can predict over 1000 putative
mRNA targets for each miRNA, making it difficult to tease out the relevant functional
targets in a given system. For these reasons, it remains quite challenging to ascribe
biological function to miRNAs. Chapters 3 and 4 describe the use of small molecule

modulators to identify miRNAs regulating specific host pathways.

MicroRNAs have been implicated in the regulation of a diverse range of biological
processes, including cellular differentiation (Ivey and Srivastava, 2010) and metabolism
(Moore et al., 2011; Rottiers and Nair, 2012). Given the broad physiological importance of
miRNAs, it is not surprising that disease states are linked with dysregulated miRNA profiles.
The relevance of miRNAs in disease development was first established in oncogenesis
(Gregory and Shiekhattar, 2005). Subsequently, miRNAs were determined to have an
impact on the etiologies of several diseases, ranging from metabolic disorders (Moore et al.,

2011; Rottiers and Néér, 2012) to viral infections (Sarnow et al., 2006), including hepatitis C



virus (Randall et al., 2007; Singaravelu et al., 2014b). The miRNAs downregulated during
disease development are candidates for miRNA replacement therapy; whereas those
miRNAs whose expression is upregulated in disease states are potential targets for miRNA
sequestration-based therapy. To-date, both miRNA sequestration-based and replacement-
based therapies have entered into clinical trials (Agostini and Knight, 2014; Janssen et al.,
2013) — demonstrating the therapeutic potential of targeting miRNAs. This is especially true
in the setting of liver, where different avenues for effective delivery of nucleic acid-based
therapies have been established (Wittrup and Lieberman, 2015).
Hepatitis C virus (HCV)
Hepatitis C virus (HCV) is one of the universal leading causes of hepatocellular carcinoma
(HCC) and liver transplantations (Lavanchy, 2011). Approximately, 170 million people
worldwide are afflicted with the virus. Of those acutely infected, 80% progress to persistent
infections, which can result in chronic liver diseases, such as cirrhosis and HCC (Hoofnagle,
2002). Furthermore, in patients undergoing hepatic transplantation with detectable virus
levels, recurrent infection of the allograft is universal (Charlton et al., 2004). To date, there
is no effective vaccine; however, cocktails of direct-acting anti-virals (DAAs) show promise
as effective therapeutics that can cure chronic HCV infection (Pawlotsky et al., 2015).

HCV is a positive sense RNA virus of the genus Hepacivirus and family Flaviviridae.
The virus possesses a narrow host range and tissue tropism — with only humans,
chimpanzees, rheusus macaques, and tree shrews being the only known animals whose
hepatocytes support the entire HCV life cycle (Scull et al., 2015 ; Vercauteren et al., 2014).
Its genome spans 9.6 kilobases and encodes for a ~3000 amino acid polyprotein precursor,

which is processed into three structural (core, E1, and E2) and seven non-structural (NS)



proteins (p7, NS2-5B) by host and viral proteases (Lindenbach and Rice, 2005). The highly
structured viral genome contains 5’ and 3’ untranslated regions (UTRs) with the 5’UTR
bearing an internal ribosome entry site (IRES) (Lindenbach and Rice, 2005; Mauger et al.,
2015). The virus is highly heterogeneous, being classified into 7 major genotypes, each
differing by over 30% in nucleotide sequence (Simmonds et al., 2005; Smith et al., 2014). In
early drug development, this heterogeneity resulted in difficulty designing effective pan-
genotypic treatment strategies, but the use of a DAA-based drug cocktail targeting NS5B
RNA dependent RNA polymerase (RdRp), the NSSA protein, and NS3/4A protease
simultaneously have revolutionized HCV treatment options and produced infection cure rates

above 90% (Myers et al., 2015).

A simplified model of the HCV life cycle is presented in Figure 1.2. Briefly, the
enveloped virus, which is associated with lipids and apolipoproteins as a “lipo-viro-particle”
(LVP) (André et al., 2002), adsorbs to cell surfaces via lipoprotein receptors and
glycosaminoglycans (GAG) (Douam et al., 2015). This is followed by coordinated
interactions with several host entry factors, including CD81 (Pileri et al., 1998), scavenger
receptor class B member 1 (SCARBI1) (Scarselli et al., 2002), occludin (Ploss et al., 2009),
and claudin 1 (Evans et al., 2007). These interactions ultimately leads to virion
internalization via clathrin-mediated endocytosis (Douam et al., 2015). The envelope
proteins E1 and E2 mediate pH-dependent membrane fusion between the viral and
endosomal membrane, which allows for the release of the HCV RNA genome into the
cytoplasm of the host cell. The genome serves as a template for RNA replication as well as
translation of the viral polyprotein precursor, which is cleaved by both host and viral

proteases into structural and NS proteins (Lindenbach and Rice, 2005). Replication occurs
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Figure 1.2. Overview of hepatitis C virus life cycle. A simplified model of the HCV viral
life cycle is presented. The HCV virion, associated with lipids and apolipoproteins, attaches
to the hepatocyte cell surface via via lipid absorption receptors and glycosaminoglycans,
followed by coordinated interactions with several host entry factors. These interactions
ultimately leads to virion internalization. After membrane fusion and uncoating, the viral
genome is released into the cytoplasm of the host cell. The genome serves as a template for
RNA replication as well as translation of the viral proteins. Replication is though to occur in
a lipid-droplet associated ER-derived membranous web, which includes double membrane
vesicles. HCV virions are assembled and secreted similar to very-low-density lipoprotein
particles. Figure adapted from Canadian Journal of Microbiology, Singaravelu, Srinivasan &
Pezacki, Armand-Frappier Outstanding Student Award — The emerging role of 25-
hydroxycholesterol in innate immunity (2015), 61(8): 521-530, with permission from
Canadian Science Publishing.



on virus-induced membranous structures, which are associated with lipid droplets (Paul et
al., 2014). HCV RNA s are packaged into viral particles and exit the cell via co-opting of the
very-low-density lipoprotein (VLDL) assembly, maturation, and secretory pathways

(Lindenbach and Rice, 2013).
HCYV cell culture and animal models

After the identification of HCV as the causative agent of non-A, non-B viral hepatitis in
1989 (Choo et al., 1989), the immediate research examining its virology was hampered by
the inability to achieve efficient viral replication and produce infectious particles in cell
culture (Lohmann and Bartenschlager, 2014). The eventual establishment of robust cell
culture models was instrumental in attaining our current understanding of the virus and the
development of effective drugs (Lohmann and Bartenschlager, 2014). This in vitro work has
been complemented by in vivo studies performed in the limited number of small animal
models available to HCV researchers (Vercauteren et al., 2015).

HCY replicons and cell culture grown virus

The initial attempts to culture HCV in immortalized cell lines and primary hepatocytes
suffered from low levels of viral replication (Lohmann and Bartenschlager, 2014). One of
the first major milestones in HCV cell culture model development was the construction of an
autonomously replicating HCV RNA (or replicons) derived from a genotype 1b consensus
isolate (Conl) (Lohmann et al., 1999). Many different replicons have been developed since
including bicistronic constructs with the HCV IRES driving expression of neomycin (G418)
resistance, and an encephalomyocarditis virus (EMCV) IRES driving expression of the HCV
proteins. The construct was flanked by the 5> UTR and 3° UTR of the Conl isolate, and

replicated at levels which enabled facile detection of HCV RNA levels. The G418 resistance
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was used to drive selection of cells expressing the HCV replicons (SGR), and this selection
was only successfully performed in Huh7 hepatoma cells. The replicons encoded either the
full length polyprotein or only the non-structural proteins of HCV, which were shown to be
sufficient to form the HCV replication complex (Blight et al., 2000; Lohmann et al., 1999).
In fact, p7 and NS2 were also shown to be dispensable for HCV replication (Blight et al.,
2000; Lohmann et al., 1999). Huh7 hepatoma cells stably replicating either the HCV full-
length genomic replicon (FGR) or HCV subgenomic replicon (SGR) represent the first
robust model to study HCV replication. Cell-culture adaptive mutations were subsequently
identified in the viral genome replicating stably in Huh7 clones; these mutations served to
enhance the level of replication (Blight et al., 2000; Lohmann et al., 1999).

Subsequent work identified Huh7-derived cell lines with increased permissiveness to
HCV replication. Treatment of replicon cells with interferon-a “cured” the cells of HCV, but
also resulted in adapted Huh7 clones which support HCV replication at higher level, such as
Huh7.5 (Blight et al., 2002) and Huh7-Lunet (Friebe et al., 2005) cells. In the case of
Huh7.5 cells, this more favourable cellular environment for viral replication was attributed,
at least in part, to a mutation in the cytosolic dsSRNA sensor RIG-I, which resulted in a muted
innate anti-viral response (Sumpter et al., 2005).

Inoculation of clinical isolates of HCV in Huh7 cells did not result in productive
infections (Catanese and Dorner, 2015). While replicon models enabled studies on the
molecular virology of HCV replication, the identified replication enhancing mutations in the
HCV genome, which facilitated the high level of replication in Huh7 cells, impaired virion
production (Pietschmann et al., 2009). Therefore, the Conl isolate-derived HCV replicons
were not a suitable model for propagating HCV in vitro and studying the HCV infectious

cycle. A major breakthrough for studying the complete HCV life cycle was the
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characterization of a hepatitis C virus isolate from a Japanese fulminant hepatitis (JFH)
patient (Kato et al., 2001). A subgenomic replicon derived from the isolated HCV genotype
2a JFH1 isolate was able to replicate without common replication enhancing mutations (Kato
et al., 2003). Subsequent work characterized the JFH1 strain as the first clinical isolate to
recapitulate the entire HCV life cycle in Huh7 cells (Wakita et al., 2005).

In the absence of cell culture adaptive mutations, the JFH1 strain secreted virus at
low efficiency (10%-10° focus forming units per mL). To increase virus fitness and titer
levels, two different strategies have been employed. Firstly, the JFH1 strain has been serially
passaged by several groups to identify titer-enhancing mutations (Zhong et al., 2006). In my
thesis work, we utilized a JFH1 strain with three mutations (JFH-AM1 or JFH-1t1) that
confers increased viral production (Russell et al., 2008). The mutations, localized in the E2
and p7 coding regions of the viral genome, were identified using a serial passaging strategy
with the wildtype JFHI1 strain. The cell-culture adapted JFH-1t strain produced 3-4 logs
more virus than wildtype JFH1. The second strategy employed to increase viral titer levels is
the creation of chimeras between JFH1 and another genotype 2a strain, such as J6
(Lindenbach et al., 2005). Overall, the revolutionary discovery of the JFH1 strain and its
subsequent derivatives enabled HCV researchers to examine the molecular virology of the
entire HCV life cycle in cell culture.

Aside from the genotype 2a JFHI strain, there have been limited reports of clinical
isolates from other HCV genotypes producing robust levels of infection in cell culture. This
represented an obstacle in the study of other HCV genotypes. Intergenotypic chimeras
between the JFH1 strain and isolates from other genotypes were capable of productive
infections (Pietschmann et al., 2006). These chimeras combined the core to NS2 coding

region of an isolate from any of the 7 major genotypes with the NS3 to NS5B coding region
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of JFHI1, enabling the construction of viral particles bearing the structural proteins of other
genotypes. The reasons for JFH1 strain’s unique capacity to propagate in vitro remained
obscure, until recent work demonstrated that, in general, the membrane-associated HCV
replication complex is highly sensitive to lipid peroxidation (Yamane et al., 2014). HCV
infection induces significant oxidative stress, and this limits HCV infection by inducing
membrane damage which disrupts the HCV replicase complex. The JFHI strain displays an
atypical resistance to lipid peroxidation, which severely restricts HCV replication efficiency
of other HCV genotypes in Huh7 cells (Yamane et al., 2014). Subsequent work revealed that
the incorporation of the human host factor SEC14L2 into hepatoma cells enabled pan-
genotypic HCV replication in cell culture (Saeed et al., 2015). SECI14L2 expression
enhanced vitamin E-mediated protection against oxidative stress, and lipid peroxidation;
thereby enabling in vitro replication of any HCV isolate. Collectively, these recent findings
should enable HCV researchers to universally study all genotypes of HCV with the same
rigour that has been applied to the HCV genotype 2a JFHI strain.

Animal models

The first animal model used for hepatitis C research was chimpanzees. Initial studies
revealed that serum from non-A, non-B hepatitis patients could be utilized to inoculate
chimpanzees and recapitulate the entire viral life cycle (Alter et al., 1978; Tabor et al., 1978).
Similar experiments were later performed using in vitro transcripts of cDNA clones of HCV
genomes to successfully inoculate chimpanzees (Kolykhalov et al., 1997; Yanagi et al.,
1997). However, the use of chimpanzees as an animal model has diminished significantly
due to ethical considerations as well as high costs. Non-primates have also been examined
for HCV permissiveness with limited success (Abe et al., 1993). Tree shrews have been

successfully inoculated with HCV and can develop low-level HCV viremia and chronic
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hepatitis (Amako et al., 2010). In general, HCV’s narrow host tropism has limited the
development of practical small animal models.

Significant efforts have been undertaken to develop more practical mouse models for
studying HCV virology. In general, two strategies have been undertaken to “humanize”
mice and render them permissive to the entire HCV life cycle. One involves
xenotransplantation of human hepatocytes in mice (Mercer et al., 2001); while the other
relies on transgenic expression of essential human factors for the HCV life cycle
(Vercauteren et al., 2014).

With regards to HCV studies, xenotransplantations of human hepatocytes were first
performed in severe combined immunodeficiency (SCID) mice homozygous for a
plasminogen activator transgene expressed under the control of a liver-specific albumin
promoter (4A/b-uPa) to generate chimeric human livers (Mercer et al., 2001). Expression of
Alb-uPa results in hypofibrinogenemia and liver-specific cytotoxicity, and conveys an
environment conducive to repopulation with HCV-permissive human hepatocytes (Mercer et
al., 2001; Sandgren et al., 1991). These immunodeficient mice were successfully infected
with clinical and cell culture-derived HCV isolates, and provided the first practical murine
model for in vivo HCV research (Lindenbach et al., 2006; Mercer et al., 2001). Subsequent
studies have utilized similar xenotransplantation-based strategies to develop a similar HCV
murine model (Bissig et al., 2010), as well as HCV-permissive simianized mice (Scull et al.,
2015). However, the impaired adaptive immunity of these xenograft-based models has
restricted the utility in examining HCV-associated advanced liver disease. This limitation
has been overcome by the utilization of hematopoietic stem cells in a humanized mouse

model (Washburn et al., 2011).  This strategy has enabled the development of HCV-
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permissive mice with reconstituted human immune system that are capable of developing
advanced liver disease (Washburn et al., 2011).

The use of genetic approaches for mice “humanization” enables circumvention of the
technical challenges associated with the xenotransplantation models. Both transient and
stable expression of essential human factors in mice has been shown to allow for
recapitulation of the entire HCV cell cycle in vivo (Dorner et al., 2013). Dorner et al.
demonstrated that adenoviral delivery of essential human entry factors enables HCV entry in
fully immunocompetent mice (Dorner et al., 2011). A follow-up study developed a
transgenic murine model for these human factors using mice with an impaired anti-viral
response (Dorner et al., 2011). The latter model was able to support persistent HCV
infection. The development of these transient and stable genetic approaches has provided
HCYV researchers with alternative, more accessible avenues to test HCV vaccine efficacy and

explore other aspects of HCV immunobiology in vivo in practical small animal models.
HCYV and hepatic lipid metabolism

Due to the limited size of its genome, HCV, like other obligate parasites, relies heavily on
host pathways to facilitate its pathogenesis. Generally, the virus promotes a lipid-rich
intracellular environment to facilitate its lifecycle (Alvisi et al., 2011). This hepatocellular
lipid accumulation is mediated by the virus through activated expression of lipid anabolic
genes and inhibition of genes associated with lipid catabolism and export (Syed et al., 2010).
These metabolic perturbations manifest clinically as hepatic steatosis, in over 50% of HCV-
infected patients, with HCV genotype 3a infection being linked with severe steatosis
(Rubbia-Brandt et al., 2000). In addition, the virus is known to disrupt insulin signaling and

glucose metabolism, and infection has been linked to an increased prevalence of hepatic
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insulin resistance and diabetes (Negro, 2011). However, it remains unclear whether insulin
resistance is a direct result of HCV infection or an indirect result of HCV-associated
advanced liver disease (Cusi, 2014). Virtually every step of the HCV life cycle relies on an
aspect of hepatic metabolism (Alvisi et al., 2011). This intimate link with lipid metabolism
seems to be one of the key co-determinants resulting in the narrow tissue tropism of HCV.
Lipid metabolism and HCV entry

HCYV entry into a new hepatocyte is mediated by two distinct mechanisms: “cell-free” entry
and “cell-to-cell” transmission. Cell-free entry comprises of blood-borne virus entering
hepatocytes, whereas cell-to-cell transmission occurs more directly between hepatocytes via
tight junctions and is often characterized as being neutralizing antibody (nAb)-resistant
(Brimacombe et al., 2011). Aspects of both HCV entry mechanisms have implicated various
host factors with functional roles in hepatic lipid metabolism.

The HCV virion itself resembles low-density lipoprotein particles, exhibiting
physical association with apolipoproteins and lipids (Bartenschlager et al., 2011). In infected
chimpanzees and humans, circulating viral particles exhibit a heterogenous density (André et
al., 2002; Bradley et al., 1991); however, the lower density HCV particles appear to possess
increased infectivity (Bradley et al., 1991; Lindenbach et al., 2006). While both cell culture-
derived and in vivo produced virions possess an association to the apolipoproteins, ApoCl
and ApoE, patient serum-derived LVPs (André et al., 2002) display enhanced association
with ApoB (Bartenschlager et al., 2011). The viral particles derived from cell culture are
generally of higher density and lack association to ApoB; this is attributed to deficiencies in
the very low-density lipoprotein assembly and lipidation pathways in the HCV permissive,
Huh7-derived human hepatoma cell lines (Meex et al., 2011). Lipidation and apolipoprotein

association of the virion is postulated to aid the virus in the evading antibody-mediated
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neutralization. Recent work has demonstrated that in vitro siRNA knockdown of ApoE
increased the susceptibility of cell culture-derived virions to nAbs isolated from the serum of
patients with chronic HCV infection (Fauvelle et al., 2016). This was attributed to increased
exposure of envelope protein E2 epitopes to nAbs (Fauvelle et al., 2016).

A subset of the HCV entry coreceptors have known functional association to hepatic
lipid metabolism, including SCARBI1 (Calattini et al., 2015; Dao Thi et al., 2012), low-
density lipoprotein receptor (LDLR) (Monazahian et al., 1999), Niemann-Pick Cl1-like 1
(NPCIL1) (Sainz et al., 2012), and VLDL receptor (VLDLR) (Ujino et al., 2016). SCARBI
is a scavenger receptor that mediates uptake of high-density lipoproteins (HDL) (Shen et al.,
2014). In HCV infection, SCARB1 seems to play multiple roles, including directly
interacting with E2, as well as mediating crucial post-attachment events via its lipid transfer
function (Calattini et al., 2015; Dao Thi et al., 2012). LDLR and VLDLR are lipoprotein
absorption receptors (Go and Mani, 2012), while NPCI1L1 is a cholesterol uptake receptor
(Lin et al., 2011). Several studies have implicated LDLR as a co-receptor for HCV entry
(Germi et al., 2002; Monazahian et al., 1999; Prentoe et al., 2014), with a role in mediating
an early stage of entry (Prentoe et al., 2014), possibly cellular attachment of the virus (Germi
et al., 2002). Similarly, NPC1L1 has been implicated in entry at a stage prior to virion-cell
membrane fusion, via a mechanism dependent on the cholesterol content in the virion (Sainz
et al., 2012). Recent work has also proposed a role for VLDLR-mediated endocytosis in
HCV entry (Ujino et al., 2016). The importance of lipoprotein receptors in HCV entry is
further highlighted by the capacity of VLDL and LDL particles to outcompete LVP for entry
into target cells (André et al., 2002; Tao et al., 2015; Westhaus et al., 2013).

In addition to mediating nAb evasion, virion-associated apolipoproteins appear to

facilitate key interactions with entry co-receptors. ApoE enables entry by mediating
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interactions with LDLR and heparan sulfate (Jiang et al., 2012; Owen et al., 2009).
Similarly, virion-associated ApoB interacts with SCARBI (Maillard et al., 2006), and
ApoCl1 interacts with heparan sulfate proteoglycans (Meunier et al., 2008) and E2 (Dreux et
al., 2007) to facilitate infection. Collectively, these studies illustrate an important role for
lipid absorption receptors and apolipoproteins in cell-free entry.

Cell-to-cell transmission appears to be a key mechanism by which viruses can evade
neutralizing antibodies (Timpe et al., 2008); however, the mechanism by which this occurs
remains poorly understood. ApoE, NPCILI1, and SCARBI1 have all been suggested to play
prominent roles in cell-to-cell spread (Barretto et al., 2014; Brimacombe et al., 2011; Gondar
et al., 2015), although it appears that HCV can adapt to lose its dependence on SCARBI1 for
cell-to-cell transmission (Catanese et al., 2013), and there are conflicting reports on the
necessity of ApoE (Barretto et al., 2014). Regardless, inhibition of host factors implicated in
both cell-free and cell-to-cell modes of HCV entry, such as ApoE, SCARB1 and NPCIL1,
has the potential of eliciting a dual pronged anti-viral effect.

Lipid metabolism and HCV replication

Similar to other positive-sense RNA viruses, the HCV replication complex occurs in
membranous structures, which serve to increase the local effective concentration of viral and
host factors required for viral replication and protect the viral genome from host defenses
(Miller and Krijnse-Locker, 2008). Specifically, HCV utilizes host endoplasmic reticulum
(ER)-derived membranes, often referred to as a membranous web, to house its replication
complex (Ferraris et al., 2010; Paul et al., 2013). Such remodeling of cellular membranes
requires significant alterations to host metabolism. Consistent with this, transcriptomics
analysis of gene expression in chimpanzees infected with HCV revealed significant

alterations in the levels of host genes involved in lipid metabolism (Su et al., 2002). The
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gene expression profiling study revealed viral infection down-regulated peroxisome
proliferator activated receptor-a (PPAR-a) expression and activated the expression of genes
associated with the sterol response element binding protein (SREBP) signaling (Su et al.,
2002). Disruption of hepatocellular metabolism during HCV infection is confirmed by
metabolomic profiling studies revealing alterations in cholesterol, fatty acid, sphingolipid,
and phospholipid metabolism (Diamond et al., 2010; Rodgers et al., 2012; Roe et al., 2011).
Several studies have demonstrated that small molecule inhibition of either cholesterol or
fatty acid biosynthesis elicits anti-viral effects against HCV replication in vitro (Kapadia and
Chisari, 2005; Owens et al., 2010; Singaravelu et al., 2015a; Su et al., 2002). Given the
importance of cellular lipids in replication, two independent studies have argued the
prominent role of LDLR in the HCV life cycle is promoting a lipid-rich cellular
environment, via serum uptake of lipids into HCV-infected hepatocytes, to facilitate
replication (Albecka et al., 2012; Syed et al., 2014). Overall, these studies highlight an
important role for hepatic lipid metabolism in HCV replication.

Phosphoinositides (PIs) are a class of phosphatidylglycerides, which play an
important role in coordination cellular dynamics through recruitment of proteins to cellular
membranes (Viaud et al., 2015). PlIs represent 10-15% of membrane phospholipids, and the
inositol ring is readily phosphorylated by various PI kinases at the 3, 4, and 5 position to
produce different phosphorylated forms of PI (Viaud et al., 2015). Changes in membranes’
PI signature can have drastic effects on intracellular trafficking and membrane dynamics
(Viaud et al., 2015). The various PIs interact directly with proteins via different domains,
including the pleckstrin homology (PH) domain. Several RNA viruses alter PI signaling in
host cells to facilitate their replication (Delang et al., 2012), including HCV and

picornaviruses. HCV NS5A is a viral protein which, to-date, has no characterized intrinsic
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enzymatic function and exerts its function through interactions with viral and host factors
(Ross-Thriepland and Harris, 2015). NSS5A recruits phosphatidylinositol 4-kinase III a
(PI4KA) to HCV-induced membranous structures and stimulates its activity to increase
phosphoinositide-4-phosphate (PI4P) production (Reiss et al., 2011). This results in an
increase in intracellular PI4P levels at the viral replication complex, which is essential for the
integrity of the HCV membranous web (Reiss et al., 2011) and viral replication (Berger et
al., 2011). There also appears to be a genotype-specific dependence of HCV replication on
PI4KB (Borawski et al., 2009; Hsu et al., 2010; Sherratt et al., 2014). However, the pro-viral
function of this PI4P enrichment remained unclear until a link was established between the
roles of PI4P and cholesterol in HCV replication.

It is well-established that intracellular cholesterol plays a crucial role in HCV
replication, as inhibition of cholesterol synthesis resulted in disruption of the HCV replicase
(Sagan et al., 2006; Su et al., 2002; Ye et al., 2003). Subsequent electron microscopy (EM)
analysis of isolated HCV-induced DM Vs, the proposed sites of HCV replication, revealed an
enrichment in cholesterol (Paul et al., 2013). B-methyl cyclodextrin-mediated cholesterol
depletion of HCV infected cells via resulted in smaller DMVs, which correlated with
decreased HCV RNA abundance (Paul et al., 2013). Recent work elucidated the mechanism
by which HCV mediates cholesterol enrichment of its replication complex. The HCV-
induced enrichment of PI4P in viral replication compartments serves to recruit the oxysterol
binding protein (OSBP), via its PH domain, to the viral replication complex (Wang et al.,
2014a). OSBP shuttles cholesterol to HCV-induced membranous structures, in a PI4P-
dependent manner (Wang et al., 2014a). The dependence of HCV replication on cholesterol
biosynthesis also derives from the virus’ reliance on geranylgeranylation of the host factor

FBL2 (Wang et al., 2005). The importance of protein prenylation in HCV replication was
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first realized when it was demonstrated that inhibition of HCV RNA replication could be
rescued via the addition of geranylgeraniol, a downstream product of cholesterol (Kapadia
and Chisari, 2005; Wang et al., 2005). Geranylgeranylated FBL2 was found to colocalize
with NS5A, and this interaction was crucial for HCV replication (Wang et al., 2005).
However, the function of this protein in HCV replication remains unclear. Overall, HCV
replication’s dependence on cholesterol biosynthesis stems from the replicase’s requirement
for a cholesterol enriched scaffold HCV’s requirement and protein prenylation of a host
factor.

Similarly, HCV replication appears to have a dependence on sphingolipid
biosynthesis. This was first revealed when a chemical screen identified an inhibitor of serine
palmitoyltransferase (SPT), an enzyme catalyzing the first step in sphingolipid biosynthesis,
as a potent inhibitor of HCV genotype 1b replication (Sakamoto et al., 2005). The study also
revealed NS5B possesses a sphingolipid binding motif, which was crucial to the localization
of non-structural proteins to lipid rafts. Subsequent work demonstrated the SPT inhibitor
treatment showed anti-viral effects in vivo, in a humanized mouse model infected with a
HCV genotype 1b isolate (Umehara et al., 2006). However, sphingolipids’ influence on
HCV replication seems to be genotype specific, as replication of the JFHI1 replicon
(genotype 2a) was insensitive to SPT inhibition (Weng et al., 2010).  Glycosphingolipids
have also recently been implicated in HCV RNA synthesis (Khan et al., 2014). The PI4P-
enriched HCV-induced membranous structures recruit four-adaptor phosphate protein
(FAPP) wvia its PH domain. FAPP is a PI4P effector protein which shuttles
glycosphingolipids to the HCV replication complex (Khan et al., 2014). This viral
requirement for glycosphingolipids is consistent with the observed upregulation of

lactosylceramide levels during HCV replication (Khan et al., 2014).
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In addition to cholesterol and sphingolipid metabolites, fatty acids also have the
capacity to influence HCV replication. The effect of fatty acids on HCV is dependent on
their degree of unsaturation. Small molecule inhibition of acetyl CoA carboxylase (Kapadia
and Chisari, 2005; Owens et al., 2010; Singaravelu et al., 2015a), which catalyzes the rate
limiting step of fatty acid biosynthesis, and fatty acid synthase (Kapadia and Chisari, 2005;
Nasheri et al., 2013; Owens et al., 2010; Su et al., 2002), which catalyzes elongation of fatty
acids, results in inhibition of HCV replication. Similarly, our lab has previously
demonstrated that inhibition of stearoyl CoA desaturase (SCD) represses HCV replication
(Lyn et al., 2014). SCD catalyzes desaturation of palmitic acid and stearic acid to
palmitoleic acid and oleic acid, and these monounsaturated fatty acids are critical to the
integrity of HCV replication complexes (Lyn et al., 2014). On the other hand, several studies
have shown that polyunsaturated fatty acids (PUFAs) inhibit HCV replication (Huang et al.,
2007a; Kapadia and Chisari, 2005). The anti-viral activity of PUFAs is linked to their
reactivity with reactive oxygen species (ROS) generated during HCV replication (Huang et
al., 2007a). Lipid peroxidation of PUFAs creates reactive carbonyls which inhibit
replication, and this effect can be reversed through addition of lipid-soluble antioxidants
(Huang et al., 2007a). Collectively, these studies illustrate that the degree of unsaturation
dictates the effect of individual fatty acid species in in HCV replication.

As HCV relies on cellular membranes for replication, it is not surprising that viral
replication is dependent on the cellular availability of lipids that comprise key constituents in
membranes, such as sphingolipids, fatty acids, and sterols. The role of each of these lipid
species to the formation of the replication complex isn’t yet completely understood.
Chapters 2 and 3 aim to characterize miRNAs which regulate hepatic fatty acid and

cholesterol metabolism and evaluate their influence on HCV replication.
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Lipid droplet accumulation and HCV assembly

Lipid droplets (LDs) are dynamic organelles that act as storage units of neutral lipids,
including cholesterol esters and triglycerides. Most cells, in the presence of excess neutral
lipids, have the capacity to form LDs; however, in humans, adipocytes and hepatocytes, the
major sites of lipogenesis, have basal levels of LDs (Walther and Farese, 2012). It is
becoming apparent that dysregulation of cellular lipid droplet abundance correlates with
disease states (Krahmer et al., 2013). In the context of viral infection, HCV, dengue virus,
rotaviruses, and reoviruses utilize these neutral lipid stores to facilitate some aspect of their
viral life cycles (Herker and Ott, 2012).

HCV utilizes cellular lipid droplets as a platform for viral assembly (Filipe and
McLauchlan, 2015). Two HCV proteins, NS5A and core, are known to localize to LDs
although NS5A is also known to interact with the ER (Barba et al., 1997; Hinson and
Cresswell, 2009; Moradpour et al., 1996). The recruitment of core and NS5A to LDs is
facilitated by diacylglycerol acyltransferase 1 (DGAT1), an enzyme which catalyzes the
synthesis of triglycerides (Camus et al., 2013; Herker et al., 2010). Disrupting the
association of HCV core and NS5A to lipid droplets significantly inhibits virion production
(Boulant et al., 2007; Herker et al., 2010; Hinson and Cresswell, 2009; Menzel et al., 2012).
HCV infection induces hepatocellular accumulation of LDs in the perinuclear region of
infected cells (Miyanari et al., 2007), in close proximity to replication complexes to support
viral genome packaging. This clustering of LDs to the perinuclear region is mediated, in
part, by the association of core protein to LDs, and likely involves displacement of adipocyte
differentiation-related protein (ADRP) off the surface of LDs (Boulant et al., 2008). HCV
also hijacks Rab18 and TIP47 to promote apposition between LD membranes and HCV

replication complexes (Salloum et al., 2013; Vogt et al., 2013). NS5A binds to TIP47 and
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the active form of the GTPase Rabl18, two LD-associating proteins, and these interactions
with NS5A appear to promote physical interactions between HCV replication complexes and
LDs, independent of core (Salloum et al., 2013; Vogt et al., 2013). It is thought that the
enrichment of LDs in HCV-induced membranous structures not only brings the site of
replication in proximity with the site of assembly, but also, may allow HCV replication
complexes to draw on LDs as a source of energy and membrane lipids (Vogt et al., 2013).
Lastly, the importance of LDs to HCV assembly is emphasized by studies illustrating that
drugs which reverse HCV induced LD accumulation, including inhibitors of cholesterol ester
and triglyceride synthesis, elicit potent inhibitory effects on virion production (Liethebber et
al., 2014; Syed and Siddiqui, 2011).

HCV mediates hepatic LD accumulation via a multitude of mechanisms. The HCV
core protein plays a central role in HCV’s induction of LD aggregation, as expression of core
alone in transgenic mice is sufficient for the development of hepatic steatosis (Moriya et al.,
1997). Core’s steatotic effect appears to stem from inhibition of lipolysis and triglyceride
hydrolysis, which is dependent on the protein’s localization to lipid droplets (Harris et al.,
2011). Recent work elucidated that this is mediated through inhibiting the activity of adipose
triglyceride lipase (ATGL), an enzyme which catalyzes the first step in triglyceride
hydrolysis (Camus et al., 2014).  Expression of HCV core from genotype 3a, which is
associated with severe steatosis (Abid et al., 2005), results in the appearance of large lipid
droplets, and this has been linked to the down-regulation of phosphatase and tensin homolog
deleted on chromosome 10 (PTEN) (Clément et al., 2011). HCV infection also alters lipid
homeostasis through modulation of PPAR-a, liver X receptor (LXR), and SREBP signaling,
three pathways which coordinate sterol and fatty acid metabolism (Jeon and Osborne, 2012;

Michalik et al., 2006; Osborne, 2000; Wahli and Michalik, 2012). HCV suppresses the
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expression of PPAR-a, a transcription factor which regulates genes associated with fatty acid
catabolism (Cheng et al., 2005; Dharancy et al., 2005, De Gottardi, 2006 #265; Wu et al.,
2011).  HCV also activates hepatic lipogenesis through increased LXR and SREBP
signaling (Garcia-Mediavilla et al., 2012; Syed et al., 2010). Enhancement of LXR signaling
appears to be mediated by core and NS5A (Garcia-Mediavilla et al., 2012); while HCV
appears to have evolved several mechanisms to activate SREBP signaling.

HCYV and SREBP signaling

The SREBP family of transcription factors are master regulators of lipid biosynthesis (Jeon
and Osborne, 2012). There are three isoforms of SREBPs: SREBP1A, SREBPIC, and
SREBP2. SREBPIC is the most highly expressed isoform in the liver, and regulates the
expression of genes associated with fatty acid biosynthesis (Jeon and Osborne, 2012).
SREBP2 regulates the expression of genes associated with cholesterol biosynthesis, while
SREBPIA has the capacity to regulate both SREBP1- and SREBP2-regulated genes (Jeon
and Osborne, 2012). There exists a well-established negative feedback mechanism
regulating SREBP signaling, summarized in Figure 1.3 (Brown and Goldstein, 1999). The
SREBP cleavage activating protein (SCAP) binds newly translated SREBPs at the ER. In a
sterol replete intracellular environment, this SCAP/SREBP complex is transported to the
Golgi, where SREBP is sequentially cleaved by site-1 protease (S1P) and site-2 protease
(S2P) into its mature transcription factor form. In a lipid-rich environment, cholesterol
induces a conformational change in SCAP, which causes binding to INSIGs (Adams et al.,
2004). INSIGs serve to anchor the SREBP/SCAP complex in the ER and prevent maturation
of the transcription factor.

HCYV has evolved a multitude of mechanisms for activation of SREBP signaling to

25



A Low Ch and oxysterol

/_p To Golgi

Cytosol

Low Ch and oxysterol

/_—b To Nucleus

Cytosol

',mamzsmmmsmmzs

A,

)k © S 4

High Ch and oxysterol

[ Low Ch and oxysterol Cytosol
E3

AN

Mature SREBP

TG, FA, and Ch

My L g

Figure 1.3. Summary of negative feedback loop regulating SREBP signaling. (a)-(b) In
low sterol and oxysterol conditions, the sterol regulatory element-binding proteins (SREBP)
and SREBP cleavage activating protein (SREBP-SCAP) complex is transported to the Golgi,
where SREBP is cleaved into its mature transcription factor from by 2 proteases (SIP and
S2P). (¢) This mature form translocates to the nucleus, where it regulates genes associated
with lipid metabolism. SRE, sterol regulatory element; TG, triglyceride; FA, fatty acid. (d)
In sterol- and oxysterol-rich conditions, cholesterol binds to SCAP, or certain oxysterols bind
to INSIG, inducing conformational changes that promote binding between SCAP and INSIG,
retaining the SREBP-SCAP complex at the endoplasmic reticulum (ER), preventing SREBP
activation. Figure adapted from Canadian Journal of Microbiology, Singaravelu, Srinivasan
& Pezacki, Armand-Frappier Outstanding Student Award — The emerging role of 25-
hydroxycholesterol in innate immunity (2015), 61(8): 521-530, with permission from
Canadian Science Publishing.
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promote hepatic lipogenesis (Su et al., 2002). HCV infection appears to activate proteolytic
processing of SREBPs via induction of oxidative stress in a phosphatidylinositol 3-kinase
(PI3K)-Akt pathway dependent manner (Waris et al., 2007). Interestingly, HCV core, NS2,
NS4B, and NS5A can each individually stimulate SREBP maturation or transcription (Oem
et al., 2008; Park et al., 2009; Waris et al., 2007; Xiang et al., 2010). Recently, two novel
mechanisms have been proposed for HCV’s stimulation of SREBP signaling that involve co-
opting components of innate immune pathways (Li et al., 2013a; McRae et al., 2015). HCV
infection activates the NLRP3 inflammasome, which mediates the production of caspases
and pro-inflammatory cytokines for the downstream immune response to infection (Chen and
Ichinohe, 2015). HCV-induced activation of the NLRP3 appears to stimulate SREBP
maturation through caspase 1-mediated degradation of INSIG proteins (McRae et al., 2015).
An independent study demonstrated that HCV hijacks IkB kinase-a (IKK-a), a kinase known
to activate intrinsic innate immunity through regulation of NF-kB signaling, to activate
SREBP-mediated lipogenesis (Li et al., 2013a). The authors demonstrated that a DExD/H
helicase, DDX3X, interacts with the HCV 3°’UTR and activates nuclear translocation of
IKK-a (Li et al, 2013a). Within the nucleus, IKK-a phosphorylates and activates
CBP/p300, a known stimulator of SREBP transcriptional activity (Li et al., 2013a). HCV
relies on SREBP signaling for intracellular lipid droplet accumulation as knockdown of
SREBP expression (Li et al., 2013a) or inhibition of SREBP processing enzymes (Olmstead
et al., 2012) resulted in decreased neutral lipid accumulation and impaired viral assembly.
The viral evolution of multiple mechanisms to stimulate the same pathway suggests SREBP

signaling plays a crucial role in the HCV life cycle.

27



VLDL pathway and HCV assembly/secretion

While all the details of HCV assembly aren’t clear, one of the first key steps is the
interaction of NS5A and core at cytosolic lipid droplets (Masaki et al., 2008). This
eventually lead to assembly of a nucleocapsid via recruitment of envelope proteins and
budding in to the ER (Lindenbach and Rice, 2013). As the virion travels through the
secretory pathway, it matures and becomes lipidated through essential interactions with
lipoprotein pathways, which results in HCV virion’s low buoyant density (André et al., 2002;
Gastaminza et al., 2008). It appears that, similar to VLDL synthesis, high density viral
particles are synthesized in the ER, and maturation into low-density viral particles occurs
during migration of the particle through the secretory pathway (Gastaminza et al., 2008).
Inhibition of the microsomal triglyceride transfer protein (MTTP), which transports
triglycerides into ApoB lipoproteins and lumenal LDs (Hooper et al., 2015), impairs viral
secretion (Gastaminza et al., 2008; Huang et al., 2007b) — suggesting MTTP may similarly
play a role in HCV virion lipidation. RNA interference studies revealed that ApoE, and not
ApoB, was critical for viral particle production in cell culture (Jiang and Luo, 2009), and this
was supported by observations that ApoE co-migrated with HCV core in the secretory
pathway — with poor co-localization with ApoB (Coller et al., 2012). However, as these
studies were all performed in cell culture models, it remains to be seen whether ApoB plays
an important role in HCV particle secretion in vivo, in the presence of proper ApoB
lipidation. Overall, these studies demonstrate HCV co-opts the VLDL pathway for assembly

and secretion of its virion.
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Viruses: broad requirement for lipid microenvironments

This viral requirement for lipids isn’t specific to HCV; there appears to be a broad viral
dependence on lipids to facilitate their life cycles. This is consistent with inhibition of host
lipid metabolism being effective in impairing the pathogenesis of several classes of viruses
(Munger et al., 2008; Petersen et al., 2014). As previously discussed, several positive sense
viruses and poxviruses mediate significant membrane remodelling to facilitate replication
(Miller and Krijnse-Locker, 2008). Similar to HCV, these alterations necessitate diversion of
host metabolic pathways. For example, similar to HCV, several members of the
Picornaviridae family hijack OSBP via PI4 kinases to mediate cholesterol enrichment of
membranous structues housing their replication complexes (Dorobantu et al., 2015; Roulin et
al., 2014). Other viruses require specific lipid microdomains in cellular membranes as well
as the viral envelope to facilitate entry as well as release of progeny virion (Heaton and
Randall, 2011). HCV’s intimate link with lipid metabolism makes the virus an excellent
model for understanding how viruses’ perturb host metabolism to facilitate viral
proliferation. Characterization of novel host factors regulating HCV’s hijacking of hepatic
lipid pathways to facilitate replication could have broad relevance to positive sense RNA
viruses.

Given the broad viral dependence on lipid pathways, it’s not surprising that
significant metabolic reprogramming occurs as part of the broad anti-viral response
(Schoggins and Randall, 2013). One of the most striking examples of this was the discovery
that anti-viral interferon signaling induces the production of 25-hydroxycholesterol, an
oxysterol which represses cholesterol biosynthesis (Blanc et al., 2011). Similarly, the

expression of LDLR related protein 1 (LRP1) and interferon-inducible transmembrane 3
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(IFITM3) is activated during viral infections, and regulate intracellular cholesterol
homeostasis to mediate their anti-viral effects (Amini-Bavil-Olyaee et al., 2013; Gudleski-
O'Regan et al., 2012). These examples illustrate the human immune response actively re-

orchestrates cellular metabolism to combat viral infection.
HCYV and microRNAs

miRNAs have the potential to influence viral pathogenesis through several mechanisms.
Viral genomes can encode for miRNAs, as demonstrated for the herpesvirus family (Cullen,
2011). With regard to HCV, to-date, there has yet to be a study reporting functional virus-
derived miRNAs; however, sequencing analysis of HCV infected cells and HCV replicon
containing cells revealed the presence HCV RNA-derived small RNAs (Parameswaran et al.,
2010). Host miRNAs can influence the viral lifecycle either through the regulation of key
host pathways or through direct interaction with viral genomes (refer to Figure 1.1). In the
case of HCV, human miRNAs have been shown to influence the virus through direct
interactions (Wilson and Sagan, 2014) and through regulation of host pathways critical to the
HCV life cycle and disease progression (Singaravelu et al., 2014b).

HCYV and miR-122 paradigm: an unconventional interaction

HCV predominantly infects human hepatocytes, and this tissue tropism is partially
determined by its dependence on a liver abundant miRNA, miR-122. The 5’ end of the HCV
RNA genome participates in unique interactions with miR-122 (Jopling et al., 2008; Jopling
et al.,, 2005; Machlin et al., 2011), at two 5’UTR binding sites, which are sequentially
conserved across all genotypes. The initial studies demonstrated a dependence of HCV RNA
abundance on this unconventional interaction (Jopling et al., 2005). Subsequent studies have

described pro-viral roles for HCV’s subversion of miR-122 in HCV translation (Henke et al.,
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2008; Jangra et al.,, 2010), as well as protecting HCV RNA from endogenous
exoribonucleases (Li et al., 2013b; Sedano and Sarnow, 2014). This has resulted in the
development of a lock-nucleic acid oligonucleotide for miR-122 sequestration-based therapy
against HCV, which proceeded to Phase II in clinical trials (Janssen et al., 2013). HCV
exhibits a dependence on components of the miRNA biogenesis pathway (Randall et al.,
2007; Wilson et al., 2011; Zhang et al., 2012), which is generally attributed to the virus’
reliance on mature miR-122 expression. Interestingly, HCV RNA’s sequestration of miR-
122 has been linked to dysregulation of host transcripts, resulting from allevation of miR-122
regulation of its endogenous targets (Israclow et al., 2014; Luna et al., 2015).

HCYV RNA’s direct interaction with other human miRNAs

Aside from miR-122, the remaining reports of miRNAs interacting directly with the HCV
RNA genome describe the traditional repressive mode of miRNA regulation. Interferon
signaling was reported to activate the expression of a subset of miRNAs (miR-196, miR-296,
miR-351, miR-431, and miR-448), which directly interact with the HCV RNA and repressed
HCV replication (Pedersen et al., 2007). Separate studies also elucidated miR-199a-3p and
let-7f as human anti-viral miRNAs with conserved binding sites in HCV genome (Cheng et
al., 2012; Murakami et al., 2009).

Host miRNAs and HCV-associated host pathways

HCV-induced modulation of miRNAs regulating host gene networks either required for viral
proliferation or associated with host anti-viral response have the potential to influence HCV
life cycle and disease progression. Several miRNA profiling studies have demonstrated
dysregulation of the host miRNA expression during HCV infection, both in vitro (Banaudha
et al., 2011; Ishida et al., 2011; Zhang et al., 2013) and in vivo (Bandyopadhyay et al., 2011;

Peng et al., 2009). In general, characterizing the miRNAs which regulate virus-associated
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host pathways from the miRNA signature of viral infection remains a challenge. Pre-
existing miRNA levels in HCV-infected patients may represent a crucial factor in
determining the host’s susceptibility to chronic infection and accelerated disease progression.
Recent work has elucidated miRNAs as molecular determinants of HCV associated advanced
liver disease (Singaravelu et al., 2014b).

My thesis work sought to identify miRNAs contributing to both HCV’s hijacking of
hepatic lipid metabolism and the development of HCV-associated steatosis. While several
hepatic microRNAs have been identified as regulators of hepatic lipid metabolism (Moore et
al., 2011; Rottiers and Naidr, 2012), and linked to the development of fatty liver disease
(Sobolewski et al., 2015), no HCV-modulated miRNAs have been linked to the virus’

alterations of cellular lipid homeostasis or HCV-associated steatosis.

Rationale

As modulation of hepatic lipid synthesis and storage, as well as lipoprotein entry, lipidation,
or secretion can elicit anti-viral effects against HCV, the identification of hepatic miRNAs
which concertedly regulate multiple aspects of hepatic lipid metabolism have the potential to
regulate the HCV life cycle. HCV displays an intimate reliance on hepatic lipid metabolism
to facilitate its viral life cycle, so we hypothesize that a subset of the modulations induced in
the human miRNA milieu during HCV infection result from either the virus’ efforts to co-opt
hepatic lipid pathways to fulfill its lipid and energy requirements or the host response’s
attempts to restore metabolic homeostasis. Such miRNAs may be important molecular
determinants of the development of HCV-associated steatosis. Given the general viral

requirement of lipid pathways and the metabolic reprogramming that occurs as part of the
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broad anti-viral response, miRNAs regulating HCV’s hijacking of hepatic lipid metabolism
have the potential to influence other viruses.

Statement of Objectives

The goal of my thesis work was to identify novel miRNA-mRNA regulatory modules with
functional roles in hepatic lipid metabolism (Chapters 2-4). Furthermore, in Chapters 2
and 3, we specifically sought to characterize miRNAs, with regulatory roles in hepatic lipid
metabolism, which influence the HCV life cycle and the immunometabolic response to viral

infection.
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Chapter 2 — Hepatitis C virus induced up-
regulation of microRNA-27: a novel
mechanism for hepatic steatosis.
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Preface

This chapter consists of data previously published in the Hepatology article (59 (1): 98-109,
2014) entitled “Hepatitis C virus induced up-regulation of microRNA-27: a novel
mechanism for hepatic steatosis” (PMID: 23897856). It is reproduced in this thesis with
permission from the publisher — refer to Rights and Permissions. The article was authored
by R. Singaravelu, R. Chen, R.K. Lyn, D.M. Jones, S. O’Hara, Y. Rouleau, J. Cheng, P.
Srinivasan, N. Nasheri, R.S. Russell, D.L. Tyrrell, and J.P. Pezacki. The individual
contributions of each author are detailed below:

I performed the majority of all cell culture and sample preparation, qRT-PCR
experiments, and dual luciferase assays. J.P. Pezacki and I conceived all research ideas and
formulated the experimental plan. I wrote the first draft of the manuscript. Manuscript
editing was performed by all authors. R. Chen prepared mice samples for miRNA
expression analysis and performed immunofluorescence of mice liver cross-sections. P.
Srinivasan provided technical assistance with luciferase assays. S. O’Hara, N. Nasheri, and
Y. Rouleau provided technical assistance with qRT-PCR experiments, cholesterol assays,
and Western blot analysis. J. Cheng cloned 3’UTR luciferase constructs used in this study.
R.K. Lyn performed CARS microscopy imaging and analysis. D.M. Jones prepared virus
infected samples for miRNA expression analysis. R.S. Russell and D.L. Tyrrell are the

principal investigators for the collaborating labs.
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Abstract

MicroRNAs (miRNAs) are small RNAs that post-transcriptionally regulate gene expression.
Their aberrant expression is commonly linked with disease states, including hepatitis C virus
(HCV) infection. Herein, we demonstrate that HCV replication induces the expression of
miR-27 in cell culture and in vivo HCV infectious models. Overexpression of the HCV
proteins core and NS4B independently activates miR-27 expression. Furthermore, we
establish that miR-27 overexpression in hepatocytes results in larger and more abundant lipid
droplets, as observed by coherent anti-Stokes Raman scattering (CARS) microscopy. This
hepatic lipid droplet accumulation coincides with miR-27b’s repression of peroxisome
proliferator-activated receptor (PPAR)-a and angiopoietin-like protein 3 (ANGPTL3),
known regulators of triglyceride homeostasis. We further demonstrate that treatment with a
PPAR-a agonist, bezafibrate, is able to reverse the miR-27b induced lipid accumulation in
Huh7 cells. This miR-27b-mediated repression of PPAR-a signaling represents a novel
mechanism of HCV-induced hepatic steatosis. This link was further demonstrated in vivo
through the correlation between miR-27b expression levels and hepatic lipid accumulation in
HCV-infected SCID-beige/Alb-uPa mice. Conclusion: Collectively, our results highlight
HCV’s up-regulation of miR-27 expression as a novel mechanism contributing to the

development of hepatic steatosis.
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Introduction

Hepatitis C virus (HCV) is a positive sense RNA virus from the Flaviviridae family
(Moradpour et al., 2007) that currently infects approx. 2.35% of the global population
(Lavanchy, 2011). HCV encodes three structural proteins (core, E1, and E2) and seven non-
structural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B), and relies on host
pathways to facilitate its lifecycle (Lindenbach and Rice, 2005). HCV-associated host
factors include both coding and non-coding genes, such as microRNAs (miRNAs), which are
small RNAs, ~20-25 nucleotides in length, which post-transcriptionally regulate virtually
every cellular pathway (Bartel, 2009). Unlike silencing RNAs that target individual genes,
miRNAs can regulate many targets thereby exerting greater regulatory control. Several
viruses modulate the host miRNAs for their pathogenesis (Sarnow et al., 2006). HCV
displays interactions with components of the RNA silencing pathway (Hoffmann et al., 2012;
Randall et al., 2007; Wilson et al., 2011), and direct interactions with a liver abundant
miRNA, miR-122 (Machlin et al., 2011; Sarnow et al., 2006). Hepatic miRNAs can
influence HCV either through direct interactions with the viral genome or regulation of
HCV-associated host pathways (Hoffmann et al., 2012).

MicroRNA-27 (miR-27) represents a liver abundant miRNA (Barad et al., 2004),
whose role in HCV pathogenesis is poorly understood. miR-27 regulates lipid metabolism in
adipocytes and macrophages, and is implicated in atherosclerosis (Chen et al., 2012).
Furthermore, miR-27 is deregulated in liver metabolic disorders (Alisi et al., 2011; Her et al.,
2011; Vickers et al., 2013), suggesting it plays a role in hepatic lipid metabolism, a critical
host pathway hijacked by HCV to facilitate its lifecycle and pathogenesis. (Herker and Oftt,

2011; Pezacki et al., 2010) HCV-induced modulations of lipid metabolism include the

37



induction of increased cellular triglyceride and cholesterol storage to facilitate viral
replication (Herker and Ott, 2011; Kapadia and Chisari, 2005; Pezacki et al., 2010).
Furthermore, both cholesterol (Sainz et al., 2012) and lipoprotein (Germi et al., 2002;
Scarselli et al., 2002) receptors have been implicated as HCV entry factors. Viral particle
assembly and secretion also utilize components of the very-low density lipoprotein (VLDL)
pathway (Huang et al., 2007b). Given this intimate link between HCV and hepatic
metabolism, we have examined the role of miR-27 in HCV pathogenesis and, herein,

establish its role in HCV-induced hepatic steatosis.

Materials and methods

Reagents

The pFK-I3891luc/NS3-3/5.1 plasmid containing the HCV subgenomic replicon (genotype
1b isolate Conl, Genbank Accession # AJ242654) and the NS5B active site mutant replicon
were kind gifts from Dr. Ralf Bartenschlager (Institute of Hygiene, University of Heidelberg,
Heidelberg, Germany). The Huh7.5 cell line stably expressing the full-length HCV genotype
1b replicon with a S22041 adaptive mutation in NS5A (Huh7.5-FGR) was a kind gift from
Dr. Charles M. Rice (Rockefeller University, New York, USA) and Apath LLC (St. Louis,
MO, USA).

CARS microscopy Imaging

Imaged cells were washed twice with PBS, followed by a 15 min incubation at room
temperature with fixing solution (4% formaldehyde, 4% sucrose, 1 mL). The fixed cells were
washed twice with PBS for 3 min and then stored at 4 °C in PBS prior to imaging. The

imaging and subsequent quantitative voxel analysis of TG content was performed as
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previously described (Lyn et al., 2009; Pezacki et al., 2011). Lipid droplet (LD)
sizing/counting was performed using ImagelJ.

Immunofluorescence and Oil Red O Staining

Liver frozen sections (at 4um thickness) were fixed in 4% freshly made paraformaldehyde
for 30 min, followed by 5 min PBS rinse to remove excess paraformaldehyde. Fixed slides
were then permeabilized in PBS containing 0.5% Triton X-100 for 10 min and blocked in
PBS with 10% normal goat serum for 1 hour. 1/100 diluted primary rabbit monoclonal
antibody specifically recognizing human Cytokeratin 18 (CK-18) (Abcam, Cambridge, MA)
was applied to the liver sections and incubated at 4°C overnight. The next day, liver sections
were incubated in secondary antibody cocktail, including Alexa Fluor 488-conjugated goat
anti-rabbit and DAPI, for 1 hour at dark. After 3 washes of PBS, slides were immersed in Oil
Red O working solution (freshly prepared in 30% triethyl-phosphate) (Sagan et al., 2006),
for 30 min dark, followed by 3 rinses with distilled water. Finally, slides were rinsed dark for
10 min, air dried, mounted with prolong gold mounting medium (Invitrogen) and coverslips.
Samples were examined under Leica TCS SPS5 confocal microscope. Oil Red O staining of
lipids was visualized at far-red wavelength: 633 (ex) and 647 (em). Images were processed

using LAS AF Lite software.

Results

HCYV infection induces miR-27 expression
Two isoforms of miR-27, miR-27a and 27b, are encoded by separate gene loci and differ by
one nucleotide. (Figures 2.1a and S2.1). We examined whether HCV modulates the

expression of either miR-27 isoform. Huh7.5 cells were transfected with subgenomic
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Figure 2.1. HCV expression activates miR-27 expression in vitro. (a) Diagram depicting
sequences of miR-27 isoforms "a" and "b." The one nucleotide difference in sequences
(highlighted in red and blue) is conserved across species (Figure S2.1). (b) Schematic shows
the HCV replicon construct used in this study. (¢) Huh7.5 cells were transfected with either
the wildtype (SGR) or NS5B mutant (SGR ANS5B) HCV subgenomic replicon. RNA was
isolated, and the relative levels of miR-27 isoform expression were measured by qRT-PCR.
Relative expression of miR-27a and miR-27b compared to mock transfection is shown (n =
3). (d)-(e) Huh7.5 cells were infected with JFH-1T and RNA was isolated 72 hours post-
infection. qRT-PCR was used to measure relative levels of miR-27a and miR-27b expression
compared to mock infection (n = 3). (f) Activity of luciferase reporters fused to 3’-UTR
bearing two miR-27b binding sites (mutant or wildtype) in Huh7 cells transfected with
individual HCV proteins or CFP (control) (n = 3). Error bars in C-F represent the standard
error of the mean. (*P < 0.05)
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replicon (HCV-SGR) from the Conl isolate (genotype 1b; Figure 2.1b). Relative miR-27
expression was analyzed by quantitative reverse-transcription polymerase chain reaction
(qQRT-PCR). HCV-SGR induced a 2-fold up-regulation of miR-27a expression and 5-fold up-
regulation in miR-27b expression (Figure 2.1¢). Transfection of replication-deficient HCV-
SGR ANSS5B maintained a 2-fold up-regulation of miR-27a (Figure 2.1¢); however, miR-27b
levels did not increase (Figure 2.1c). These observations indicate that viral replication is
required for miR-27b up-regulation but HCV translation is sufficient to activate miR-27a
expression.

Next we examined miR-27 expression during HCV infection. We performed qRT-
PCR analysis on Huh7.5 cells infected with JFH-17, a cell-culture adapted high-titer strain of
JFH-1 (genotype 2a) (Russell et al., 2008). Up-regulation of both miR-27a (2.6-fold; Figure
2.1d) and miR-27b levels (1.2-fold; Figure 2.1e) was observed. These results confirm that
HCV infection induces miR-27 expression, and this induction is conserved across HCV
genotypes.

To probe the molecular mechanism by which HCV regulates miR-27, we used a miR-
27 sensor plasmid containing a dual-luciferase reporter bearing two fully complementary
miR-27b binding sites in the 3'-untranslated region (UTR) of the Renilla luciferase gene.
Since miR-27a and miR-27b differ by only one nucleotide, both isoforms regulate luciferase
activity. Huh7 cells were cotransfected with HCV proteins and the miR-27 sensor plasmid.
HCV core and NS4B expression independently induced a decrease in luciferase signal
relative to the controls (Figure 2.1f). This down-regulation was reversed upon mutation of
the miR-27 binding sites, demonstrating miR-27-specific activity. qRT-PCR confirmed that

both core and NS4B overexpression resulted in increased miR-27a/b levels (Figure S2.2).
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miR-27b expression can be activated in a PI3K pathway-dependent manner (Jin et al.,
2013). Since both NS4B and core have previously been shown to activate SREBP by way of
the PI3K/Akt pathway (Jackel-Cram et al., 2010; Park et al., 2009), we hypothesized that
these proteins may regulate miR-27b expression similarly. Huh7 cells were cotransfected
with NS4B and core and miR-27 sensor plasmid and then treated with a PI3K inhibitor,
LY294002. The results showed LY294002 impaired HCV proteins' ability to induce miR-27-
mediated gene silencing (Figure S2.3), suggesting that HCV activates miR-27 expression in
a PI3K-dependent fashion.
miR-27 regulates hepatic lipid homeostasis
We next examined whether miR-27 plays a regulatory role for lipid metabolism in Huh?7
cells by transfecting with control or miR-27 mimics and inhibitors and measuring the effects.
The activity of miR-27b mimics and inhibitors was confirmed using the sensor plasmid
(Figure S2.4). We used coherent anti-Stokes Raman scattering (CARS) microscopy, a
modern multiphoton imaging method, to image miR-27's influence on hepatic lipid content
in a highly effective manner (Pezacki et al., 2011). CARS has been used extensively for
label-free imaging and quantification of hepatic lipid content in biological systems, thereby
avoiding perturbations and artifacts that can be introduced by added dyes and staining
protocols (Lyn et al., 2009; Pezacki et al., 2011). Transfection of miR-27a and miR-27b
mimics in Huh7 cells induced an increase in both the size and abundance of LDs (Figure
2.2a-c). The average LD diameter increased from 540+ 10 nm to 600+ 10 nm (n> 1,900
LDs; P<0.01) during miR-27b overexpression. Similar results were observed in Huh7.5
cells (Figure S2.5). To exclude the possibility that miR-27 mimics resulted in cytotoxicity,
we performed 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) assays

on miR-27 mimic- transfected Huh7 cells, and no significant changes in cell viability were
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observed (Figure S2.6a).

Peroxisome proliferator-activated receptor (PPAR)-a agonism reverses miR-27-
induced lipid accumulation

Next we sought to identify the relevant endogenous targets of miR-27 that might induce lipid
accumulation. We examined messenger RNA (mRNA) levels using qRT-PCR to confirm
that they are miR-27 targets. Huh7 cells were transfected with miR-27b or control mimics,
and qRT-PCR revealed an inverse correlation between miR-27b activity and the mRNA
levels of PPAR-a and angiopoietin-like protein 3 (ANGPTL3) (Figure S2.7a), consistent
with previous reports (Kida et al., 2011; Vickers et al., 2013). Both of these genes have
conserved miR-27 binding sites (Figure S2.7b), and have known links to triglyceride
homeostasis (Kida et al., 2011).

PPAR-a is a key nuclear receptor that transcriptionally activates genes associated
with fatty acid oxidation (Schoonjans et al., 1996). Consistent with previous findings linking
PPAR-a inhibition with steatosis, small molecule-based antagonism of PPAR-a signaling in
Huh7 cells can induce triglyceride (TG) accumulation (Figure S2.8) (Lyn et al., 2009). If
miR-27's induction of hepatic lipid storage relied on inhibition of PPAR-a signaling and the
resulting triglyceride accumulation, activating the PPAR-a pathway should reverse the
effect. Treatment with a small molecule PPAR-a agonist, bezafibrate (Lyn et al., 2009), was
sufficient to reverse miR-27-induced lipid accumulation to levels observed in control cells,
confirming this hypothesis (Figure 2.3). Overall, these observations suggest that miR-27

overexpression induces triglyceride accumulation through repression of PPAR-a expression.
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miR-27 regulates the HCYV lifecycle
Our previous work showed that PPAR-o antagonism is effective at inhibiting HCV
replication (Lyn et al., 2009). To examine if miR-27 has a similar effect, we overexpressed
miR-27b in Huh7.5 cells stably expressing the HCV full length replicon (Figure 2.4a).
Interestingly, ectopic miR-27b expression resulted in a 3-fold down-regulation of HCV RNA
(Figure 2.4b). A similar down-regulation was observed in HCV NS3 and NS5A proteins by
western blot (Figure 2.4c). No cytotoxicity was observed during miR-27b overexpression
(Figure S2.6b). Triglyceride assays revealed that miR-27 overexpression also induced an
accumulation of cellular triglyceride in the Huh7.5-FGR cells (Figure 2.4d), consistent with
our observations in Huh7 cells (Figure 2.2). This down-regulation in HCV expression
correlated with decreased mRNA levels of PPAR-a and ANGPTL3 (Figure 4e). Our results
confirm that miR-27 overexpression inhibits HCV replication.

Interestingly, we also observed down-regulation of retinoid X receptor alpha (RXR-
a), a previously reported target of miR-27 (Figure S2.9a-b) (Ji et al., 2009). This protein
interacts with several nuclear receptors, including PPAR-o, to regulate liver lipid
biosynthesis. Therefore, we examined the functional relevance of miR-27-mediated
repression of RXR-a expression on HCV replication and lipid metabolism. We performed
CARS imaging on Huh7 cells treated with an RXR-a antagonist, UVI-3003, which inhibits
the RXR-a's interactions with all other nuclear receptors (Nahoum et al., 2007). Huh7 cells
treated with this drug displayed no change in hepatic lipid content (Figure S2.9c¢).
Additionally, RXR-a antagonism in Huh7.5-FGR cells produced no changes in HCV levels.

We were also interested in how miR-27's regulation of PPAR-a signaling would
affect viral infectivity. Previous work suggested that increased PPAR-a expression blocks

assembly of HCV infectious particles (Goldwasser et al., 2011). Huh7.5 cells were
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cotransfected with JFH-1t RNA and miR-27b mimics and inhibitors, and intracellular HCV
RNA levels were measured by qRT-PCR. Neither the miR-27 mimic nor the miR-27
inhibitor had any effect on JFH-1t replication (Figure S2.10), suggesting that miR-27b
overexpression has a genotype-specific effect on HCV replication. On the other hand, miR-
27b inhibition resulted in a very modest decrease in secretion of infectious HCV, while miR-
27b overexpression had no effect on secreted virus' infectivity, consistent with PPAR-a's
previously reported anti-viral role in HCV secretion (Goldwasser et al., 2011). Independent
of miR-27's effects on the viral lifecycle, its conserved induction across HCV genotypes
manifests globally as a contributor to hepatic steatosis and thus to HCV-associated liver
disease.

HCY infection in vivo activates miR-27 expression

We continued our evaluation of miR-27 expression in a small animal model of acute HCV
infection, using the humanized SCID-beige/Alb-uPa mouse model (Mercer et al., 2001). We
infected the chimeric mice with genotype 1a and 2b clinical isolates of HCV (Figure S2.11).
qRT-PCR analysis of miR-27b levels revealed a 2.9-fold up-regulation in miR-27b levels 7
weeks post-infection (Figure 2.5a). This increase was conserved across both HCV genotypes
examined. There was also a 2.0-fold increase in miR-27a levels (Figure 2.5b). Oil Red O
staining of lipids in the chimeric liver's human hepatocytes revealed a correlation between
cellular lipid levels and miR-27 expression in mice (Figure 2.5c), and provides further
support for our CARS microscopy results in cell culture experiments. Collectively, our in
vivo data confirm that HCV infection induces expression of miR-27, and is consistent with

miR-27's role as a key molecular determinant of hepatic steatosis.
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Figure 2.5. HCV infection enhances miR-27 expression in vivo. SCID-beige/Alb-uPa
mice were infected with clinical isolates of HCV genotypes la (®) and 2a (A). Total RNA
was isolated from mice 0 days, 21 days, and 7 weeks post infection, and qRT-PCR was used
to measure the relative expression of miR-27b (a) and miR-27a (b). Expression levels for
each trial were normalized to the average for mock-infected mice. Results are displayed in a
vertical scatter plot with the average expression denoted by a horizontal line. (¢) Oil Red O
staining of lipid content in mice liver cross sections are shown (red). Human cytoskeletal
keratin 18 (CK-18) immunostaining was used as marker of human hepatocytes (green).
Nuclear DNA was stained with DAPI (blue). Images were acquired with a confocal
microscope. Scale bars represent 10 um. Representative images are shown from three mice.
For each mice, at least three ROIs were analyzed.
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Discussion

Endogenous miRNAs post-transcriptionally regulate virtually every cellular process (Bartel,
2009), so it is not surprising that viruses modulate the host miRNA milieu in different ways
to facilitate pathogenesis (Sarnow et al., 2006). Herein, we have shown that a liver-abundant
miRNA, miR-27, is robustly induced by HCV in both in vitro and in vivo models (Figures
2.1 and 2.5), and this modulation is conserved across at least two genotypes (Figures 2.1, 2.2,
and 2.5). HCV-induced expression of miR-27b requires replication of the virus while viral
translation is sufficient to activate miR-27a expression (Figure 2.1c-d), suggesting these
isoforms are modulated by HCV through different mechanisms.

In order to understand HCV's induction of miR-27, we studied its effects on
hepatocytes. Overexpression of either isoform of miR-27 causes an accumulation of hepatic
lipid content in the presence or absence of HCV (Figures 2.2 and 2.5). The correlation
between miR-27 expression and cellular lipid content was also observed in HCV-infected
SCID-beige/Alb-uPa mice (Figure 2.5¢). This represents, to the best of our knowledge, the
first report visualizing HCV-induced hepatic lipid accumulation in SCID-beige/Alb-uPa
mice, highlighting the model's utility for studying HCV-associated steatosis. Together, these
data demonstrate that the up-regulation of miR-27 by HCV contributes to increased lipid
accumulation and larger LDs.

Accumulation of hepatic LDs correlates with increased expression of miR-27 whose
predicted target genes are associated with lipid metabolism (PPAR-o and ANGPTL3)
(Figure S2.4a). Targetscan predicts that PPAR-a mRNA possesses two miR-27 binding sites
in its 3-UTR, the region generally targeted by microRNAs (Figure S2.7). Previous work

suggested that miR-27b regulates PPAR-a largely at the translational level (Kida et al.,
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2011). Our results suggest a direct interaction between miR-27b and PPAR-a mRNA;
however, Kida et al. were not able to confirm a functional interaction in their predicted miR-
27 binding sites of PPAR-a (Kida et al., 2011). Our observation of decreased PPAR-a
mRNA during miR-27b overexpression strongly suggests a miR-27-induced effect at the
mRNA level as well, and may reflect differences in cells, in transfection efficiency, and in
potency of mimics. ANGPTL3 harbors a poorly conserved miR-27 binding site in the 3'-
UTR and a highly conserved open reading frame (ORF) site predicted to be functional, as it
is preceded by rare codons (Figure S2.7) (Vickers et al., 2013). These rare codons can cause
ribosomal pausing and allow stable interactions between miR-27 and the binding site (Gu et
al., 2009). Our results suggest that miR-27b regulates ANGPTL3 at the RNA level,
consistent with previous results (Vickers et al., 2013).

PPAR-a heterodimerizes with RXR-a to transcriptionally activate genes associated
with fatty acid B-oxidation (Schoonjans et al., 1996). Our data shows that HCV inhibits the
PPAR-a pathway through enhancement of miR-27-mediated repression of PPAR-a
expression that also leads to TG accumulation. PPAR-a expression is known to be
dysregulated during HCV infection (Wu et al., 2011). PPAR-a antagonism leads to hepatic
lipid accumulation (Lyn et al., 2009). miR-27's induction of lipid accumulation was also
reversed by the PPAR-a agonist bezafibrate (Figure 2.3). Therefore, HCV-induced
expression of miR-27 represents a novel mechanism by which the virus inhibits PPAR-a
signaling and promotes steatosis (Figure 2.6).

Overexpression of individual viral proteins revealed that both core and NS4B
independently activate miR-27a and miR-27b expression (Figures 2.1f and S2.2). Both of
these viral proteins have previously been reported to promote lipogenesis (Nasheri et al.,

2013). In the case of HCV core, its expression has previously been shown to down-regulate
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Figure 2.6. Proposed model by which HCV-induced miR-27 overexpression promotes
steatosis. HCV infection induces miR-27 overexpression, which results in down-regulation
of miR-27 mRNA targets: ANGPTL3 and PPAR-a. PPAR-a transcriptionally activate genes
associated with fatty acid PB-oxidation. Antagonism of PPAR-a signalling results in
increased cellular triglyceride content. As well, decreased ANGPTL3 levels would result in
increased activity of LPL in vivo, a key enzyme in fatty acid uptake from lipoproteins. This
mechanism could also account for further accumulation of triglycerides in vivo.

52



PPAR-a expression (Dharancy et al., 2005). Separate studies demonstrated that HCV
core (Jackel-Cram et al., 2010) and NS4B (Park et al., 2009) promote SREBP activity
through the PI3K pathway. Our results suggest that the viral proteins also use the PI3K
pathway for activation of miR-27 expression to induce steatosis (Figure S2.3). Furthermore,
these results are consistent with a model of steatosis where HCV core modulates PPAR-a
expression through up-regulation of miR-27 expression.

The observed repression of ANGPTL3 (Figure S2.4a) may be another mechanism by
which HCV-induced miR-27 expression promotes triglyceride accumulation in vivo. A
previous study suggested that miR-27b inhibits ANGPTL3 expression in response to
dyslipidemia to prevent lipid accumulation in circulation (Vickers et al., 2013). This is due
to its role as an inhibitor of lipoprotein lipase (LPL), a key enzyme in free fatty acid uptake
(Mattijssen and Kersten, 2012). Decreased ANGPTL3 levels would lead to increased LPL
activity and fatty acid uptake into hepatocytes, highlighting an additional mechanism
contributing to miR-27's role in HCV-induced steatosis in patients.

Our results also suggest that miR-27 levels can influence the HCV viral lifecycle. At
the level of replication, miR-27b appears to play an anti-viral role against HCV genotype 1b
replication (Figure 2.4). As miR-27 is not predicted to have conserved binding sites in the
HCV genome (Hsu et al., 2007), inhibition of HCV replication is most likely dependent on
miR-27's regulation of host gene expression. HCV genotype 2a appears less susceptible to
miR-27-mediated inhibition (Figure S2.10), consistent with previous observations of
sequence-dependent variation in HCV resistance against metabolic inhibitors (Nishimura et
al., 2009). Our previous work demonstrated that PPAR-a antagonism is capable of inhibiting
genotype 1b HCV replication by inducing hepatic lipid accumulation and blocking the

biosynthesis of new lipids required for protein lipidation (Lyn et al., 2009). This disrupts the
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HCV-induced cellular lipid environment required for efficient HCV replication (Lyn et al.,
2009). Here we propose an analogous model where miR-27 acts like an endogenous PPAR-
o antagonist, resulting in disruption of HCV replication complexes (Figure 2.6). An
additional anti-viral mechanism in vivo for miR-27 may lie in its regulation of ANGPTL3.
Due to LPL's proposed inhibitory role against HCV entry (Shimizu et al., 2010), miR-27
may have an additional anti-viral effect at the level of entry by decreasing the level of
ANGPTL3-mediated inhibition of LPL.

While this article was under review, a study was published reporting activation of
miR-27a expression by HCV (Shirasaki et al., 2013). Shirasaki et al. focused their study on
miR-27a and showed that it similarly regulates lipid metabolism genes, including PPAR-q,
and also observed a correlation between miR-27a expression and severity of steatosis in
patients, consistent with our findings (Shirasaki et al., 2013). The authors also elegantly
demonstrate that ABCA1 is a target of miR-27a, influencing both the viral lifecycle and lipid
metabolism. Both studies observed modest influences of miR-27 on viral infectivity (less
than one log changes). Moreover, while both studies observed a similar correlation between
cellular lipid content and miR-27a expression, Shirasaki et al. suggest miR-27a
overexpression results in decreased LD formation, contrary to our observations (Figure
2.2d). This apparent discrepancy may be attributed to Shirasaki et al. examining the effect of
miR-27a expression in Huh7.5 cells either expressing HCV or supplemented with oleic acid
where the cell's metabolic state is shifted (Shirasaki et al., 2013). Our data across different
cell lines and in HCV infected SCID-beige/Alb-uPa mice using different high-resolution
imaging techniques clearly show that miR-27a and miR-27b up-regulate hepatic LD

biogenesis and contribute to hepatic steatosis.
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It is interesting to consider the multiple mechanisms evolved by the virus to
manipulate host lipid homeostasis. These independent mechanisms likely arose out of
necessity for the virus to use different cellular components during its lifecycle, such as
modified endoplasmic reticulum (ER) membranes, LDs, and the VLDL pathway (Herker and
Ott, 2011; Pezacki et al., 2010). In some cases, these effects appear contradictory, but likely
arose from competing evolutionary pressures. The overall degree of synergy between these
independent mechanisms may be instrumental, at the clinical level, to determining patient
susceptibility to HCV-induced steatosis. Future work should examine whether miR-27 is a
predictive biomarker of steatosis in vivo, as this would be in line with previous studies
reporting a correlation between lower PPAR-a levels and HCV-associated steatosis (Yasui et
al., 2009).

In summary, we have shown that HCV activates miR-27 expression, and this is
conserved across genotypes. Expression of both isoforms of miR-27, miR-27a and miR-27b,
are activated by HCV infection, and these miRNAs can independently induce lipid droplet
biogenesis and accumulation. Our data suggest that HCV-induced miR-27 expression, and
the resultant down-regulation of PPAR-a and ANGPTL3, represent a novel mechanism by

which the virus induces steatosis.
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