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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 25hydroxycholesterol, 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
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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

1

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. “ArmandFrappier 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.
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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 posttranscriptionally 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;
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Carthew and Sontheimer, 2009). The first processing step involves the microprocessor
complex, consisting of the RNase III enzyme Drosha and DiGeorge critical region 8
(DGCR8), 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
4

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
(XPO5)/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.
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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 Näär, 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 Näär, 2012) to viral infections (Sarnow et al., 2006), including hepatitis C
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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 replacementbased 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)
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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 pangenotypic treatment strategies, but the use of a DAA-based drug cocktail targeting NS5B
RNA dependent RNA polymerase (RdRp), the NS5A 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 (SCARB1) (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 25hydroxycholesterol in innate immunity (2015), 61(8): 521-530, with permission from
Canadian Science Publishing.
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on virus-induced membranous structures, which are associated with lipid droplets (Paul et
al., 2014). HCV RNAs 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).

HCV 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).
HCV 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 (Con1) (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 Con1 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 fulllength 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-α “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 dsRNA 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 Con1 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 (102-103 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-1T) 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 JFH1 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 JFH1 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 JFH1, 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 JFH1 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 pangenotypic HCV replication in cell culture (Saeed et al., 2015).

SEC14L2 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 JFH1 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 (Alb-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
HCV 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.

HCV 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 HCVinfected 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
HCV 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 culturederived and in vivo produced virions possess an association to the apolipoproteins, ApoC1
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 SCARB1 (Calattini et al., 2015; Dao Thi et al., 2012), lowdensity lipoprotein receptor (LDLR) (Monazahian et al., 1999), Niemann-Pick C1-like 1
(NPC1L1) (Sainz et al., 2012), and VLDL receptor (VLDLR) (Ujino et al., 2016). SCARB1
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 NPC1L1 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.
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ApoE enables entry by mediating

interactions with LDLR and heparan sulfate (Jiang et al., 2012; Owen et al., 2009).
Similarly, virion-associated ApoB interacts with SCARB1 (Maillard et al., 2006), and
ApoC1 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, NPC1L1, and SCARB1 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 SCARB1 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 NPC1L1,
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-α (PPAR-α) 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). PIs 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).

NS5A recruits phosphatidylinositol 4-kinase III α

(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 DMVs, the proposed sites of HCV replication, revealed an
enrichment in cholesterol (Paul et al., 2013). β-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 HCVinduced 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 PI4Pdependent 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 JFH1 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 PI4Penriched HCV-induced membranous structures recruit four-adaptor phosphate protein
(FAPP) via 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 Rab18, 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 (Liefhebber 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-α, 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-α, 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.
HCV 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, SREBP1C, and
SREBP2. SREBP1C 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
SREBP1A 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.
HCV has evolved a multitude of mechanisms for activation of SREBP signaling to
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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 (S1P and
S2P). (c) 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 25hydroxycholesterol 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 coopting 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 IκB kinase-α (IKK-α), a kinase known
to activate intrinsic innate immunity through regulation of NF-κB 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-α (Li et al., 2013a).

Within the nucleus, IKK-α 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.

28

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; GudleskiO'Regan et al., 2012).

These examples illustrate the human immune response actively re-

orchestrates cellular metabolism to combat viral infection.

HCV 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 virusderived 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).
HCV 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 miR122 has been linked to dysregulation of host transcripts, resulting from allevation of miR-122
regulation of its endogenous targets (Israelow et al., 2014; Luna et al., 2015).
HCV 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. Preexisting 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 Näär, 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 upregulation 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)-α and angiopoietin-like protein 3 (ANGPTL3),
known regulators of triglyceride homeostasis. We further demonstrate that treatment with a
PPAR-α agonist, bezafibrate, is able to reverse the miR-27b induced lipid accumulation in
Huh7 cells. This miR-27b-mediated repression of PPAR-α 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 nonstructural 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 Ott,
2011; Pezacki et al., 2010) HCV-induced modulations of lipid metabolism include the
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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-I389luc/NS3-3′/5.1 plasmid containing the HCV subgenomic replicon (genotype
1b isolate Con1, 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 S2204I 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 ImageJ.
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 SP5 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
HCV 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. (c) Huh7.5 cells were transfected with either
the wildtype (SGR) or NS5B mutant (SGR ΔNS5B) 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 postinfection. 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 Con1 isolate (genotype 1b; Figure 2.1b). Relative miR-27
expression was analyzed by quantitative reverse-transcription polymerase chain reaction
(qRT-PCR). HCV-SGR induced a 2-fold up-regulation of miR-27a expression and 5-fold upregulation in miR-27b expression (Figure 2.1c). Transfection of replication-deficient HCVSGR ΔNS5B maintained a 2-fold up-regulation of miR-27a (Figure 2.1c); 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 qRTPCR analysis on Huh7.5 cells infected with JFH-1T, 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 miR27 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-27mediated 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 Huh7
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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Figure 2.2. miR-27 regulates hepatic lipid homeostasis. Huh7 cells were transfected with
20 nM miR-27a, miR-27b, or control mimics and inhibitors. Cells were fixed 48 hours posttransfection. (a) Representative CARS images of mimic transfected cells are shown. Scale
bars = 10 μm. The results of voxel analysis are shown in (b)-(c) as percentage cellular lipid
volume. Voxel analysis is representative of n ≥ 75 cells from two biological replicates. Error
bars represent the standard error of the mean.
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observed (Figure S2.6a).
Peroxisome proliferator-activated receptor (PPAR)-α agonism reverses miR-27induced 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-α 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-α is a key nuclear receptor that transcriptionally activates genes associated
with fatty acid oxidation (Schoonjans et al., 1996). Consistent with previous findings linking
PPAR-α inhibition with steatosis, small molecule-based antagonism of PPAR-α 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-α signaling and the
resulting triglyceride accumulation, activating the PPAR-α pathway should reverse the
effect. Treatment with a small molecule PPAR-α 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-α expression.
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Figure 2.3. PPAR-α agonism reverses miR-27b-induced lipid accumulation. (a) Huh7
cells were transfected with either control or miR-27b mimics at 20 nM. At 48 hours posttransfection, cells were treated with PPAR-α agonist bezafibrate (BF) or vehicle (DMSO),
for 6 hours. Scale bar = 10 μm. (b) The results of voxel analysis as percentage cellular lipid
volume. Error bars represent the standard error of the mean (n ≥ 20 cells).
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miR-27 regulates the HCV lifecycle
Our previous work showed that PPAR-α 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-α 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 (RXRα), a previously reported target of miR-27 (Figure S2.9a-b) (Ji et al., 2009). This protein
interacts with several nuclear receptors, including PPAR-α, to regulate liver lipid
biosynthesis. Therefore, we examined the functional relevance of miR-27-mediated
repression of RXR-α expression on HCV replication and lipid metabolism. We performed
CARS imaging on Huh7 cells treated with an RXR-α antagonist, UVI-3003, which inhibits
the RXR-α'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-α antagonism in Huh7.5-FGR cells produced no changes in HCV levels.
We were also interested in how miR-27's regulation of PPAR-α signaling would
affect viral infectivity. Previous work suggested that increased PPAR-α expression blocks
assembly of HCV infectious particles (Goldwasser et al., 2011). Huh7.5 cells were
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Figure 2.4. miR-27b overexpression inhibits genotype 1b HCV RNA replication. (a)
Huh7.5-FGR cells stably express the HCV full genomic replicon (FGR). Huh7.5-FGR were
transfected with either 100 nM control or miR-27b mimics and inhibitors. (b) Total RNA
was isolated 72 hours post-transfection and qRT-PCR was used to measure HCV RNA
abundance. Expression levels for each trial were normalized to control inhibitor transfected
samples. Error bars represent the standard error of the mean (n = 3). (c) Western blot analysis
is shown for cells treated as in (b). HCV NS5A and NS3 levels were probed along with
loading control PTP1D. (d) Triglyceride assays were performed in Huh7.5-FGR cells
transfected for 48 hours with 20 nM miR-27b or control mimics. The relative cellular
triglyceride content was normalized by protein content. Error bars represent the standard
error of the mean (n = 3). (e) For samples in (b), qRT-PCR was used to measure RNA levels
for miR-27 regulated genes. Expression levels were normalized to control mimic transfected
samples. Error bars represent standard error of the mean (n = 3).
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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, miR27b inhibition resulted in a very modest decrease in secretion of infectious HCV, while miR27b overexpression had no effect on secreted virus' infectivity, consistent with PPAR-α'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.
HCV 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 1a (●) and 2a (▲). 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. (c) 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 μm. 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 2.5c). 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-α and ANGPTL3)
(Figure S2.4a). Targetscan predicts that PPAR-α 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-α largely at the translational level (Kida et al.,
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2011). Our results suggest a direct interaction between miR-27b and PPAR-α mRNA;
however, Kida et al. were not able to confirm a functional interaction in their predicted miR27 binding sites of PPAR-α (Kida et al., 2011). Our observation of decreased PPAR-α
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-α heterodimerizes with RXR-α to transcriptionally activate genes associated
with fatty acid β-oxidation (Schoonjans et al., 1996). Our data shows that HCV inhibits the
PPAR-α pathway through enhancement of miR-27-mediated repression of PPAR-α
expression that also leads to TG accumulation.

PPAR-α expression is known to be

dysregulated during HCV infection (Wu et al., 2011). PPAR-α antagonism leads to hepatic
lipid accumulation (Lyn et al., 2009). miR-27's induction of lipid accumulation was also
reversed by the PPAR-α agonist bezafibrate (Figure 2.3). Therefore, HCV-induced
expression of miR-27 represents a novel mechanism by which the virus inhibits PPAR-α
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-α. PPAR-α transcriptionally activate genes
associated with fatty acid β-oxidation. Antagonism of PPAR-α 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.
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PPAR-α 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-α
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-α 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 PPARα 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-α,
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-α 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-α and ANGPTL3, represent a novel mechanism by
which the virus induces steatosis.
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Chapter 3 – MicroRNAs regulate the
immunometabolic response to viral
infection in the liver
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Abstract
Immune regulation of cellular metabolism can be responsible for successful responses to
invading pathogens. Viruses alter their hosts' cellular metabolism to facilitate infection.
Conversely, the innate anti-viral responses of mammalian cells target these metabolic
pathways to restrict viral propagation. We identified miR-130b and miR-185 as hepatic
microRNAs (miRNAs) whose expression is stimulated by 25-hydroxycholesterol (25-HC),
an anti-viral oxysterol secreted by interferon-stimulated macrophages and dendritic cells,
during hepatitis C virus (HCV) infection. However, 25-HC only directly stimulated miR-185
expression, whereas HCV regulated miR-130b expression. Independently, miR-130b and
miR-185 inhibited HCV infection. In particular, miR-185 significantly restricted host
metabolic pathways crucial to the HCV life cycle. Interestingly, HCV infection decreased
miR-185 and miR-130b levels to promote lipid accumulation and counteract 25-HC's antiviral effect. Furthermore, miR-185 can inhibit other viruses through the regulation of
immunometabolic pathways. These data establish these microRNAs as a key link between
innate defenses and metabolism in the liver.
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Introduction
Viruses alter host cellular metabolism in order to meet the material and energy demands of
their life cycles. Several viruses induce specific lipid microenvironments to facilitate
different stages of their life cycles, including entry (Teissier and Pécheur, 2007), replication
(Chukkapalli et al., 2012; Miller and Krijnse-Locker, 2008) and assembly (Saka and
Valdivia, 2012). Metabolic pathways subverted by viruses for their propagation represent
strategic targets for host innate defenses against viral infection, yet only few examples of
such regulatory links have been reported (Schoggins and Randall, 2013).
Recent work has shown that cholesterol-25-hydroxylase (CH25H) shows interferon
(IFN)-stimulated expression and catalyzes the synthesis of a broadly anti-viral lipid effector,
25-hydroxycholesterol (25-HC) (Blanc et al., 2013; Liu et al., 2013; Pezacki et al., 2009).
Both macrophages and dendritic cells secrete 25-HC in response to IFN stimulation (Park
and Scott, 2010). 25-HC's anti-viral activity against several classes of viruses has been
linked to inhibition of virus cell-membrane fusion (Blanc et al., 2013). However, 25-HC has
membrane-independent effects due to its enantioselective anti-viral activity through
alterations of cellular signaling pathways (Blanc et al., 2013; Liu et al., 2013).
MicroRNAs (miRNAs) have emerged as critical post-transcriptional regulators of
gene expression (Carthew and Sontheimer, 2009), acting by binding to the 3′ UTRs of
mammalian mRNAs to induce translational repression and/or mRNA destabilization.
Through this mechanism, miRNAs are predicted to regulate over 60% of transcripts
(Friedman et al., 2009) and to influence diverse processes, including metabolism (Rottiers
and Näär, 2012). Herein we identified a 25-HC–induced miRNA, miR-185, that regulates the
anti-viral metabolic response to HCV infection in the liver. We demonstrated that miR-185 is
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an important regulator of the HCV life cycle through its effects on cellular lipid
microenvironments crucial to the virus. HCV counteracted 25-HC's anti-viral effects through
inhibition of miR-185 and miR-130b expression. These findings highlight the importance of
miRNAs in controlling the metabolic state of an infected cell as well as the
immunometabolic response to viral infection in the liver.

Results
Identifying miRNAs relevant to immunometabolism
25-HC broadly inhibits viruses (Blanc et al., 2013; Liu et al., 2013) including the positive
sense RNA viruses, hepatitis C virus (HCV; Figure S3.1) and dengue virus (DENV) (Figure
S3.2). In HCV-infected patients, both CH25H expression in the liver and 25-HC levels in the
serum are elevated (Wu et al., 2010). Therefore, secretion of 25-HC by liver-resident
macrophages and dendritic cells is likely to play an important role in the hepatic innate antiviral response to HCV infection. 25-HC acts intracellularly as an inhibitor of sterol response
element–binding protein (SREBP) processing (Adams et al., 2004; Radhakrishnan et al.,
2007) and agonist of liver X receptor (LXR)-α signaling (Goldstein et al., 2006; Janowski et
al., 1996), two pathways that regulate hepatic metabolism and the HCV life cycle (Pezacki et
al., 2009; Su et al., 2002; Zeng et al., 2012). Conversely, 19-HC, an oxysterol that is unable
to inhibit the SREBP pathway (Radhakrishnan et al., 2007), did not mediate any anti-viral
effect against HCV (Figure 3.1a). This demonstrated that 25-HC's inhibition of HCV is
linked to modulations in metabolic gene-regulatory networks.
We employed an miRNA profiling strategy termed small molecule–mediated
annotation of miRNA targets (SMART) to identify miRNAs stimulated by 25-HC that
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Figure 3.1. 25-HC and HCV oppositely regulate miRNA expression. (a) Quantitative
real-time PCR (qRT-PCR) of relative intracellular HCV RNA levels in Huh7.5-FGR cells
treated with 5 μM 19-hydroxycholesterol (19-HC), 25-HC or vehicle (methanol) for 72 h (n
= 3). Chemical structures of 19-HC and 25-HC are shown at right. (b) Overview of SMART
methodology applied to identifying miRNAs regulating HCV's hijacking of lipid
metabolism. Summary of results is presented in Venn diagram. (c) Heat map depicting
expression fold changes in eight miRNAs from microarray experiments that were
differentially expressed by more than 1.5-fold during both JFH-1T HCV infection and 5 μM
25-HC treatment (P < 0.05). Values were normalized to average of mock-infected or vehicle
(methanol)-treated cells, respectively. (d,e) qRT-PCR analysis of the relative miR-185 and
miR-130b expression of Huh7.5-FGR (d) and Huh7.5 cells (e) cultured in serum-free
medium and treated with 25-HC or vehicle for 72 h (n = 3). Data represent mean values ±
s.e.m. Unpaired two-tailed t-test was used to evaluate statistical significance. (*P ≤ 0.05)
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mediate immunometabolic changes in gene expression (refer to Materials and Methods,
Figures 3.1b and S3.3). Huh7.5 hepatoma cells were infected with a high-titer HCV strain
(JFH-1T; genotype 2a) (Russell et al., 2008) to determine the differential expression of host
miRNAs relevant to HCV. Profiling revealed 185 differentially expressed miRNAs (Figure
3.1b; Table S3.1; P < 0.05). In parallel, we conducted miRNA profiling on JFH-1T–infected
cells exposed to 5 μM 25-HC (EC90), which resulted in differential expression of 29
miRNAs (Table S3.2; P < 0.05). This 25-HC concentration, in the low micromolar range, is
similar to the levels secreted by IFN-stimulated macrophages (Pezacki et al., 2009).
Pathway analysis of the 25-HC–regulated miRNAs confirmed an enrichment for miRNAs
regulating lipid metabolism pathways (Table S3.3) (Vlachos et al., 2012). The overlap of
differentially expressed miRNAs during both HCV infection and 25-HC treatment produced
eight miRNA candidates (Figure 3.1c). Inhibition of miR-130b and miR-185 in cells
expressing the HCV full-length genomic replicon (FGR; genotype 1b) stimulated HCV
replication (Figure S3.4a). Conversely, inhibition of the other 25-HC–modulated miRNAs
produced no significant effect on HCV RNA abundance (Figure S3.4b), consistent with these
miRNAs' low level of expression. Of the 25-HC–modulated miRNAs, only three were
previously detected in complex with Argonaute in Huh7.5 cells—miR-130b, miR-185, and
let-7f (Luna et al., 2015)—consistent with our findings that the other miRNAs are not
expressed at physiologically relevant levels. Furthermore, miR-185 and miR-130 have
previously reported associations with hepatocellular carcinoma (Qadir et al., 2014) and
steatosis (Xiao et al., 2014), respectively, two sequelae associated with HCV. Therefore, for
subsequent analyses, we focused on the roles of miR-130b and miR-185.
The effects of JFH-1T infection in Huh7.5 cells on miR-130b and miR-185
expression were validated by quantitative PCR (qPCR; Figure S3.5). 25-HC's stimulatory
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effect on the expression of both miRNAs was reproduced in Huh7.5-FGR cells (Figure 3.1d).
We also observed miR-185 activation in 25-HC–treated naive Huh7.5 cells; however, 25-HC
treatment did not stimulate miR-130b expression in naive Huh7.5 cells, suggesting that 25HC's activation of miR-130b expression in HCV-infected cells is an indirect consequence of
25-HC's inhibition of HCV infection (Figure 3.1e). Collectively, these data demonstrated that
25-HC and HCV regulate the expression of miR-185 in opposite fashions.
We next examined the influence of miR-185 and miR-130b on HCV. Overexpression
of miR-130b or miR-185, via a synthetic mimic, in Huh7.5 cells infected with JFH-1T
resulted in a >75% decrease in intracellular HCV RNA levels (Figure 3.2a). Parallel
inhibition of viral RNA levels was observed in cells infected with JFH-1 virion produced in
human serum–supplemented culture (JFH-HS), which possess more physiological
characteristics (Steenbergen et al., 2013) (Figure 3.6a). We observed similar anti-viral effects
in Huh7.5-FGR cells at both the viral RNA and the protein levels (Figure 3.2b-c).
Conversely, miR-185 inhibition resulted in an ~1.5-fold increase in HCV RNA levels in
Huh7.5 cells infected with JFH-HS (Figure 3.6b). Interestingly, inhibition of both miR-130b
and miR-185 in Huh7.5-FGR cells produced a synergistic proviral effect (Figure S3.4a),
suggesting these miRNAs regulate HCV through different mechanisms. Together, these
results demonstrated that miR-185 and miR-130b are anti-viral miRNAs and that their
activity is conserved across two HCV genotypes. Furthermore, this confirmed that HCVinduced downregulation of miR-185 and miR-130b promotes viral pathogenesis.

64

Figure 3.2. 25-HC–stimulated miRNAs inhibit HCV life cycle. (a)-(b) qRT-PCR analysis
of relative intracellular HCV RNA levels in JFH-1T-infected Huh7.5 cells (a) or Huh7.5FGR cells (b) transfected with control mimic, miR-185 mimic or miR-130b mimic. Values
shown are normalized relative to control mimic–transfected cells (n = 3 for each group). Data
represent mean values ± s.e.m. Unpaired two-tailed t-test was used to evaluate statistical
significance. (*P < 0.05) (c) Western blot analysis of relative HCV protein levels (NS5A) in
Huh7.5-FGR cells transfected with control, miR-185 or miR-130b mimics. Image is
representative of three independent experiments. PTP1D serves as a loading control. For the
trial shown, relative HCV NS5A protein levels normalized to control were quantified using
ImageJ.
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miR-185 and miR-130b regulate hepatic lipid metabolism
HCV relies intimately on lipid pathways to facilitate viral entry, replication, assembly
and secretion (Alvisi et al., 2011; Pezacki et al., 2010). The virus stimulates SREBP and
LXR signaling to perturb hepatic lipid homeostasis (Garcia-Mediavilla et al., 2012; Waris et
al., 2007). Because 25-HC modulates these same pathways, we hypothesized that the 25HC–regulated miRNAs, miR-130b and miR-185, were influencing the HCV life cycle
through regulation of cellular lipid microenvironments.

Coherent anti-Stokes Raman

scattering (CARS) microscopy was used to analyze the influence of the miRNAs on cellular
lipid content (Pezacki et al., 2011). Inhibition of endogenous miR-130b and miR-185
resulted in increased abundance of hepatocellular lipid droplets (Figure 3.3a). As well,
overexpression of miR-185 decreased cellular triglyceride levels (Figure 3.3b). This
suggested that HCV-induced downregulation of miR-130b and miR-185 expression is a
novel contributing mechanism to HCV-induced steatosis. Collectively, these results were
consistent with inhibitory roles for miR-185 in cholesterol biosynthesis (Wang et al., 2013;
Yang et al., 2014) and for the miR-130 family in hepatic fatty acid synthesis (Xiao et al.,
2014) and adipocyte lipid storage (Pan et al., 2014).
25-HC–induced miRNAs regulate HCV life cycle
Next, we sought to identify the targets of miR-130b and miR-185 that were contributing to
the miRNAs' anti-viral effect. Neither miR-130b nor miR-185 have conserved binding sites
in the HCV RNA genome (Hsu et al., 2007), and thus their effects must occur through the
regulation of human transcripts. Over 2,000 different mRNA targets are predicted to possess
binding sites for each miRNA, according to the TargetScan prediction tool (Friedman et al.,
2009). We conducted stringent filtering of predicted targets for those having an association
with metabolic pathways. We then examined the expression levels of these genes in Huh7.566

Figure 3.3. 25-HC–stimulated miRNAs regulate hepatic lipid metabolism. (a)
Representative CARS microscopy images of intracellular lipid droplets (LDs) in control
inhibitor, Huh7.5 cells transfected with control inhibitor (n = 18 cells), miR-130b inhibitor (n
= 32 cells) or miR-185 inhibitor (n = 32 cells). Scale bar, 10 μm. Quantitative analysis of
relative cellular LD content is shown in bar graph (right). Values were normalized relative to
the average LD content in mock-transfected cells. (b) Relative cellular triglyceride (TG)
content in control and miR-185 mimic transfected Huh7.5 cells assessed by TG assays. (c)
Relative mRNA expression level of miR-185 and miR-130b targets in control, miR-130b and
miR-185 mimic transfected Huh7.5-FGR cells (n ≥ 3). (d) Western blot analysis of miR-185
target protein expression in Huh7.5-FGR cells transfected with control or miR-185 mimic.
Both precursor (P) and mature (M) forms of SREBP2 are shown. Band corresponding to the
processed form of LDLR is shown. Image is representative of three independent
experiments. β-tubulin served as a loading control. Relative miRNA target protein levels to
control were quantified using ImageJ. Data represent mean values ± s.e.m. Unpaired twotailed t-test was used to evaluate statistical significance. (*P ≤ 0.05.)
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FGR cells. miR-185 overexpression resulted in decreased mRNA expression of predicted
target genes whose products have roles in fatty acid and triglyceride biosynthesis (AGPAT3),
lipid uptake (SCARB1, LDLR), cholesterol biosynthesis (SREBP2) and fatty acid
desaturation (FADS1, SCD1) (Figure 3.3c). miR-185 overexpression also repressed the
expression of the lipogenic transcription factors PPARγ and SREBP1. Parallel decreases at
the protein level were also observed (Figures 3.3d), and similar decreases in target mRNA
levels were observed in miR-185 mimic–transfected Huh7.5 cells infected with JFH-HS and
JFH-1T (Figure S3.7a-b). miR-130b overexpression independently repressed the expression
of LDLR, FADS1 and PPARγ (Figures 3.3c and S3.7c). Furthermore, cells transfected with
50 nM of miR-130b mimic and 50 nM of miR-185 mimic exhibited a repressive effect on
LDLR expression that was comparable to that of 100 nM of each miRNA mimic
independently (Figure S3.7d). This suggested that 25-HC's induction of miR-130b and miR185 expression in cells replicating HCV RNA cooperates to inhibit LDLR expression.
Collectively, these results demonstrated that 25-HC–induced miRNAs significantly regulate
hepatic lipid metabolism.
Validation of predicted targets of the miRNAs was also performed using luciferase
reporter assays. miR-185 repressed the 3′ UTR activity of AGPAT3, LDLR, SCD1 and
SREBP2. This inhibition was alleviated through mutation of the predicted miR-185 binding
sites (Figures S3.8a–d and S3.9a–d), confirming the direct interaction of miR-185 with the 3′
UTR of these genes. SCARB1 was also previously validated as being directly regulated by
miR-185 (Wang et al., 2013). Similarly, miR-130b was also found to directly regulate
LDLR (Figures S3.8e and S3.9e) and was previously validated as a direct regulator of
PPARγ (Pan et al., 2014).
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We also investigated the influence of miR-130b and miR-185 on each other's
expression. miR-130b overexpression yielded an increase in miR-185 levels, whereas miR185 overexpression had no significant influence on miR-130b abundance (Figure S3.10).
This suggests that activation of miR-185 expression contributes to miR-130b's inhibitory
effects against HCV (Figure 3.2) and PPARγ, LDLR, and FADS1 expression (Figures 3.3c
and S3.7c).
Several of the direct targets of miR-185 are known to encode proteins critical for
different stages of HCV infection, including SCD1 (replication) (Lyn et al., 2014), SCARB1
(entry and cell-to-cell transmission) (Catanese et al., 2013; Régeard et al., 2008), SREBP2
(replication and assembly) (Li et al., 2013a; Pezacki et al., 2009) and LDLR (entry and
replication) (Monazahian et al., 1999; Syed et al., 2014). The roles of the products of other
predicted targets (AGPAT3 and FADS1) in the context of HCV infection are unknown.
AGPAT3 is a key enzyme catalyzing intermediate steps in the synthesis of triglycerides from
glycerol-3-phosphate (G3P) (Takeuchi and Reue, 2009). Silencing of AGPAT3 in Huh7.5FGR resulted in reduced HCV protein levels (Figures S3.11a). Also, the expression levels of
AGPAT3 and LPIN1, another key enzyme in the G3P pathway, were increased in HCVinfected SCID/Alb-uPa mice with humanized livers (Figure S3.11b-c). This suggests that
HCV activates the G3P pathway for increased triglyceride biosynthesis. Collectively, our
results suggest miR-185’s inhibition of HCV occurs through direct targeting of genes
involved in lipid metabolism.
To gain a more comprehensive understanding of miR-185’s effects on hepatic
metabolism, we performed gene expression profiling in Huh7.5s cells transfected with miR185 mimics. In order to classify biological processes regulated by miR-185, we performed
gene ontology analysis on genes repressed by more than 1.5-fold. The list of statistically
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significant changes in mRNA transcripts showed overrepresentation for genes involved in
cholesterol, acylglycerol, and triglyceride biosynthetic and metabolic processes (Table S3.4).
In addition, O-acyltransferase activity was the top molecular function overrepresented in the
miR-185 repressed genes (Figure S3.12, Table S3.5). These data further validated the
SMART approach as a facile means to identifying miRNAs regulating virus-associated host
cellular pathways. Overall, the gene expression profiling data further confirmed the major
role of miR-185 in the regulation of hepatic lipid homeostasis and the immunometabolic
response to infection.
HCV infection in vivo represses miR-185 expression
We investigated HCV-mediated suppression of the expression of these miRNAs during acute
HCV infection of mice with chimeric human livers (Figure 3.4a; Figure S3.13a). We infected
SCID/Alb-uPa mice with hepatic xenografts (Mercer et al., 2001) with HCV clinical isolates
and analyzed hepatic miR-185 and miR-130b expression. Over 50% reduction of miR-185
expression was observed in vivo 21 d after infection, and this repression was maintained for
up to 7 weeks after infection (P < 0.05), consistent with our observations in vitro. Similar
results were seen for miR-130b (Figure S3.13b). Oil Red O staining of lipids in mouse liver
cross-section revealed an increase in cellular lipid content 7 weeks after HCV infection
(Figure 3.4b), consistent with previous work (Singaravelu et al., 2014a). Fatty acid and lipid
analysis of HCV-infected mouse livers revealed increases in palmitoleic acid and cholesterol
ester levels relative to uninfected mice (Figure S3.13c-d), consistent with HCV's alleviation
of miR-185’s repressive effect on unsaturated fatty acid and cholesterol biosynthesis. These
results demonstrate that HCV-mediated repression of miR-185 expression correlates with
altered hepatic lipid metabolism in vivo.
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Figure 3.4. HCV infection in vivo disrupts hepatic lipid metabolism. (a) qRT-PCR
analysis of relative miR-185 expression levels in SCID/Alb-uPA mice livers 7 weeks postinfection with clinical isolates of HCV genotype 1a (n ≥ 5). Values shown are normalized
relative to average expression in mock infected mice. Data represent mean values ± s.e.m.
Unpaired two-tailed t-test was used to evaluate statistical significance. *P ≤ 0.05. (b) Oil Red
O staining of lipid content in mock- and HCV-infected SCID/Alb-uPa mice liver crosssections are shown (red). Human cytoskeletal keratin 18 (CK-18) immunostaining marks
human hepatocytes (green), while DAPI staining was used to mark nuclear DNA (blue).
Images were acquired with a confocal microscope. Scale bars, 10 μm.
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miR-185 regulates virus-induced lipid microenvironments
Similarly to that of other positive-sense RNA viruses, HCV replication complex formation
occurs on specialized membranes. The integrity of the HCV-induced membranous web
(MW) is dependent on cholesterol (Paul et al., 2013; Sagan et al., 2006) and unsaturated fatty
acids (Lyn et al., 2014). Because miR-185 repressed the biosynthesis of both lipid species
through inhibition of SREBP2 and SCD1 expression, we performed electron microscopy
(EM) imaging of Huh7.5-FGR cells transfected with miR-185 mimic to determine the
miRNA's influence on the MW structure (Figure S3.5a).

Ectopic miR-185 expression

inhibited HCV MW formation, as exemplified by decreased double membrane vesicles
(DMVs), which are the proposed scaffold for HCV replication complexes (Paul et al., 2013);
this was consistent with the effects of small-molecule inhibition of SCD1 (Lyn et al., 2014).
Supplementation of miR-185 transfected Huh7.5-FGR cells with a lipid mixture of fatty
acids and cholesterol completely abolished miR-185’s anti-viral effect against HCV, without
rescuing miR-185 target gene expression (Figure 3.5b). Conversely, oleic acid alone was
insufficient to completely rescue miR-185’s anti-viral activity (Figure S3.14a). The rescue
of HCV levels through addition of lipids was consistent with miR-185’s anti-viral effects
occurring indirectly through post-transcriptional regulation of metabolic pathways. Our
ultrastructural analysis confirmed that miR-185 disrupts lipid microenvironments crucial to
the formation of the HCV replication complex.
miR-130b's anti-viral effects were not rescued by lipid supplementation (Figure
S3.14b), suggesting the miRNA may mediate its anti-viral effect through the regulation of
other metabolic pathways not related to lipid homeostasis. In fact, we observed increased
IFN-β expression in HCV-infected cells transfected with miR-130b mimic (Figure S3.14c),
suggesting that the miRNA has a role in the innate immune response, consistent with the
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Figure 3.5. miR-185 inhibits HCV replication through regulation of lipid
microenvironments. (a) Representative electron microscopy (EM) micrographs images of
100 nM control mimic– or miR-185 mimic–transfected Huh7.5-FGR cells (n = 2). (b)
Relative HCV RNA and miR-185 target mRNA levels in Huh7.5-FGR cells transfected with
100 nM control (Con miR) or miR-185 mimics in the presence or absence of lipid mixture
(LM) (n = 3). Abundance values for each gene were normalized to the values for their
respective control mimic. (c) Western blot analysis of miR-185 target protein expression in
Huh7.5 cells transfected with control or miR-185 mimic 72 h post-transfection (left) or
treated with 5 μM 25-HC or vehicle (methanol) for 24 h. Mature form of SREBP2 and band
corresponding to the processed form of LDLR are shown. β-tubulin serves as a loading
control. Image is representative of three independent experiments. Relative miRNA target
protein levels compared to control were quantified using ImageJ. (d) qRT-PCR analysis of
relative intracellular VSV and SCD1 RNA levels in VSV-infected HepG2 cells transfected
with 50 nM control and miR-185 mimic (n = 3). Data represent mean values ± s.e.m.
Unpaired two-tailed t-test was used to evaluate statistical significance. *P < 0.05.
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previously reported role of miR-130a in IFN signaling (Li et al., 2014). However, we cannot
exclude the possibility that miR-130b's regulation of lipid metabolism has an effect on other
stages of the HCV life cycle, such as assembly, a stage known to be dependent on hepatocyte
lipid status (Alvisi et al., 2011; Pezacki et al., 2010).
Several viruses share a dependence on unsaturated fatty acids (Lee and Ahlquist,
2003) and cholesterol (Chukkapalli et al., 2012) for their propagation. Because 25-HC–
induced miR-185 expression results in repression of these metabolic pathways, it is likely
that these miRNAs play a role in macrophage- and dendritic cell–mediated anti-viral
immunity (Blanc et al., 2013; Liu et al., 2013; Pezacki et al., 2009). In fact, the inhibitory
activity of miR-185 on the target genes SCD1, SCARB1 and SREBP2 was comparable in
magnitude to that of 25-HC, indicating that activation of miR-185 expression bolsters 25HC's anti-viral effects (Figure 3.5c). We also observed inhibitory effects of miR-185 against
infections by DENV (Figure S15a), and vesicular stomatitis virus (VSV), a negative-sense
RNA virus from the family Rhabdoviridae (Figures 3.5d and S3.15b). This suggested that
miR-185’s regulation of host metabolism contributes to the broad anti-viral response in the
liver (Figure S3.16).
Interestingly, we observed a similar miR-185 regulatory network in THP-1
macrophages (Figure S3.17a). However, miR-185 appeared to have negligible effects on
macrophage lipid content (Figure S3.17b), in contrast to its effects on hepatocytes. Since
similar gene regulation is observed in both cell types, miR-185 was affecting related
pathways in both cell types. Thus, miR-185 likely influences viruses' ability to hijack
metabolic pathways in THP-1 cells and mediate 25-HC's autocrine anti-viral effects in
macrophages (Blanc et al., 2013; Liu et al., 2013).
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Discussion
25-HC is secreted by macrophages and dendritic cells in response to activation of the
IFN signaling pathway (Park and Scott, 2010). Although several studies have illustrated 25HC's broad anti-viral effects against several classes of viruses (Blanc et al., 2013; Civra et
al., 2014; Liu et al., 2013), its mechanism of action in the context of immunometabolic
responses to infection is not well understood. Recent work has demonstrated that the
oxysterol possesses membrane-independent anti-viral properties (Blanc et al., 2013; Pezacki
et al., 2009). Interferon signaling has previously been shown to activate the expression of
multiple miRNAs, which repress HCV infection through direct targeting of the viral genome
(Pedersen et al., 2007). Our work here demonstrates a similar mechanism being activated by
25-HC. However, as opposed to directly targeting HCV RNA, 25-HC activates the
expression of miRNAs that repress host pathways critical to viral infection and thereby
produces an anti-viral effect.
25-HC–induced miRNAs represent a newly characterized arm of the innate immune
response. 25-HC–activated miR-185 expression serves to repress cellular lipid uptake, lipid
biosynthesis and fatty acid desaturation. Given the general viral requirements for these
metabolic pathways (Chukkapalli et al., 2012; Lee and Ahlquist, 2003), 25-HC–induced
miRNAs promote a broadly anti-viral lipid microenvironment. HCV relies intimately on
altered lipid pathways to facilitate viral entry, replication, assembly and secretion (Alvisi et
al., 2011). The hepatotropic virus promotes hepatocellular lipid accumulation, which
manifests clinically as hepatic steatosis, a sequela found in over 50% of HCV-infected
patients (Bassendine et al., 2012). Our work highlighted downregulation of miR-185 and
miR-130b levels as a novel mechanism of HCV-induced lipid accumulation that also serves
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to reverse the immunometabolic response to infection by the innate immune system.
Furthermore, viral suppression of 25-HC–induced miRNAs should promote the expression of
host factors critical to the HCV life cycle (SREBP2, SCD1, LDLR, AGPAT3 and SCARB1).
HCV-induced downregulation of miR-185 expression represents a novel mechanism of
innate immune evasion as the virus attempts to counteract the antiviral effects of the
interferon-regulated oxysterol.
Overall, our work demonstrated that 25-HC activates the expression of the anti-viral
microRNA miR-185, which act as a metabolic rheostat within infected hepatocytes. Through
its effects on cellular lipid pathways, miR-185 reinforces 25-HC's anti-viral activity, which
also involves regulation of the sterol pathway and direct effects on membranes (Blanc et al.,
2013; Pezacki et al., 2009). This was evidenced by the miR-185 alone having significant
effects on metabolism and membrane microenvironments. As CH25H expression is
increased in the liver of HCV-infected patients (Wu et al., 2010), 25-HC–induced miRNAs
must play an important role in hepatic innate immunity. Conversely, the downregulation of
these miRNAs during HCV infection indicates that the virus actively counteracts this host
defense. Thus, both miR-130b and miR-185 are anti-viral hepatocellular factors that regulate
immunometabolism in the infected liver.

Materials and methods
Materials
The Huh7, Huh7.5, and Huh7.5 cell line stably expressing the full length HCV genotype 1b
replicon with a S2204I adaptive mutation in NS5A (Huh7.5-FGR) were a kind gift from
C.M. Rice (Rockefeller University) and Apath (Blight et al., 2000). All siRNAs transfections
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were performed with siGENOME SMARTpool siRNAs (Dharmacon), or a negative control
siRNA (Ambion, Austin, TX). All mirVana miRNA mimics and inhibitors, including control
mimics and inhibitors, were purchased from Ambion. pFK-DVs plasmid containing DENV-2
16681 strain (Fischl and Bartenschlager, 2013) was a kind gift from R. Bartenschlager
(University of Heidelberg). 25-Hydroxycholesterol (≥98%) and 19-hydroxycholesterol
(≥98%) were purchased from Cayman Chemical Company. HepG2 and Hek293 cell lines
were purchased from ATCC.
Cell culture and transfections
Adherent Huh7.5 and Huh7 cells were cultured in Dulbecco's Modified Eagle Medium
(DMEM; Life Technologies) supplemented with 100 nM nonessential amino acids (NEAA;
Gibco), 50 U/mL penicillin, 50 mg/mL streptomycin, and 10% fetal bovine serum (FBS;
PAA Laboratories). Huh7.5-FGR cells were cultured in Huh7.5 medium supplemented with
250 μg/ml G418 Geneticin (Gibco). Hek293 cells were cultured in modified eagle medium
(MEM) supplemented with 100 nM NEAA, 50 U/mL penicillin, 50 mg/mL streptomycin,
and 10% FBS. HepG2 cells were cultured in Hek293 medium supplemented with 1% sodium
pyruvate (Gibco). Transfections were done using Lipofectamine 2000 (Life Technologies)
for DNA constructs and Lipofectamine RNAiMax (Life Technologies) for siRNAs, miRNA
mimics and inhibitors (Ambion). All transfections were performed following the
manufacturers' protocols. For rescue experiments, 50 μL of lipid mixture (Sigma, L0288) or
BSA conjugated oleic acid (Sigma, O3008) were added per 1 mL medium (at the indicated
time points). Where indicated, cells were incubated in serum free medium (DMEM with 100
nM NEAA only). Unless otherwise indicated, all 25-HC treatments were performed at a
concentration of 5 μM. THP-1 monocytic cells were cultured in RPMI-1640 medium
supplemented with 1% penicillin and streptomycin, 1% sodium pyruvate, 10% FBS, 40 nM
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β-mercaptoethanol, 1% HEPES, and 1% L-glutamine. Monocytes were cultured in medium
supplemented with 100 nM phorbol-12-myristate-13-acetate for macrophage differentiation
prior to transfections. All cell lines were tested for mycoplasma contamination.
HCV infection
JFH-1T strain harbors 3 amino acid changes that enhance infectious virus production and
was derived from the cell culture–adapted JFH-1 strain JFH-AM1, as previously described
(Russell et al., 2008). JFH-HS virion were produced by Huh7.5 cells cultured in human
serum containing medium and collected 25 days post-electroporation, as previously
described25. The JFH-HS virion possess more physiologically relevant characteristics,
including higher specific infectivity, lower density, and increased association with
apolipoprotein B25. Twenty-four hours prior to infection, Huh-7.5 cells were seeded into 6well plates. On the following day, cells were cultured with medium containing infectious
HCV particles (MOI = 0.1 for JFH-1T or MOI = 0.3 for JFH-HS) for 4 hours before the
medium was removed and replaced with fresh medium. For drug treatments, infected cells
were treated 48 hours post-infection with methanol (vehicle) or varying concentrations of 25hydroxycholesterol. Twenty-four hours post drug treatment (72 hours post infection), cells
were lysed with TriZol (Invitrogen) for RNA isolation. For examining miRNA's anti-viral
effects, Huh-7.5 cells were transfected with 100 nM miRNA mimics/inhibitors (control,
miR-130b, or miR-185). Twenty four hours post-transfection, cells were infected with HCV
(JFH-1T or JFH-HS). 72 hours post-transfection, cell supernatants were removed and used
for infectious titer determination, and cells were lysed with TriZol for RNA isolation.
HCV infectivity assay
Infectious supernatants of HCV infected cells were filtered through a Millex-HV 45-μm
filter (Millipore) before being serially diluted in 10-fold in medium. For HCV infectivity
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assays, 100 μL of each dilution was then used to infect Huh-7.5 cells seeded (at 5×104 per
well) onto 8-well chamber slides (Lab-Tek) for 4 hours. Following incubation, the infectious
medium was removed and replaced with fresh medium. Seventy-two hours post infection,
cells were fixed and stained with HCV core monoclonal B2 antibody (1:200; Anogen; MOI40015B), followed by secondary Alexa Fluor 488–conjugated goat anti-mouse (1:500;
Thermo Fisher Scientific; A-11029). Viral titers are expressed as the number of focusforming units (FFU) per ml of supernatant.
DENV infection and titer determination
To generate the DENV-2 virion stock used in this study, capped genomic RNA produced by
in vitro transcription was electroporated into BHK21 cells to produce seed virus stock, which
was subsequently amplified in Vero cells. For 25-HC treatments, Huh-7.5 cells were seeded
into 6-well plates. On the following day, cells were treated with 5 μM 25-HC or methanol
(vehicle). Twenty-four hours post-treatment, cells were cultured with medium containing
infectious DENV particles (MOI = 5). Four hours post infection, medium was replaced with
25-HC-containing medium. Similarly for miRNA mimic transfected cells, cells were seed
and transfected 24 hours later. 48 hours post-transfection, infections were performed. For all
experiments, 48 hours post-infection, cell supernatants were harvested and titers were
determined by plaque assays on Vero cells (Kumar et al., 2013).
VSV infection and titer determination
VSV virion stock from the AV3 strain was generated as previously described (Stojdl et al.,
2003). For infections, HepG2 cells were reverse transfected in 6-well plates with 50 nM
miRNA mimics using Lipofectamine RNAiMax, as per the manufacturer's protocols.
Seventy-two hours post-transfection, cells were cultured with medium containing infectious
VSV particles (MOI = 3). Supernatants and total cellular RNA was harvested 24 hours post79

transfection. Titers were analyzed via plaque assays on Vero cells and intracellular VSV
RNA levels were analyzed via qPCR.
SCID/Alb-uPA mice experiments
All mice were housed and maintained under specific pathogen–free conditions according to
Canadian Council on Animal Care guidelines. SCID-beige/Alb-uPa mice were transplanted
with human primary hepatocytes as described previously (Singaravelu et al., 2014a).
Cryopreserved human primary hepatocytes were purchased from CellDirect Inc, USA or
BioreclamationIVT. Each lot number represents a distinct donor individual. In this study,
three lots of cells were used: Hu8063, Hu8085 and FLO. Characterization of human
hepatocyte repopulation levels, viral infections, tissue dissections, and HCV virological
measurements were performed as previously described (Singaravelu et al., 2014a). Two
clinical isolates of virus were used in this study: HCV genotype 1a and genotype 2b. No
randomization or blinding was used in mice studies. Gender was not a consideration in the
selection of mice for these studies. All mice were generally infected at 8 weeks.
CARS microscopy
Cells were seeded in 4.2 cm2 Lab-Tek Chambers Slide System (NUNC). Prior to imaging,
cells were washed twice with phosphate-buffered saline (PBS) and then incubated for 15 min
at room temperature with fixing solution (4% formaldehyde, 4% sucrose). The fixed cells
were washed twice with PBS for 3 minutes and then stored at 4 °C in PBS prior to imaging.
The imaging and subsequent quantitative voxel analysis of lipid droplet content was
performed using ImageJ (NIH), as previously described (Singaravelu et al., 2014a).
Triglyceride assay
Triglyceride (TG) concentrations were analyzed directly by spectrophotometric analyses,
using the TG quantification kit (BioVision) according to the manufacturer's instructions. TG
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levels were normalized by total protein levels in lysates, which were quantified with the DC
protein assay (Bio-Rad).
Small molecule–mediated annotation of microRNA targets (SMART)
Traditional miRNA profiling studies have proven instrumental in identifying biomarkers of
infection; however, these studies typically provide no clear indication of the functional
impact and pathological relevance of differentially expressed miRNAs on viral infection.
The SMART strategy is a more systematic approach for identifying pro- and anti-viral
miRNAs, which influence the virus through modulation of host pathways. While the function
of specific miRNAs on viral pathogenesis is lacking, host pathways associated with viral
infection are generally well-studied. We used small molecules targeting these virusassociated host pathways in order to annotate miRNAs regulating the virus-host interactions.
A general scheme is illustrated in Figure S3.3. Generally, the technique consists of two
differential miRNA profiling experiments. First, the traditional experiment is carried out to
identify the miRNA signature of viral infection (comparing healthy vs. infected cells).
Secondly, differential miRNA profiling is performed between infected cells treated with a
drug targeting a host-associated pathway or the vehicle for the drug (control). The latter
experiment produces miRNA candidates hypothesized to regulate the virus-associated host
pathway of interest. The overlap between these candidates and the miRNA signature of viral
infection represent miRNAs modulated by the virus to potentially hijack the specific host
pathway.
miRNA microarray analysis
Total RNA isolations were performed using the mirVana miRNA isolation kit as per the
manufacturer's instructions (Ambion, TX). RNA integrity was verified via electrophoresis
with a 0.8% agarose gel. Total RNA (3 μg) was labeled using the Oyster-550 based Flashtag
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RNA labeling kit (Genisphere). The miRCURY LNA microRNA Array probe sets (Exiqon)
were spotted, as previously described (Liu et al., 2014a), onto epoxysilane coated Nexterion
slide E (Schott). Hybridizations were performed using a Slidebooster SB400 hybridization
station (Advalytix) at 56 °C overnight. Slides were then washed sequentially with two 2 min
washes in 0.2% SDS 2× sodium-saline citrate (SSC) buffer at 60 °C, one 5 sec wash in 1×
SSC at room temperature (RT), one 2 min wash in 1× SSC, followed by a final 2 min wash
in 0.1× SSC at RT. Slides were centrifuged at 1,000 RPM for 4 minutes to dry and then
scanned on a GenePix 4200A Scanner (Molecular Devices). Data extraction and image
analysis were performed using GenePix Pro Software (Molecular Devices). Replicate spots
from the same array were averaged. Missing spots or high background portions of arrays
were flagged manually and omitted from downstream analysis. Quantile normalization was
performed using the preprocessCore library of the Bioconductor package in the R
environment. Microarrays for each condition was performed in at least triplicate from 2 or 3
biological replicates, each performed as 1 or 2 technical replicates.
mRNA microarray analysis
Using RNeasy kit (Qiagen), total RNA was isolated from Huh7.5 cells transfected with 100
nM of control or miR-185 mimic, 72 hours post-transfection. Expression profiling was
performed using Affymetrix Human Gene ST.2.0 arrays in duplicate. Data was normalized
and analyzed using the Affymetrix Expression Console and Transcriptome Analysis Console,
as per the manufacturer's protocols. Gene ontology analysis was performed using the
ToppGene Suite (Chen et al., 2009).
Quantitative PCR
RNA isolation from hepatocytes was performed using TriZol (Invitrogen) as per the
manufacturer's protocol. RNA integrity was confirmed by electrophoresis on 0.8% agarose
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gel in 1× TBE (Ambion). For mRNA and HCV RNA levels, 250–500 ng of total RNA was
reverse transcribed using the Superscript II RT kit (Invitrogen) as per the manufacturer's
protocols. Quantitative PCR (qPCR) was subsequently performed on an iCycler (Bio-Rad)
using iQ SYBR Green Supermix (Bio-Rad), as per manufacturer's protocol. Primer
sequences are listed in Table S3.6. Relative miRNA levels were quantified using the Taqman
miRNA Assay (Applied Biosystems), with 10 ng of total RNA used for reverse transcription
using the TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems). Each qPCR
sample included 1× Universal Taqman PCR Master Mix, 0.2 mM TaqMan probes
againstRNU6B, miR-130b, miR-185, miR-128, or let-7f, 1.5 mM forward primer, and the
universal reverse primer. The 2− ΔΔCt method was used to calculate relative fold changes in
expression relative to mock or control treated samples, with RNU6B or 18S rRNA levels
being used for normalization.
Immunoblot analysis
After transfections or drug treatments, cells were washed twice with PBS and lysed with an
SDS lysis buffer consisting of 50 mM Tris-HCl (pH 6.8), 2% SDS, and 10% glycerol. A
protease inhibitor cocktail mix (Roche Diagnostics) was added to each extract. The protein
concentration of each sample was quantified using the DC Protein Assay (Bio-Rad)
according to the manufacturer's protocol. Prior to loading, 10% v/v of DTT and bromophenol
blue (1:1) were added to each sample, and 40–60 μg/well was loaded onto a SDS–PAGE gel
(10% resolving, 4% stacking gel). The resolved proteins were transferred to a Hybond-P
PVDF membrane (Amersham Biosciences). The membrane was probed using a mouse antiNS5A (1:3,000 dilution; Virogen, 256-A), mouse anti-NS3 (1:3,000; Virostat, 1878), mouse
anti-SCD1 (1:4,000; Abcam, ab19862) rabbit anti-AGPAT3 (1:200, Santa Cruz
Biotechnology, sc-83190), rabbit anti-SCARB1 (1:5,000; Novus Biologicals, NB400-104),
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mouse anti-SREBP2 (1:200; BD Pharmingen, 557037), rabbit anti-serum 3143 against
LDLR (1:1,000; kind gift from T. Lagace, University of Ottawa), rabbit anti-β-tubulin
(1:2,000, Santa Cruz Biotechnology, sc-9104), or mouse anti-PTP1D (1:10,000; BD
Transduction Laboratories, 610621) primary antibodies followed by a secondary (HRP)conjugated goat anti-mouse or donkey anti-rabbit IgG antibody (Jackson ImmunoResearch
Laboratories, Inc.). Protein bands were visualized by Western Lightning Western Blot
Chemiluminescence reagents (GE Healthcare) according to the manufacturer's protocol. βtubulin and PTP1D levels were used as loading controls.
3′ UTR luciferase reporter analysis
miR-185 and miR-130b binding sites were mutated in the dual luciferase reporters bearing
the 3′ UTRs of LDLR, SREBP2, and SCD1 (Genecopoeia), using the QuikChange Lightning
kit (Stratagene), according to the manufacturer's protocol, using the primers listed in Table
S6 according to the manufacturer's protocol. Due to the long length of the AGPAT3 and
SCD1 3′ UTRs, two luciferase reporter constructs were obtained containing segments of the
3′ UTR. For SCD1, construct A spanned nts 1–1916 containing sites 1–4 and construct B
spanned nts 1818–3898 containing sites 4–5. For AGPAT3, construct A spanned nts 1–2427
containing sites 1–2, and construct B consisted of nts 2309–5082 containing sites 3. Hek293
cells were seeded in 24-well plates, and transfected with the wild-type and mutant 3′ UTR
dual luciferase reporter constructs. Twenty four hours post-transfection, the cells were
transfected with miR-185, miR-130b, or control mimics. 48 hours post-mimic transfection,
cells were lysed in 1× passive lysis buffer (Promega) and dual luciferase assays were
performed as previously described (Dyer et al., 2000).
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Electron microscopy
Huh7.5-FGR cells were transfected with either control or miR-185 mimics. Seventy-two
hours post-transfection, cells were pelleted and fixed in 2.5% glutaraldehyde in sodium
cacodylate buffer (Electron Microscopy Sciences). Samples were subsequently washed in 0.1
M cacodylate washing buffer. Samples were post-fixed in 1% osmium tetroxide and 1.5%
potassium ferrocyanide, dehydrated in ascending acetone concentrations (30% to 100%) and
embedded in Epon. Ultra-thin sections were cut on a Leica EM UC6 ultramicrotome.
Sections were then stained with 1% lead citrate. Digital images were taken using a JEOL
1230 TEM adapted with a 2,000 × 2,000 pixel bottom mount CCD digital camera and AMT
software.
Immunofluorescence and Oil Red O staining
Liver sections were prepared, stained, and imaged as previously described43. Briefly, fixed
liver sections were permeabilized with PBS containing 0.5% Triton X-100 for 10 min and
blocked in PBS with 10% goat serum for 1 h. Slides were then stained with rabbit antiCytokeratin 18 (CK-18) (Abcam, 1:100 dilution, ab32118) at 4 °C overnight, followed by
Alexa Fluor 488–conjugated goat anti-rabbit and DAPI, for 1 hour in the dark. After 3
washes of PBC, slides were stained with Oil Red O working solution for 30 min, and rinsed
with 3 washes of distilled water. Finally, slides were rinsed in the dark for 10 minutes, air
dried, and mounted with prolong gold mounting medium (Life Technologies). Samples were
examined with a Leica TCSSP5 confocal microscope. Images were processed using LAS AF
Lite software.
Fatty acid methyl ester (FAME) analysis
Levels of fatty acid species was determined by FAME analysis using gas chromatography
(GC). The GC was performed on an Agilent 6890 instrument equipped with autosampler and
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flame-ionization detector. Briefly, mouse liver samples were assayed for protein content
using BCA protein assay (Thermo Scientific). One milligram of lysate was then extracted in
the presence of C17:0 fatty acid internal standard using a modification of a previously
described method (Folch et al., 1957). The lipid-containing phase was removed, dried under
a stream of nitrogen, and methyl esters of fatty acids produced by incubation in 6% sulfuric
acid in MeOH for 2 hours at 80 degrees. The solution was neutralized by addition of 50%
ammonium hydroxide and the fatty acid methyl esters (FAMEs) extracted with hexane,
followed by passage of the extract through anhydrous sodium sulfate to remove traces of
water. The extract was dried under a stream of nitrogen and resuspended in hexane for
injection into the GC.
HPLC total lipid analysis
High-performance liquid chromatography (HPLC) was performed on an Agilent 1100
instrument equipped with quaternary pump and Alltech ELSD2000 Evaporative LightScattering Detector using a modified version of a previously described protocol (Graeve and
Janssen, 2009). Briefly, cell homogenate was assayed for protein content using the method of
(Thermo Scientific), and homogenate equivalent to 1 mg protein was extracted in the
presence of 50 μg dipalmitoyl-phosphatidyldimethylethanolamine internal standard using a
modification of a previously described method58. The lipid-containing phase was removed,
dried under a stream of nitrogen and resuspended in 100 μL chloroform:isooctane (1:1), and
5 μL of this injected onto the column. Lipids were separated using a three-solvent gradient
on an Onyx monolithic silica normal-phase column (Phenomenex).
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Statistical analysis
Unless otherwise indicated, data is presented as the mean of replicates. Error bars represent
the standard error of the mean. Statistical significance was evaluated using unpaired twotailed Student's t-test.
Data availability
All microarray data have been deposited to the NCBI Gene Expression Omnibus under the
accession numbers GSE73163, GSE73164 and GSE73165.
Accession codes
NCBI Gene Expression Omnibus: GSE73163, GSE73164 and GSE73165.
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Chapter 4 – MicroRNA-7 mediates crosstalk between metabolic signaling pathways
in the liver
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The article was authored by R. Singaravelu, C. Quan, M.H. Powdrill, P. Srinivasan, R.K.
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mRNA expression analysis. R.S. Russell and J.P. Pezacki were senior contributing authors.
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Abstract
MicroRNAs have emerged as critical regulators of cellular metabolism.

In order to

characterize miRNAs crucial to maintenance of hepatic lipid homeostasis, we examined the
overlap between the miRNA signatures associated with inhibition of peroxisome proliferator
activated receptor-α (PPAR-α) signaling, a pathway regulating fatty acid metabolism, and the
miRNA signatures associated with 25-hydroxycholesterol, an oxysterol regulator of sterol
regulatory element binding protein (SREBP) and liver X receptor (LXR) signaling. Using
this strategy, we identified microRNA-7 as a PPAR-α regulated miRNA, which activates
SREBP1 signaling and promotes hepatocellular lipid accumulation. This is mediated by
suppression of negative regulators of SREBP1 signaling: AMPKα1 and ERLIN2.
MicroRNA-7 also regulated genes associated with PPAR signaling and sterol metabolism,
including liver X receptor β (LXR-β), a transcriptional regulator of sterol synthesis, efflux,
and excretion. Collectively, our findings highlight microRNA-7 as a novel mediator of
cross-talk between PPAR, SREBP, and LXR signaling pathways in the liver.
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Introduction
The human liver plays a central role in the systemic metabolism (Rui, 2014). Proper
regulation of gene networks in the liver is integral to the maintenance of energy homeostasis
(Rui, 2014). Several transcription factors have been established as key regulators of lipid
and lipoprotein metabolism in the liver, including sterol response element binding proteins
(SREBPs), liver X receptors (LXRs), and peroxisome proliferator activated receptors
(PPARs) (Jeon and Osborne, 2012; Michalik et al., 2006; Osborne, 2000; Wahli and
Michalik, 2012). PPARs are a family of nuclear hormone receptors which function as
transcription factors for genes associated with lipid metabolism and inflammation (Wahli and
Michalik, 2012). PPAR-α is the most highly expressed PPAR isoform in the liver, and
regulates fatty acid catabolism and lipid export (Michalik et al., 2006). Similarly, SREBP1C
is the most highly expressed SREBP isoform in the adult liver and regulates genes associated
with triglyceride and fatty acid biosynthesis (Jeon and Osborne, 2012; Osborne, 2000). Two
isoforms of LXR exist (α and β), and both regulate sterol synthesis, efflux and excretion in
the liver (Zelcer and Tontonoz, 2006). As these transcription factors exert profound effects
on overlapping aspects of hepatic metabolism, significant cross-talk is required between
these signaling pathways to coordinate lipid homeostasis.
There have been several studies examining the interplay between these signaling
pathways (Boergesen et al., 2012; Ducheix et al., 2013; Fernández-Alvarez et al., 2011;
Tomohiro et al., 2003a; Tomohiro et al., 2003b); however, the majority have focused on
coding genes and have reported several different mechanisms of cross-talk between these
transcription factors. It is well established that LXRs and PPARs heterodimerize with a
common partner, retinoid X receptor (RXR), to mediate their transcriptional effects
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(Tomohiro et al., 2003a; Tomohiro et al., 2003b). Additionally, LXRs are known to directly
transcriptionally activate SREBP1C expression (Repa et al., 2000). Therefore, PPARs and
LXRs compete for RXR binding to activate their respective signaling pathways, and
specifically PPAR-α overexpression interferes with LXR-mediated activation of SREBP1
expression (Tomohiro et al., 2003a; Tomohiro et al., 2003b).

These studies suggest

competition between the LXR and PPAR signaling pathways. However, an independent
study reported that PPAR-α and LXR share genomic binding sites (Boergesen et al., 2012).
In fact, it was demonstrated that PPAR- α can bind the LXR response element in the
promoter of SREBP1C to mediate transcriptional activation (Fernández-Alvarez et al., 2011).
Collectively, these results point to complex interplay between PPAR-α, LXR, and SREBP
signaling. Characterization of non-coding RNAs that are co-regulated by these metabolic
pathways could help explain the underlying complexities of this cross-talk.
Recent work has illustrated that microRNAs (miRNAs) act as an important regulatory
layer in the control of hepatic metabolism (Rottiers and Näär, 2012). These 21-24 nucleotide
small non-coding RNAs repress gene expression post-transcriptionally through partial
pairing with mRNAs, yielding a combination of translational repression and mRNA
destabilization (Pasquinelli, 2012).

The importance of miRNAs in metabolic controls is

supported by observations of aberrant hepatic miRNA profiles in metabolic disorders,
including diabetes/insulin resistance (Fu et al., 2015; Kurtz et al., 2014; Xiao et al., 2014),
obesity (Kornfeld et al., 2013), non-alcoholic fatty liver disease (Loyer et al., 2015), and
hepatitis C virus (HCV)-associated steatosis (Shirasaki et al., 2013; Singaravelu et al., 2014a;
Singaravelu et al., 2015b). In the current study, we sought to characterize miRNAs regulating
PPAR, LXR, and SREBP signaling in an effort to gain insight into the molecular
mechanisms of cross-talk between these metabolic pathways. We report a novel role for a
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PPAR-α regulated miRNA, miRNA-7 (miR-7), in the regulation of SREBP1 signaling. miR7 stimulates the activity of SREBP1, a master regulator of fatty acid and triglyceride
biosynthesis. We demonstrate that miR-7-dependent activation of triglyceride synthesis and
lipid storage is mediated through inhibition of ERLIN2 and AMPK, two negative regulators
of SREBP1 signaling, as well as through downregulation of LXR-β expression.
Furthermore, genome-wide expression profiling reveals that miR-7 modulates the expression
of several genes associated with cholesterol and fatty acid metabolic processes. Collectively,
our work highlights miR-7 as a novel mediator of cross-talk between the PPAR-α, LXR-β,
and SREBP1 signaling pathways.

Results
PPAR-α signaling regulates miR-7 expression
Chronic HCV infection is associated with a high prevalence of hepatic steatosis. The
development of steatosis is linked to the virus’ perturbations of SREBP (Jackel-Cram et al.,
2010; Li et al., 2013a; Waris et al., 2007), LXR (Garcia-Mediavilla et al., 2012), and PPAR
signaling (Dharancy et al., 2005); hence we utilized HCV infection as a model in which to
examine the influence of miRNAs on hepatic lipid homeostasis.

In order to identify

miRNAs regulating cross-talk between metabolic signaling pathways, we performed miRNA
microarray profiling on HCV-infected Huh7.5 hepatoma cells treated with a PPAR
antagonist (2-chloro-5-nitro-N-(pyridyl)benzamide) (Lyn et al., 2009; Rakic et al., 2006)
(Figure 4.1a). We compared this miRNA signature to a list of miRNA candidates regulated
by 25-hydroxycholesterol (25-HC), an inhibitor of SREBP maturation and agonist of the
LXR pathway (Singaravelu et al., 2015c), in HCV infected Huh7.5 cells (Figure 4.1a-b). We
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Figure 4.1. PPAR-α antagonism and 25-HC treatment modulate miR-7 expression. (a)
Molecular structure of 25-hydroxycholesterol and PPAR-α antagonist (2-chloro-5-nitro-N(pyridyl)benzamide) used in this study. (b) Overview of miRNA profiling strategy applied to
identify miRNAs regulating cross-talk between metabolic signaling pathways. (c) Huh7.5
cells were treated with 10 μM GW6471 for 24 h. qRT-PCR was performed to measure
relative miR-7 expression (n = 4). (*P ≤ 0.05)
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hypothesized that miRNAs regulated by both PPAR- α and 25-HC were likely to play
regulatory roles in multiple signaling pathways.
Twelve miRNAs are differentially expressed during PPAR-α antagonist treatment
(Table 4.1). Of the four miRNAs differentially expressed during both 25-HC and PPAR-α
antagonism (Table 4.2), miR-7-5p (miR-7) was selected for further study, as previous work
has shown that miR-7 expression is regulated by HNF4α, a liver enriched transcription factor
(Ning et al., 2014), suggesting it plays a physiological role in the liver. The microarray data
revealed repression of miR-7 expression by both small molecule treatments (Table 4.2). To
confirm PPAR-α regulation of miR-7 expression, we treated Huh7.5 cells with GW6471, a
potent PPAR-α antagonist (Xu et al., 2002). qRT-PCR analysis reveals a 40% decrease in
miR-7 levels (Figure 4.1c), validating our microarray result. These results confirm that
PPAR-α signaling regulates mature miR-7 abundance.
miR-7 stimulates SREBP1 signaling
Since miR-7 expression levels are responsive to fatty acid levels in mouse myoblasts (Li et
al., 2011b), and the microRNA has previously been implicated in insulin signaling (Horsham
et al., 2015), we hypothesized that miR-7 regulates hepatic metabolism. In order to gain
comprehensive insight into miR-7’s role in metabolic pathways, we performed gene
expression profiling of Huh7.5 cells transfected with miR-7 synthetic mimics. Bioinformatic
analysis was performed to identify potential transcription factors with binding sites enriched
in the promoters of miR-7 activated genes. Interestingly, only SREBP1 binding sites were
overrepresented in the promoters of genes upregulated greater than 1.5-fold during miR-7
overexpression (P < 1 × 10-4) (Chen et al., 2009). These results suggest that miR-7 activates
SREBP1 signaling. SREBP1C is considered a master transcriptional regulator of fatty acid
and triglyceride (TG) synthesis (Osborne, 2000). We, therefore, predicted that miR-796

Table 4.1. Human miRNAs differentially expressed in HCV infected Huh7.5 cells
treated with PPAR-α antagonist
miRNA*

P value

Fold
Change

hsa-miR-1244
hsa-miR-1255b-5p
hsa-miR-1304-5p
hsa-miR-183-5p
hsa-miR-302b-3p
hsa-miR-509-5p
hsa-miR-516a-5p
hsa-miR-620
hsa-miR-647
hsa-miR-7-5p
hsa-miR-7-2-3p
hsa-miR-920

1E-2
1E-3
4E-2
1E-3
3E-2
3E-2
4E-2
2E-2
5E-2
2E-2
5E-3
3E-2

-2.78
-6.67
-2.94
-2.22
1.76
-4.00
-2.00
-1.92
-3.23
-6.25
-2.86
-2.70

*Table includes miRNAs modulated at least 1.5-fold following 25 µM BA treatment of JFH1T infected Huh7.5 cells (P < 0.05).
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Table 4.2. Human miRNAs modulated by both PPAR-α antagonist and 25-HC
miRNA*

25-HC-induced
differential miRNA
expression

PPAR-α antagonistinduced differential
miRNA expression

hsa-miR-1244
hsa-miR-509-5p
hsa-miR-647
hsa-miR-7-5p

-3.62
-9.35
-1.59
-4.93

-2.78
-4.00
-3.23
-6.25

*Table includes miRNAs modulated at least 1.5 fold during both 25 µM BA treatment and 5
μM 25-HC treatment of JFH-1T infected Huh7.5 cells (P<0.05).
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mediated activation of SREBP1 signaling should result in increased triglyceride levels. As
anticipated, overexpression of miRNA-7 in Huh7.5 cells resulted in cellular triglyceride
accumulation as measured by triglyceride assays, consistent with SREBP1 signaling
activation (Figure 4.2a).
miR-7 promotes hepatocellular lipid accumulation
We subsequently utilized coherent anti-Stokes Raman scattering (CARS) microscopy to
perform label-free analysis of miR-7’s influence on hepatocellular lipid droplet (LD) content
in Huh7 cells (Nan et al., 2006; Pezacki et al., 2011). Our CARS analysis revealed miR-7
promoted cellular LD accumulation (Figure 4.2b-c), and an increase in the average diameter
of visualized LDs from 600 ± 10 nm to 650 ± 10 nm (n > 9,700 LDs; P < 0.05), consistent
with the observed increase in cellular triglyceride levels (Figure 4.2a). As LD proteins have
been implicated in the pathophysiology of hepatic steatosis (Carr and Ahima, 2015), we
postulated that the miR-7 mediated changes in LD morphology of Huh7.5 cells may, in part,
result from changes in LD-associated proteome.

We examined the genes which were

differentially expressing during miR-7 overexpression for LD localized proteins. The cell
death inducing DFF45-like effector (CIDE) family of proteins are a family of LD-associated
proteins which regulate LD clustering and fusion (Li et al., 2007; Singaravelu et al., 2013),.
The microarray data revealed an increase in the expression of two members of the CIDE
family, CIDEB and CIDEC (Figure S4.1). We validated miR-7 mediated stimulation of
CIDEB and CIDEC expression in Huh7.5 cells via qRT-PCR (Figure 4.3a). Both CIDEB
and CIDEC are known to induce LD clustering and fusion (Li et al., 2007; Singaravelu et al.,
2013; Xu et al., 2012), and increased CIDEC expression is correlated with steatosis (Langhi
and Baldán, 2015; Xu et al., 2015). Therefore miR-7-mediated activation of CIDEB and
CIDEC expression likely contributes to the observed accumulation of larger LDs.
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Figure 4.2 miR-7 promotes cellular lipid accumulation. (a) Relative cellular triglyceride
(TG) content in control and miR-185 mimic transfected Huh7.5 cells assessed by TG assays
(b) Representative CARS microscopy images of intracellular lipid droplets (LDs) in control
and miR-7 mimic transfected Huh7 cells. Cells were fixed 48 hours post-transfection. Scale
bar represents 10 µm. (c) Quantitative analysis of relative total cellular LD content (n > 30
cells) is shown. Data represents mean values ± s.e.m. Unpaired two-tailed t-test was used to
evaluate statistical significance. (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001)
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Figure 4.3 miR-7 regulates genes associated with PPAR signaling and hepatic lipid
metabolism. Relative mRNA expression level of (a) CIDEB and CIDEC, (b) miR-7
predicted targets, and (c) PPAR pathway-associated genes in miR-7 and control mimic
transfected Huh7.5 cells (n  4). Data represents mean values  s.e.m. Unpaired two-tailed ttest was used to evaluate statistical significance. (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001)
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miR-7 modulates expression of lipid metabolism-associated genes
Next we sought to identify direct targets of miR-7, which could explain the increased
SREBP1 maturation and hepatocellular lipid accumulation.

We examined the overlap

between miR-7 predicted targets from Targetscan (Agarwal et al., 2015) and targets
repressed by miR-7 by at least 1.5-fold. We then examined this list of 683 genes for negative
regulators of SREBP1 signaling. Among the target candidates are two known inhibitors of
SREBP maturation, PRKAA1, which encodes the α1 catalytic subunit of AMPK, and
ERLIN2 (Huber et al., 2013; Li et al., 2011a) (Figures S4.1 and S4.2). qRT-PCR confirmed
that miR-7 overexpression downregulates PRKAA1 expression (Figure 4.3b).

AMPK

phosphorylates SREBP1c, inhibiting its maturation and translocation to the nucleus (Li et al.,
2011a), while ERLIN2 promotes retention of SREBP1 at the endoplasmic reticulum,
preventing the proteolysis required for its activation (Huber et al., 2013). Therefore, miR-7
repression of AMPKα1 and ERLIN2 expression contributes to miR-7 stimulated SREBP1
signaling.
Using the Panther classification system (Mi et al., 2013), we further examined the list
of repressed miR-7 putative targets to identify additional genes with a functional association
to metabolism. This analysis produced NR1H2, APOA2, PCSK5, IDE, and NCEH1 as
additional repressed miR-7 targets of interest (Figures S4.1 and S4.2). qRT-PCR validated
miR-7-mediated decrease of NR1H2, APOA2, IDE, and NCEH1 mRNA levels by greater
than 50% (Figure 4.3b). NR1H2 encodes LXR-β, suggesting that PPAR-α activation of
miR-7 expression contributes to suppression of LXR-β signaling. These results demonstrate
that miR-7 mediates concerted regulation of several genes with functional associations to
hepatic metabolism.
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In order to further classify biological processes activated by miR-7, we performed
gene ontology analysis on genes upregulated by more than 1.5 fold in miR-7 transfected
Huh7.5 cells. The list of statistically significant activated mRNA transcripts shows an
overrepresentation of genes involved in lipid catabolism and sterol metabolism (Table S4.1).
Gene set enrichment analysis (GSEA) was also performed on the miR-7 and control mimic
transfected Huh7.5 gene expression profiles to identify additional pathways modulated by
miR-7. Interestingly, the top pathways enriched in genes positively correlated with miR-7
expression included PPAR signaling (Table S4.2). qRT-PCR analysis reveals a modest
increase in PPAR-α expression levels (Figure 4.3c). Furthermore, we observe significant
increases in the expression of known PPAR-α targets, including ACSL5 (Colin et al., 2013)
(Figure 3C) and CIDEC (Figure 3A) (Langhi and Baldán, 2015). Taken together, these
results suggest that miR-7 forms a positive feed-forward loop with PPAR-α to regulate lipid
catabolism.

Discussion
To date, several miRNAs have been shown to play regulatory roles in different aspects of
hepatic lipid metabolism (Moore et al., 2011; Rottiers and Näär, 2012). As posttranscriptional regulators of gene expression, miRNAs add a level of functional complexity
to classical regulatory gene networks. In this study, we sought to identify miRNAs
regulating the cross-talk between important metabolic signaling pathways in the liver. By
applying small molecule modulators of three important transcription factors (PPAR, LXR,
and SREBP) in conjunction with miRNA profiling, we were able to uncover a novel role for
miR-7 as a PPAR-α regulated miRNA that inhibits LXR-β and activates SREBP1 signaling.
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Our work re-emphasizes the utility of small molecules for identifying miRNAs regulating
specific host pathways (Singaravelu et al., 2015b).
The observed miRNA signature for PPAR-α antagonism included other miRNAs with
known links to lipid metabolism, including miR-183 and miR-302b (Table 4.1). miR-183 is
transcribed as part of as a conserved polycistronic cluster of microRNAs (Dambal et al.,
2015), which includes miR-182 and miR-96. Interestingly, previous work demonstrated that
expression of miRNAs derived from this cluster were regulated by PPAR signaling (John et
al., 2012; Shah et al., 2007), consistent with our profiling results (Table 4.1). miR-183 has
been implicated in SREBP activation (Jeon et al., 2013) and insulin signaling (Motiño et al.,
2015).

miR-302 has been shown to regulate cholesterol efflux (Meiler et al., 2015).

Collectively, these data suggest that the PPAR-α miRNA regulome plays an important role in
regulating hepatic metabolism.
miR-7 is evolutionarily conserved across bilateral species (Prochnik et al., 2007),
suggesting it plays an important functional role. Previous work examining miR-7 function in
the liver ascribed the miRNA a role in tumor suppression (Fang et al., 2012). Our miRNA
profiling demonstrated that both 25-HC, a LXR agonist and inhibitor of SREBP signaling,
and PPAR-α antagonist treatment down-regulated miR-7 expression levels (Figure 4.1c;
Table 4.1). Regulation by two different metabolic inhibitors highlighted a potential role for
the miRNA in hepatic lipid pathways. qRT-PCR analysis validated mature miR-7 as a
PPAR-α-regulated miRNA; however, in humans, miR-7 expression derives from three
separate loci in the genome (MIR7-1, MIR7-2, and MIR7-3). Our miRNA microarray data
also demonstrates a downregulation in miR-7-2-3p levels (Table 4.1). Since miR-7-5p and
miR-7-2-3p can derive from the same miRNA precursor, our data suggests MIR7-2 is the
genomic locus at which PPAR-α regulation is occurring.
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Our results point to a lipogenic role for miR-7 in the liver as miR-7 overexpression
results in cellular LD and triglyceride accumulation (Figure 4.2a-c).

This steatotic

phenotype is consistent with the observed miR-7-induced gene expression profile as
inhibition of AMPK and ERLIN2 promotes lipid accumulation (Huber et al., 2013; Shi et al.,
2010) and SREBP1 signaling (Huber et al., 2013; Li et al., 2011a). In addition to negative
regulation of SREBP1, ERLIN2 mediates degradation of HMGCR, an enzyme catalyzing the
rate limiting step of cholesterol biosynthesis (Jo et al., 2011), while AMPK acts as a central
metabolic sensor, which upon activation, generally promotes catabolic processes and inhibits
anabolic processes (Long and Zierath, 2006). Furthermore, we also observed upregulation of
CIDEC, whose expression correlates with hepatic steatosis (Langhi and Baldán, 2015; Xu et
al., 2015) (Figure 4.3a). Overall, our results suggest that the lipogenic function of miR-7
results from the cooperative effect of directly inhibiting multiple metabolism-associated
genes.
Our study also revealed miR-7 acts as a novel mediator of cross-talk between the
PPAR-α, LXR-β, and SREBP1 signaling pathways (Figure 4.4). PPAR-α and LXR compete
for RXR binding to mediate their transcriptional effects (Gearing et al., 1993; Willy et al.,
1995).

As PPAR-α mediated activation of miR-7 expression represses LXR-β expression,

increased miR-7 levels should promote PPAR-α signaling by decreasing the LXR-mediated
competition for RXR binding (Tomohiro et al., 2003a; Tomohiro et al., 2003b). Therefore,
our proposed PPAR-α-miR-7-LXR-β signaling axis can account for miR-7’s stimulatory
effect on PPAR signaling (Figures 4.3c and 4.4).

Furthermore, LXR transcriptionally

activates SREBP1 expression (Repa et al., 2000), so PPAR-α mediated suppression of LXR
signalling (Figure 4.3b) should result in decreased SREBP signalling. However, our work
suggests that PPAR-α rheostats its inhibitory effect on the SREBP1 pathway by promoting
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Figure 4.4 Proposed model of miR-7’s role in cross-talk between PPAR, SREBP, and
LXR signaling pathways. PPAR-α positively regulates miR-7 expression. miR-7 represses
the expression of putative targets, LXR-β, ERLIN2, and PRKAA1 (AMPKα1). PPAR-α
competes with LXR-β for binding to RXR to mediate its transcriptional effects. PPAR-αmediated activation of miR-7 expression further suppresses LXR signaling, through direct
targeting of LXR-β. While PPAR-α inhibits LXR-mediated SREBP1 transcriptional
activation, stimulating miR-7 expression appears to rheostat this effect through suppression
of negative regulators of SREBP1 activity (ERLIN2 and AMPKα1).
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miR-7-mediated stimulation of SREBP1 maturation. miR-7-mediated repression of APOA2
and IDE (Figure 4.3b) also points to potential roles for the miRNA in high-density
lipoprotein (HDL) biogenesis and hormone secretion.
APOA2 encodes apolipoprotein II-A, which is the second most abundant protein on
HDLs (Tailleux et al., 2002), suggesting that miR-7-mediated regulation of APOA2
expression could impact HDL biogenesis. Previous work has highlighted an important role
for miR-7 in glucose-stimulated insulin secretion from the pancreas (Latreille et al., 2014).
IDE, or insulin degrading enzyme, encodes an enzyme responsible for catabolism of
glucagon, amylin, and insulin (Maianti et al., 2014; Tang, 2016). Thus our work suggests
miR-7 induced repression of IDE expression could also contribute to miR-7’s regulatory
effects on hormones secreted from the pancreas.
In summary, our data suggest a functional role for miR-7 in hepatic lipid homeostasis
at the intersection of PPAR, SREBP, and LXR signaling pathways. This PPAR-α-regulated
miRNA regulates SREBP1 signaling, hepatocellular lipid accumulation, and cholesterol
metabolism through the concerted regulation of ERLIN2, AMPKα1, and LXR-β. This
evolutionarily conserved miRNA plays a lipogenic role in the liver, and our study opens new
avenues for exploration of miR-7’s regulatory effects in metabolism in the context of other
tissues and systemic energy homeostasis.

Materials and methods
Materials
The Huh7.5 cell line was a kind gift from Dr. Charles M. Rice (Rockefeller University, New
York, NY) and Apath (St. Louis, MO) (Blight et al., 2002). All mirVana miRNA mimics
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and inhibitors, along with controls, were purchased from Ambion (Austin, TX). 2-chloro-5nitro-N-(pyridyl)benzamide (BA; >98%) was purchased from Cayman Chemical Company
(Ann Arbor, MI, USA). GW6471 (>98%) was obtained from Sigma-Aldrich.
Cell culture and transfections
Adherent Huh7.5 and Huh7 cells were cultured in Dulbecco's Modified Eagle Medium
(DMEM; Invitrogen, Burlington, ON) supplemented with 100 nM nonessential amino acids
(NEAA; Gibco, Burlington ,ON), 50 U/mL penicillin, 50 mg/mL streptomycin, and 10%
fetal bovine serum (FBS; PAA Laboratories, Etobicoke, ON). Transfections were performed
using Lipofectamine RNAiMax (Life Technologies, Carlsbad, CA) for miRNA mimics and
inhibitors (Ambion).

Transfections were performed according to the manufacturer’s

protocol. GW6471 and DMSO (vehicle) treatments were performed for 24 h.
HCV infection
JFH-1T strain possesses 3 amino acid changes that enhance infectious virus production and
was derived from the cell culture-adapted JFH-1 strain JFH-AM1 (Russell et al., 2008).
Twenty four hours prior to infection, Huh-7.5 cells were seeded into 6-well plates. On the
following day, cells were inoculated with infectious HCV particles (MOI = 0.1) for 4 h
before the medium was removed and replaced with fresh media. For BA treatments, infected
cells were treated 48 h post-infection with methanol (vehicle) or varying concentrations of
BA. Twenty four hours post drug treatment (72 hours post infection), cell supernatants were
removed and used for infectious HCV titer determination, and cells were lysed with TriZol
(Life Technologies) for RNA isolation.
miRNA microarray analysis
Total RNA isolations were performed using the mirVana miRNA isolation kit according to
the manufacturer’s instructions (Ambion, TX). RNA integrity was verified by 0.8% agarose
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gel electrophoresis. Total RNA (3 μg) was labeled using the Oyster-550 based Flashtag
RNA labelling kit (Genisphere).

miRCURY LNA microRNA Array probe spotting,

microarray hybridization and wash conditions, data extraction and image analysis were
performed as previously described (Singaravelu et al., 2015b). Quantile normalization was
performed using the preprocessCore library of the Bioconductor package in the R
environment. Each array was performed in at least triplicate from three biological replicates.
Comparisons of BA-induced miRNA changes were made with previously obtained miRNA
profiles for methanol (vehicle) and 25-hydroxycholesterol (25-HC) treatment, available at
Gene Expression Omnibus (Series GSE73164).
CARS microscopy
Huh7 cells were seeded in 4.2 cm2 Lab-Tek Chambers Slide System (NUNC). Prior to
imaging, cells were washed twice with phosphate-buffered saline (PBS), and fixed in a 4%
formaldehyde, 4% sucrose solution for 15 min at room temperature. Fixed cells were
subsequently washed twice with PBS for 3 min and stored at 4°C in PBS prior to imaging.
The imaging, quantitative voxel analysis of cellular LD content, and LD sizing was
performed using ImageJ (NIH), as previously described (Lyn et al., 2009; Singaravelu et al.,
2013).
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Triglyceride assay
Cellular triglyceride (TG) levels were analyzed directly by spectrophotometric analyses,
using the BioVision TG quantification kit according to the manufacturer's instructions. TG
levels were normalized to total protein levels, which were quantified using the Bio-Rad DC
protein assay.
mRNA microarray analysis
RNA isolation from Huh7.5 cells was performed with the RNeasy kit (Qiagen). Gene
expression profiling was performed using Affymetrix Human Gene ST.2.0 arrays. Data was
normalized and analyzed using the Affymetrix Expression Console and Transcriptome
Analysis Console (v3.0), according to the manufacturer’s protocols.

Gene ontology,

pathway enrichment, and transcription factor binding site analysis was performed using the
ToppGene Suite (Chen et al., 2009) or Gene Set Enrichment Analysis (GSEA) (Subramanian
et al., 2005). For ToppGene analysis, P values were adjusted with Bonferroni correction. For
GSEA analysis, bi-weight average signals (log2) from Affymetrix arrays were used as input.
The KEGG pathway database was selected for target gene sets, and default settings were
used with the exception of the metric for ranking genes (Ratio of Classes) and permutation
type (Gene Set).
Quantitative RT-PCR
RNA isolation from hepatocytes was performed using TriZol (Life Technologies), RNeasy
kits (Qiagen), or NucleoSpin miRNA (Macherey-Nagel), according to the manufacturer’s
protocol. RNA integrity was confirmed by 0.8% agarose gel electrophoresis in 1X TBE
(Ambion). For mRNA profiling, 10 ng of total RNA was reverse transcribed using the
Superscript II RT kit (Life Technologies) following the manufacturer’s instructions. qPCR
was subsequently performed on an iCycler (Bio-Rad) using iQ SYBR Green SSO Advanced
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Supermix (Bio-Rad), according to the manufacturer’s protocol. Primer sequences are listed
in Table S4.3. Relative miRNA levels were quantified using the Taqman miRNA Assay
(Applied Biosystems), with 10 ng of total RNA used for reverse transcription using the
TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems). For both mRNA and
miRNA quantification, the 2−ΔΔCt method was used to calculate fold changes in expression
relative to mock or control treated samples (Livak and Schmittgen, 2001), with 18S rRNA or
RNU6B levels being used for normalization.
Statistical analysis
Data is presented as the mean of replicates, with error bars representing the standard error of
the mean. Unless otherwise stated, statistical significance was evaluated using Student’s ttest, and P-values less than 0.05 were deemed significant.
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Chapter 5 – General discussion and future
directions
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Elucidation of novel miRNA/mRNA networks regulating hepatic
metabolism
Our work has characterized regulatory roles for miR-27a/b, miR-130b, miR-7, and
miR-185 in the hepatic lipid pathways.

These results, combined with other studies

characterizing miRNAs with functions in cellular metabolism (Moore et al., 2011; Rottiers
and Näär, 2012), point to miRNAs being a critical regulatory layer in the maintenance of
metabolic homeostasis. The majority of our studies analyzing these miRNAs’ functions
were performed in cell culture models; it will be of interest to evaluate the effects of these
miRNAs on systemic metabolism in vivo. These miRNAs will also warrant further
investigation in the context of other metabolic disorders, such as non-alcoholic fatty disease
and diabetes, where altered hepatic miRNA expression has been linked to the disease state
(Fu et al., 2015; Liu et al., 2014b; Sobolewski et al., 2015).
In order to properly regulate carbon flux, significant cross-talk must exist between
lipid and glucose metabolic pathways; for example, glucose availability regulates de novo
lipogenesis (Towle, 2005). Therefore, while our studies have been focused on understanding
the role of these miRNAs in lipid metabolism, they also likely influence glucose
homeostasis. This is supported by studies implicating functional roles for specific hepatic
miRNAs in aspects of both metabolism, including miR-26 (Fu et al., 2015), miR-378 (Liu et
al., 2014b), miR-29 (Dooley et al., 2016; Kurtz et al., 2014), and miR-33 (Dávalos et al.,
2011; Najafi-Shoushtari et al., 2010; Rayner et al., 2010). Therefore, it is likely that miR130b, miR-185, miR-27 and miR-7 each contribute to the regulation of hepatic glucose
metabolism. In fact, miR-130a (Xiao et al., 2014) and miR-185 (Wang et al., 2014b) have
already been implicated in the regulation of hepatic insulin signaling in mice. miR-27 has
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been shown to directly regulate the tumour suppressor FoxO1 (Myatt et al., 2010), a
transcription factor which also regulates gluconeogenesis (Tikhanovich et al., 2013), in
endometrial cancer cells; while mmu-miR-7a is an established regulator of glucose
stimulated insulin secretion in the pancreas of mice (Latreille et al., 2014). Future studies
should examine the effects of these miRNAs on hepatic glucose metabolism in detail.

Role of miRNAs in HCV’s hijacking of hepatic metabolism
Prior to my thesis, it had been well established that the hepatitis C virus is reliant on
lipid metabolic pathways to facilitate its life cycle; however, the host factors implicated in
the HCV life cycle were restricted to coding genes. Our work herein strongly suggests HCV
alters the host miRNA milieu to mediate metabolic alterations to infected cells. HCV
appears to activate the expression of miR-27 and down-regulate miR-185 and miR-130b
levels to modulate the expression of several lipid metabolism associated genes, including
ANGPTL3, PPARA, RXRA, SREBF1, SREBF2, SCD, LDLR, PPARG, AGPAT3, and
SCARB1, and promote hepatocellular lipid accumulation (Figure 5.1).

Overexpression of

miR-27, miR-185, and miR-130b all resulted in decreased HCV replication, and in the case
of miR-185 and miR-130b, decreased HCV virion production. Our work establishes that
modulation of the expression of hepatic miRNAs regulating lipid metabolism can influence
HCV proliferation. Future work should concentrate on the effects of these miRNAs on
different stages of the viral life cycle.
miR-27a/b
We attributed miR-27’s anti-viral effects to PPAR-α repression yielding disruption of
HCV replication complexes, as we had previously observed with a PPAR-α antagonist
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Figure 5.1. HCV-modulated miRNAs’ influence on HCV-host interactions in lipid
pathways. HCV infection represses miR-130b and miR-185 expression and stimulates
miR-27 expression to promote hepatocellular lipid accumulation through dysregulation of
these miRNAs’ targets (shown on right). The miRNAs and proteins that promote lipid
accumulation are highlighted in green and up-regulated in HCV infected cells; conversely
miRNAs and proteins inhibitory to this process are highlighted in red. Adapted 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.
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(Lyn et al., 2009). Subsequent work has suggested miR-27-mediated regulation of LDLR
expression also contributes to miR-27a’s anti-viral effects in HCV-infected mesenchymal
cell-derived hepatocyte-like cells (Choi et al., 2014). Examination of miR-27’s effects on
HCV replication in LDLR deficient and PPAR-α deficient cell lines should enable
discrimination of the relevant contribution of these targets to miR-27’s anti-viral effects.
Future studies in these directions will help unravel the mechanistic details of miR-27’s
influence on the virus.
In addition to PPAR-α regulation, miR-27’s influence on hepatic steatosis also
appeared to be derived from down-regulation of ANGPTL3, a negative regulator of hepatic
lipid uptake (Singaravelu et al., 2014a). Subsequent work confirmed decreased ANGPTL3
expression in HCV infected patients (Foka et al., 2014), consistent with HCV’s induction of
miR-27 expression in vivo (Selitsky et al., 2015; Shirasaki et al., 2013). However, the
authors of this study suggested HCV core represses ANGPTL3 expression at the level of
transcription, through inhibition of the liver enriched transcription factor hepatocyte nuclear
factor 1 (HNF1) (Foka et al., 2014). Taken together with our observations (Singaravelu et
al., 2014a), it appears that HCV has evolved multiple mechanisms to regulate ANGPTL3
expression to increase hepatocyte lipid uptake. Future work should evaluate the relative
importance of these mechanisms.
miR-185
miR-185 repressed the expression of host factors with roles in HCV entry (LDLR and
SCARB1), replication (SCD1 and AGPAT3), assembly (SREBP2), and cell-to-cell
transmission (SCARB1) (Singaravelu et al., 2015b). This is an excellent example of a
miRNA, which has evolved to regulate multiple nodes of a functionally-associated gene
network to have a greater overall regulatory effect. Furthermore, given the intimate link
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between HCV and lipids, the regulation of multiple aspects of hepatic lipid metabolism also
confers miR-185 significant regulatory effects on the HCV life cycle. Future work should to
aim identify and study the relevant contribution of each target to miR-185’s overall anti-viral
effects on the viral life cycle.
miR-130b
miR-130b also exhibited significant anti-viral effects against HCV; however, we
weren’t able to establish a clear link between its regulation of hepatic lipid storage, through
targeting of PPAR-γ and LDLR, to its inhibition of HCV replication (Singaravelu et al.,
2015b). Interestingly, the miR-130 family has been shown to exhibit anti-viral activity
against several different viruses, albeit via different mechanisms. miR-130a’s regulation of
PPAR-γ yields anti-viral effects against another hepatotropic virus, hepatitis B virus (HBV)
as PPAR-γ stimulates HBV replication (Huang et al., 2015).

An independent study

demonstrated that miR-130 family inhibits porcine reproductive and respiratory syndrome
virus (PRRSV) replication, both in vitro and in vivo, through direct interaction with the
5’UTR of the viral genome (Li et al., 2015). Independent of these unique mechanisms, miR130b may have a broadly anti-viral role mediated through stimulation of IFN production, as
demonstrated by our group and others in hepatoma cells (Li et al., 2014; Singaravelu et al.,
2015b); however, the mechanism by which miR-130b regulates the innate immune response
remains unclear, and future work should aim to delineate the miRNA’s mechanism of action.
miR-7
In Chapter 4, we compared the miRNA signatures associated with 25-HC treatment
and PPAR-α antagonism to identify miRNAs mediating cross-talk between PPAR, LXR, and
SREBP signaling.

In general, this may be an effective strategy to elucidate non-coding

RNAs that enable two different signaling pathways to “communicate”. Using this strategy,
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we uncovered a role for miR-7 in regulating hepatic lipid metabolism. Our gene expression
profiling results suggested miR-7 mediates cross-talk between LXR-β and PPAR-α-regulated
pathways, and stimulates SREBP1 signaling.

These are all pathways that have been

implicated in the HCV life cycle; therefore, it is likely that miR-7 influences HCV
proliferation. Regulation of SREBP signaling should have an impact on HCV assembly,
since this stage of the viral life cycle is dependent on LD accumulation (Li et al., 2013a).
Future work should investigate the effect of miR-7 on the different stages of the HCV life
cycle.
Interestingly, the HBV protein X (HBx) activates miR-7 expression in hepatoma cells
(Chen et al., 2013). Although HBV and HCV belong to phylogenetically unrelated families
of viruses, chronic HBV infection can also result in disruption of hepatic lipid homeostasis in
patients. In particular, HBx-transgenic mice display increased SREBP1 expression (Kim et
al., 2007). Taken together with our study’s results, HBx-induced miR-7 expression may
contribute to the viral protein’s activation of SREBP1-mediated lipogenesis and HBVassociated aberrant lipid metabolism.
miRNAs and HCV-associated steatosis
HCV genotype 3a infection is associated with increased severity of steatosis (RubbiaBrandt et al., 2000), which has been associated with accelerated rate of fibrosis (Asselah et
al., 2006). A few molecular determinants have been identified to explain this genotypespecific phenomenon (Roingeard, 2013), with the HCV core protein appears to play a
predominant role (Abid et al., 2005; Clément et al., 2011; Hourioux et al., 2007; Jhaveri et
al., 2008).

Since miR-130b, miR-185, and miR-7 regulate PPAR and SREBP signaling,

two pathways linked to the increased severity of steatosis in HCV genotype 3a infected
patients (Roingeard, 2013), future work should analyze the effects of viral diversity on the
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modulation of these miRNAs’ expression levels. It is plausible that differential modulation
of non-coding RNA expression may rationalize the differences in the severity of steatosis
between HCV genotypes.
Recent work has shed light on the potential of serum miRNAs as non-invasive
biomarkers of liver disease (Bala et al., 2012). In fact, the levels of miR-16, miR-33, miR34a, miR-122, miR-136, and miR-224

have already been found to correlate with the

presence or severity of HCV steatosis (Boštjančič et al., 2015; Cermelli et al., 2011; Lendvai
et al., 2014). Future work should similarly examine the prognostic value of serum miR-7,
miR-185, miR-130b, and miR-27 levels in similar contexts.

Systematic approaches to identify miRNAs regulating virus-associated
pathways
Several studies have demonstrated aberrant miRNA expression during viral infection.
It appears that viruses utilize modulation of host miRNA expression as a common strategy to
fine tune specific host pathways influencing viral pathogenesis (Kim et al., 2015; Kitab et al.,
2015; Singaravelu et al., 2014b).

Traditional miRNA profiling studies, comparing the

miRNA signatures of virus-infected and healthy cells, can produce several miRNA
candidates of potential interest. It remains challenging to prioritize which of these miRNAs
are likely to influence the virus through regulation of host pathways, and, therefore, warrant
functional analysis.

Furthermore, given the context-specific function of miRNAs,

elucidation of the function of miRNAs based off nucleotide sequence isn’t always
straightforward, as evidenced by the false positives and false negatives associated with
individual computational algorithms for miRNA target prediction (Min and Yoon, 2010).
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One strategy to identify pro- and anti-viral miRNAs, which circumvents the need to
characterize miRNA function is screening of miRNA inhibitors and mimics.

In fact, this

strategy proved quite effective in was able to identify miR-199a-3p as an inhibitor of the
herpesvirus family through regulation of the PI3K pathway (Santhakumar et al., 2010).
However, this type of strategy can prove laborious, and it can prove costly to purchase
mimics and/or inhibitors for each individual miRNA of interest. Our work herein developed
a more rapid and cost-effective approach.
My thesis work described the use of small molecules to systematically identify
miRNA regulators of HCV-associated host pathways (SMART). SMART comprises of a
comparison of the miRNA signature of viral infection to the miRNA signature associated
with inhibition of a virus-associated host pathway to produce a list of miRNAs modulated by
the virus to hijack the specific host pathway. Our work utilized a small molecule modulator
of specific host pathways associated with HCV’s life cycle, 25-HC, to identify miR-185 as a
regulator of the HCV’s hijacking of hepatic lipid metabolism. Specifically, the use of 25-HC
allowed us to filter putative pathologically relevant miR-185 targets by focusing on genes
with functional roles in metabolic pathways. Collectively, this demonstrates the potential of
the SMART strategy to not only identify anti-viral miRNAs, but, in parallel, the host
pathways regulated by miRNAs to influence the virus.
This strategy could easily be extended to identify miRNAs regulating other microbes’
pathogenesis, and different host pathways could be targeted through the use of appropriate
small molecules. This approach could also be applied to look at the role of other non-coding
RNA families in microbe pathogenesis.

For example, we currently have a limited

understanding of lncRNAs’ functions; however, given their implication in diverse biological
processes (Zhao and Lin, 2015), it is likely that a subset of these lncRNAs have the capacity
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to influence viral pathogenesis, and the application of an adapted SMART strategy could
prove useful in determining these lncRNAs’ identities.
In future implementations of the SMART strategy, it may prove beneficial to utilize
siRNAs targeting major regulators of host pathways of interest to produce a complementary
miRNA profile for analysis. Comparison of small molecule and siRNA-associated miRNA
profiles would help distinguish changes in miRNA expression resulting from off-target
effects of the small molecule (and the siRNA). Also, comparing miRNA profiles associated
with an agonist and an antagonist of the virus-associated host pathway may allow one to
further enrich the list of candidates for miRNAs regulating the pathway of interest.
In future work, it will also be of interest to consider the impact of single nucleotide
polymorphisms (SNPs) on miRNA regulation of host-virus interactions. A recent report
described an alternative approach for genome-wide identification of miRNAs with regulatory
functions in lipid homeostasis based on their proximity of the gene loci encoding the
miRNAs to SNPs associated with abnormal circulating lipid levels to disease (Wagschal et
al., 2015).

In the latter study, the authors also identified miR-130b as a regulator of

cholesterol-lipoprotein trafficking through repression of LDLR (Wagschal et al., 2015),
consistent with our results (Singaravelu et al., 2015b). As genetic variants influencing the
progression of HCV infection have been identified, it is worth considering whether noncoding RNAs expressed from genomic regions in proximity to these SNPs regulate HCV
proliferation through regulation of HCV-associated host pathways. When located in the
3’UTR encoding exons, SNPs also have the potential to alter miRNA regulation of host-virus
interactions through disrupting miRNA regulation of host transcripts. This phenomenon was
previously described for a functional polymorphism in the 3’UTR of IFNL3, a gene
encoding IFN-λ3 (McFarland et al., 2014). This SNP disrupted the binding of HCV-induced
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miRNAs, miR-208b and miR-499a, to the IFNL3 3’UTR, yielding increased stability of the
IFNL3 mRNA, potentially explaining the SNP’s link to a viral clearance (McFarland et al.,
2014). Since several studies have identified SNPs associated with the course and outcome
of HCV infection (Matsuura and Tanaka, 2015), including SNPs in human lipid metabolismassociated genes, such as LDLR, MTTP, PPARG, and patatin-like phospholipase family 3
protein (PNPLA3) (Cai et al., 2011; Hennig et al., 2002), it is tempting to speculate that a
subset of these SNPs alter non-coding RNA regulation of HCV’s hijacking of lipid
pathways.

miR-185 and 25-HC mediated innate anti-viral response
Our work has highlighted a novel role for miR-185 in the immunometabolic
response. We demonstrated that 25-HC induction of miR-185 in the liver helps combat viral
infection. Future work will examine if this mechanism is conserved in the context of other
tissues.

Since the publication of our study elucidating miR-185’s involvement in 25-

hydroxycholesterol-mediated suppression of lipid metabolic pathways during the anti-viral
response (Singaravelu et al., 2015b), York et al. described a stimulatory role for suppression
of cholesterol biosynthesis in interferon signaling (York et al., 2015). Inhibition of lipid
biosynthesis primes interferon signaling as illustrated by the heightened anti-viral immunity
observed in SREBP2-/- mouse embryonic fibroblasts and SCAP-/- bone marrow-derived
macrophages (York et al., 2015). This priming effect was attributed to increased activity of
the ER resident protein Stimulator of Interferon Genes (STING), an inducer of interferon
production (York et al., 2015). This suggests that, in addition to depriving viruses of
cholesterol required for their life cycles, miR-185’s inhibition of cholesterol likely stimulates

122

the STING-dependent activation of IFN signaling as part of the anti-viral response. The
majority of our work investigated miR-185’s function was performed in Huh7.5 cells, which
are deficient in the production of interferon. It will be of interest to examine whether miR185 has enhanced anti-viral effects in cell lines with robust IFN production.
In addition to its anti-viral effects, recent work highlighted a role for 25-HC in the
regulation of inflammasome activity (Reboldi et al., 2014).

SREBP transcriptionally

activates interleukin 1B (IL-1B) expression, and 25-HC-mediated inhibition of SREBP
processing leads to suppression of IL-1B activated inflammation (Reboldi et al., 2014).
Since miR-185 represses the expression of SREBPs (Singaravelu et al., 2015b), future work
should examine if miR-185 similarly represses IL1B-driven inflammation.

General conclusions
In my thesis work, we established novel miRNA/mRNA regulatory modules that act
as a critical regulatory layer in metabolic signaling pathways. Our miRNA profiling work
revealed miR-27, miR-130b, miR-7, and miR-185 as miRNAs which co-operate to maintain
triglyceride and cholesterol homeostasis in the liver.

We also developed a systematic

approach to identify miRNAs regulating virus-associated host pathways.

The Small

Molecule-mediated annotation of miRNAs targets (SMART) approach allowed for facile
identification of miRNAs capable of influencing viruses through regulation of critical host
pathways. HCV modulates the expression of miR-27, miR-130b and miR-185 to promote
hepatic lipid accumulation, and increasing the levels of these three miRNAs could
independently inhibit the virus. We also identified miR-185 as a regulator of the 25-HCmediated immunometabolic anti-viral response. Interestingly, HCV counteracts these antiviral effects by actively suppressing miR-185 expression.
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Overall, my thesis work

highlighted miRNAs as regulators of hepatic metabolism and point to exciting roles for
miRNAs as mediators of the emerging link between lipid pathways and innate immunity.
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Contributions of all collaborators are delineated in the preface sections of Chapters 2-4.
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Supplemental information for Chapter 2
Supplemental materials and methods
Cell Culture, transfections, and infections
Adherent Huh7.5 and Huh7 cells were cultured in Dulbecco's Modified Eagle Medium
(DMEM; Invitrogen, Burlington, ON) supplemented with 100 nM nonessential amino acids
(NEAA), 50 U/mL penicillin, 50 mg/mL streptomycin, and 10% fetal bovine serum (FBS;
PAA Laboratories, Etobicoke, ON). Transfections were done using DMRIE-C (Invitrogen)
for the HCV subgenomic replicon (SGR) RNA and Lipofectamine 2000 (Invitrogen) for both
the psiCheck2 (Promega, Madison, WI), miRNA mimics and inhibitors (Ambion, Austin,
TX). All transfections were performed following the manufacturers’ protocols. HCV SGR
transfection efficiency was confirmed via luciferase assay.

2-chloro-5-nitro-N-

(pyridyl)benzamide (Calbiochem, San Diego, CA) and bezafibrate (Cedarlane, Burlington,
ON), LY294002 (Selleck Chem, Houston, TX) treatments were performed at the described
concentrations after washing cells with 1X PBS.
JFH-1T harbors 3 amino acid changes that enhance infectious virus production and was
derived from the cell culture-adapted JFH-1 strain JFH-AM1, as previously described
(Russell et al., 2008). JFH-1T infections of Huh7.5 were performed in 6-well plates. In
brief, cells were seeded with 2x105 cells per well. 24 hours later, cells were either infected
with JFH-1T (MOI = 0.1) or mock infected. 4hrs post-infection (or mock infection), medium
was removed and replaced with fresh medium (the normal DMEM + 10 % FCS). Cells were
harvested for RNA isolation 72 hours post-infection.

154

Cytotoxicity assay
Post-transfection, cytotoxicity was evaluated using MTT assays as previously described
(Kennedy et al., 2009; Kennedy et al., 2011). After two PBS washes, 50 µL of 2.5 mg/mL
MTT in PBS was added to each well. The cells were incubated with MTT for 3 hrs, and the
media was aspirated. The remaining formazzan crystals were solubilized in 150 µL of
DMSO. Absorbance of the wells was then measured on a Spectra Max M2 (Molecular
Devices), and the data was recorded using Softmax Pro 4.7 software with a pre-shake time of
10 seconds.
Triglyceride assay
Triglyceride concentrations were analyzed directly by spectrophotometric analyses, using the
triglyceride quantification kit (BioVision, Mountain View, CA) according to the
manufacturer's instructions. For triglyceride assays, total protein levels in lysates were
quantified with the DC protein assay (Bio-Rad, Hercules, CA). Triglyceride levels were
expressed as nmol/mg protein.
Quantitative RT-PCR
MicroRNA levels were quantified using the Taqman MicroRNA Assay (Applied
Biosystems, Foster City, CA). In brief, 10 ng of total RNA was reverse transcribed using the
TaqMan MicroRNA Reverse Transcription Kit. miRNA levels were analyzed using the
Taqman real-time (qRT-PCR) method (Chen et al., 2005). Each PCR sample included 1X
Universal Taqman PCR Master Mix (Applied Biosystems), TaqMan probes against either U6
RNA or miR-27a/b (Applied Biosystems), forward primer, and the universal reverse primer.
For mRNA and HCV RNA levels, 500 ng of total RNA was used for cDNA synthesis using
the Superscript II kit (Invitrogen, Burlington, ON) according to the manufacturer's protocol.
Quantitative PCR (qPCR) was subsequently performed on an iCycler (Bio-Rad) using iQ
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SYBR Green Supermix (Bio-Rad), as per manufacturer’s protocol. Primer sequences are
listed in Table S2.1. A 20 μL reaction was assembled according to the manufacturer's
protocol.

For data analysis, the 2− ΔΔCt method was used and mean fold changes in

expression are shown relative to mock or control transfected samples (Livak and Schmittgen,
2001).
RNA isolation
RNA isolation from hepatocytes was performed using TriZol (Invitrogen) as per the
manufacturer’s protocol. RNA integrity was confirmed by electrophoresis on 0.8% agarose
gel in 1X TBE (Ambion, Austin, TX).
In vitro transcription
In vitro transcripts were synthesized using the MEGAscript T7 kit (Ambion) according to the
manufacturer's protocol. Briefly, the template DNA was linearized with the restriction
enzyme ScaI (New England Biolabs, Pickering, ON), ethanol precipitated for 30 min, and
subsequently resuspended in RNase-free water to a final concentration of 0.5 μg/μL. The
IVT reaction was set up in a final volume of 20 μL and incubated at 37 °C for 4 h. In order to
degrade the template DNA, 1 μL of DNase I was added and the reaction was incubated for an
additional 15 min at 37 °C. The in vitro transcripts were then cleaned up using the
MEGAclear™ kit (Ambion) according to the manufacturer's protocol. The concentration was
determined by measurement of the absorbance at 260 nm with an ND-1000
spectrophotometer (NanoDrop Technologies, Rockland, DE), and RNA integrity was
verified by electrophoresis on 0.8% agarose gel in TBE.
Immunoblot analysis
Huh7.5-FGR cells were seeded with 2.5×105 cells in 6 well plates for preparation of Western
blot lysates. After transfection with miR-27 or control mimics and inhibitors, as described
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previously, cells were washed twice with PBS and lysed with an SDS lysis buffer consisting
of 50 mM Tris–HCl (pH 6.8), 2% SDS, and 10% glycerol. A protease inhibitor cocktail mix
(Roche Diagnostics, Penzberg, Germany) was added to each extract. The protein
concentration of each sample was quantified using the Bio-Rad DC Protein Assay according
to the manufacturer's protocol. Prior to loading, 10% v/v of DTT and bromophenol blue (1:1)
were added to each sample, and 30-60 µg/well was loaded onto a SDS–PAGE gel (10%
resolving, 4% stacking gel). The resolved proteins were transferred to a Hybond-P
(Amersham Biosciences, Piscataway, NJ) polyvinylidene difluoride membrane. The
membrane was probed using a mouse anti-NS5A (1:3000 dilution, Virogen, Boston, MA),
mouse anti-NS3 (1:3000 dilution, Virostat, Portland, ME), or mouse anti-PTP1D (1:10000
dilution; Sigma, Saint Louis, MO) primary antibodies followed by a secondary (HRP)conjugated goat anti-mouse IgG antibody (1:10,000 dilution, Jackson ImmunoResearch
Laboratories, Inc., Westgrove, PA). Protein bands were visualized by Western Lightning
Western Blot Chemiluminescence reagents (GE Healthcare, Baie d'Urfé, QC) according to
the manufacturer's protocol.
Statistical analysis
Student’s t-test was used to analyze the data, and P-values less than 0.05 were deemed
significant.
miRNA sensors and luciferase assays
miR-27b sensor plasmid was constructed as previously described.(Okamura et al., 2007)
Briefly, an insert containing two complementary sequences to the guide strand of miR-27b
was cloned into the 3’UTR of the Renilla luciferase gene of the psiCheck-2 vector
(Promega). Sequences corresponding to the oligonucleotides to make the inserts for the
miR-27 sensor cloning are listed in Table S2.1. Dual luciferase assays for psiCheck2 vector
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transfected cells were performed as previously described (Dyer et al., 2000).

For co-

transfections of reporter and sensor plasmids, the viral protein expressing plasmids were
described elsewhere (Nasheri et al., 2013). The control pTriEx4-CFP plasmid was derived
from a previously described pOpsin-CFP (Koukiekolo et al., 2009) using the following
primers

and

restriction

sites:

AAGGAAAAAAGCGGCCGCAATGGTGAGCAAGGGCGAGG (Forward – NotI site) and
CGACCATGGCTTGTACAGCTCGTCCATGC (Reverse – XhoI site).

Individual viral

proteins was confirmed via Western blot, as described elsewhere (Nasheri et al., 2013). The
procedure for single luciferase assays performed to confirm transient transfection efficiency
of HCV SGR is described elsewhere (Nasheri et al., 2011).
Generation of SCID/beige-Alb/uPA chimeric mice
All mice were housed and maintained under specific pathogen-free conditions according to
Canadian Council on Animal Care guidelines. SCID-beige/Alb-uPa mice were transplanted
with human primary hepatocytes as described previously (Mercer et al., 2001).
Cryopreserved human primary hepatocytes were purchased from CellDirect Inc, USA. Each
lot number represents a distinct donor individual. In this study, two lots of cells were used:
Hu8063 and Hu8085. Four and eight weeks after transplantation, human hepatocyte
repopulation levels were determined by measuring human albumin in mouse serum using
sandwich ELISA. Briefly, the sandwich ELISA was performed using goat anti-human
albumin antibody (Cedarlane) as capture antibody, goat anti-human albumin antibody
conjugated with HRP (BETHYL) as detection antibody and TMB microwell peroxidase
substrate system (KPL) for detection. Human hepatocyte repopulation of profiled mice
samples were characterized as previously described (Walters et al., 2006). On average,
percentage human hepatocyte repopulation was 87 + 2 % (SEM).
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Chimeric animals with human albumin concentrations at 1000 ug/mL or higher at
eight weeks post transplantation were used for HCV infection studies. For viral infection,
animals received a single intravenous injection of human patient HCV-positive serum. Two
isolates of HCV viruses were used in this study: HCV genotype 1a and HCV genotype 2a.
Mice were terminated by cervical dislocation, and the livers were excised, dissected into
small pieces, and then snap frozen in liquid nitrogen or fixed in formalin for further
histological and molecular analyses. Total RNA was then isolated according to a standard
TriZOL procedure.
HCV RNA was extracted from 30ul mouse serum samples using High Pure Viral
Nucleic Acid kit (Roche) following the instructions. Extracted RNA samples was dried in
speedvaccum at 60C for 1.5 hours, followed by reverse transcription using HCV specific
reverse primer 3’-GTG TTT CTT TTG GTT TTT CTT TGA GGT TTA GG-5’ and
ThermoScript™ reverse transcriptase (Invitrogen). Real-time quantification PCR was
performed in ABI 7900 Real Time PCR system and Taqman chemistry with HCV specific
primers and probe: forward primer 3’-TCT GCG GAA CCG GTG AGT A-5’, reverse primer
as described above and probe 5'-/56-FAM/ CAC GGT CTA CGA GAC CTC CCG GGG
CAC /36-TAMTSp/-3'. Known references of cloned HCV genomic cDNA were amplified in
parallel to establish a standard curve for quantification. The PCR efficiency was determined
by the slope of the standard curve. Viral load was determined using the Applied Biosystems
SDS Software 2.3 (Applied Biosystems). Quantification of HCV intrahepatic RNA levels
was performed on the same total RNA sample that was used for the gene expression real
time PCR experiments. cDNA was synthesized using M-MLV (Invitrogen) and random
primer oligonucleotides (Invitrogen), followed by quantitative realtime PCR as described
above. Gene expression real-time PCR of human-specific hypoxanthine-guanine
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phosphoribosyltransferase-1

(HPRT-1)

levels

(forward

primer:

CTTGGTCAGGCAGTATAATCCA, reverse primer: CAAATCCAACAAAGTC TGGCT)
was run in parallel for human-content normalization purpose.
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Supplemental figures and tables

hsa-miR-27a
mmu-miR-27a
rno-miR-27a
ptr-miR-27a
cfa-miR-27a

uucacaguggcuaaguuccgc
uucacaguggcuaaguuccgc
uucacaguggcuaaguuccgc
uucacaguggcuaaguuccgcc
uucacaguggcuaaguuccg

hsa-miR-27b
mmu-miR-27b
rno-miR-27b
ptr-miR-27b
cfa-miR-27b

uucacaguggcuaaguucugc
uucacaguggcuaaguucugc
uucacaguggcuaaguucugc
uucacaguggcuaaguucugc
uucacaguggcuaaguucugc

Figure S2.1. miR-27 isoforms and conservation of sequence. Sequences of both isoforms
of miR-27 (a and b) are depicted. The single nucleotide difference in miRNA sequences in
conserved across species. Since, only one nucleotide separates the two miRNAs, the
majority of computational target prediction algorithms predict the same subset of genes as
targets of miR-27a and b. Therefore, target validation was restricted to miR-27b, but the
results are assumed to be applicable for both isoforms.
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Figure S2.2. Overexpression of HCV viral proteins yields increases in expression of
both miR-27 isoforms. Huh7 cells were transfected with plasmids expressing core and
NS4B. RNA was isolated 48 hours post-transfection and qRT-PCR was performed to
measure relative expression of miR-27a and miR-27b relative to mock. All miR-27
expression values were normalized to RNU6B levels (housekeeping gene). Error bars
represent the standard error of the mean (n>2).
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Figure S2.3. HCV core and NS4B activate miR-27 activity in a PI3K pathwaydependent manner. Huh7 cells were co-transfected with dual luciferase reporter plasmid
bearing tandem wildtype (a) or mutant (b) miR-27 binding sites in the 3’UTR of the Renilla
luciferase gene and plasmids expressing core and NS4B. Four hours post-transfection, cells
were treated with either LY290042, a PI3K inhibitor, or DMSO (mock). Forty hours posttreatment, cells were lysed and luciferase activity was measured. Luciferase activity was
normalized by firefly luciferase activity for transfection efficiency and plotted as fold change
relative to cells transfected with the reporter construct alone (mock). Error bars represent
standard error of the mean for three independent trials.

163

Figure S2.4. Validation of miRNA mimic and inhibitor activity. Huh7 cells were cotransfected with dual luciferase reporter plasmid bearing tandem wildtype miR-27 binding
sites in the 3’UTR of the Renilla luciferase gene and 20 nM miR-27b or control mimics and
inhibitors for 48 hours. The wildtype sensor plasmid contained two perfectly complementary
miR-27b binding sites spanning the entire guide strand, while the mutant sensor plasmid
contained three mutations in the seed sequence region of miR-27b. Luciferase activity was
normalized by firefly luciferase activity for transfection efficiency and plotted as fold change
relative to cells transfected with only the reporter construct (mock). Error bars represent the
standard deviation of two independent trials.
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Figure S2.5. miR-27 overexpression induces lipid accumulation in Huh7.5 cells. (a)
Representative CARS images are shown of Huh7.5 cells transfected with 20 nM miR-27b or
control mimics. Cells were fixed 48 hours post-transfection. Scale bars shown represents 10
μm. The results of voxel analysis are shown in (b) and represent the percentage cellular lipid
volume. Voxel analysis is representative of n > 30 cells. Error bars represent the standard
error of the mean.

165

Figure S2.6. Cytotoxicity of miR-27b mimic and inhibitor transfections. (a) Cell
viability relative to mock is shown for Huh7 cells transfected with 20 nM miR-27b or control
mimics and inhibitors. MTT assays were performed 48 hours post-transfection. No
significant cytotoxicity was observed. Error bars represent standard deviation (n=4). (b)
Analogous results are displayed for Huh7.5-FGR cells transfected with 100 nM miR-27b or
control mimics and inhibitors for 72 hours (n=3).
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Figure S2.7. miR-27b regulates key genes involved in triglyceride homeostasis. (a)
Huh7.5-FGR cells were transfected with either 20 nM control (n=2) or miR-27b mimics
(n=3). Total RNA was isolated 72 hours post-transfection and real-time PCR was used to
measure the abundance of miR-27 gene targets associated with lipid metabolism. RNA
abundance was normalized relative to control levels. Error bars represent the standard error
of the mean. (b) The miR-27b predicted binding sites and their conservation across various
species are depicted.
Predicted sites were obtained from Targetscan
(http://www.targetscan.org/). Numbering of nucleotides is based off the first nucleotide of
either the open reading frame (ORF) or 3’UTR for the human transcript mRNA. Similar
binding of these targets is predicted for miR-27a. For the ANGPTL3 ORF site, rare codons
preceding miRNA binding site are highlighted by yellow boxes. Rare codons were
designated as having a codon frequency less than 12.5 per thousand as designated by the
codon usage database (http://www.kazusa.or.jp/codon/).
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BA

Mock

Figure S2.8. PPAR-α antagonism in Huh7 cells induces lipid accumulation. Huh7 cells
were treated with a PPAR antagonist, 2-chloro-5-nitro-N-(pyridyl)benzamide (BA) or
vehicle (methanol; mock). Six hours post-treatment, samples were fixed and imaged using
CARS microscopy to visualize hepatic lipid content. We observed a significant increase in
triglyceride levels, similar to the phenotype observed during miR-27 overexpression.
Representative images are shown (n=3). Scale bars shown represent 10 µm.
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Figure S2.9. miR-27-mediated repression of RXR-α expression is insufficient to induce
lipid accumulation. (a) Huh7.5-FGR cells were transfected with 100 nM control or miR27b mimic. 72 hours post-transfection, RNA was isolated and RXR-α levels were profiled
via qRT-PCR. RNA levels were normalized to control levels. Standard error of the mean is
shown (n=3). (b) The miR-27b predicted binding sites in RXR-α mRNA and their
conservation across various species are depicted. Numbering of nucleotides is based off the
first nucleotide of the 3’UTR. Similar binding of this target is predicted for miR-27a. (c)
Huh7 cells were treated with either UVI-3003, a small molecule antagonist of RXR-α
interactions with all nuclear receptors, or its vehicle (DMSO; mock). UVI-3003 treatment
was insufficient to induce a change in cellular lipid phenotype – suggesting miR-27 induced
changes in lipid levels are independent of its regulation of RXR-α expression.
Representative images are shown. Scale bars shown represent 10 µm.
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Figure S2.10. miR-27b inhibition decreases extracellular JFH-1T HCV infectivity.
Huh7.5 cells were co-transfected with either control or miR-27b mimics and inhibitors at 100
nM and JFH-1T HCV RNA. 72 hours post-transfection, intracellular HCV RNA levels were
profiled via qRT-PCR (a). Supernatants were used to infect naïve Huh7.5 cells, and 72
hours post-infection, qRT-PCR was performed to measure relative extracellular infectivity
(b). Error bars represent standard of the mean (n > 2).
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Figure S2.11. HCV infection of SCID-beige/Alb-uPa mice. HCV viremia RNA (right
panel) and intrahepatic HCV RNA (left panel) levels of HCV infected SCID-beige/Alb-uPa
mice. Mice were infected with clinical isolates of genotype 1a (gt1) or 2a (gt2) and samples
were taken at either 21 days or 7 weeks. Each bar corresponds to an individual infected
mouse. Two sets of donor hepatocytes (Hu0865 and Hu0863) were used for this study.
Viremia RNA levels are shown in genome equivalents per mL (GE/mL) while intrahepatic
HCV RNA levels were normalized by HPRT expression levels, as described in Supplemental
Materials and Methods.
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Table S2.1. List of oligonucleotides

*mutations of miR-27b seed sequence highlighted in green
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Supplemental information for Chapter 3
Supplemental figures and tables

Figure S3.1. 25-hydroxycholesterol (25-HC) inhibits HCV replication. Dose response
curve of 25-HC inhibition of HCV replication in Huh7.5 cells infected with JFH-1T. (IC50 =
1.5 μM). Huh7.5 cells were treated with a concentration range of 25-HC for 24 hours, and
then infected with JFH1T (MOI=0.1). 48 hours post-infection, qPCR analysis was performed
to measure relative intracellular HCV RNA levels. Values for each trial were normalized to
vehicle (methanol) conditions.
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Figure S3.2. 25-hydroxycholesterol (25-HC) inhibits Dengue virus infectivity. (a)-(b),
Huh7.5 cells were treated with 5 μM 25-HC for 24 hours, and then infected with Dengue
virus (MOI=5). 48 hours post-infection, supernatants were then used to infect Vero cells
(n=3) and plaque assays were performed to measure infectivity (a). Values for each trial
were normalized to vehicle (methanol) conditions. Intracellular Dengue viral RNA levels
were measured by qPCR (n=3) and expression levels relative to mock are shown (b). Data
represents mean values  s.e. Unpaired two-tailed t-test was used to evaluate statistical
significance. (*P ≤ 0.05)
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Figure S3.3. Overview of general application of SMART technique towards
identification of pathways regulated by miRNAs modulated by pathogens or in disease
states.
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Figure S3.4. Functional analysis of the role of 25-HC regulated miRNAs in HCV
replication. (a) qRT-PCR analysis of relative intracellular HCV RNA levels in abundance in
Huh7.5-FGR cells transfected with control, miR-130b, or miR-185 inhibitors at indicated
concentrations (n ≥ 3). (b) qRT-PCR analysis of relative intracellular HCV RNA levels in
Huh7.5-FGR cells transfected with 100 nM control or miRNA inhibitors (n=3). Data
represents mean values  s.e. Unpaired two-tailed t-test was used to evaluate statistical
significance. (*P ≤ 0.05)
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Figure S3.5. HCV represses miR-185 expression. Huh7.5 cells were either mock infected
or infected with a high titer strain of HCV (JFH-1T). 72 hours post-infection, cells were
lysed. qRT-PCR analysis of relative miRNA expression was performed to validate a subset
of miRNAs that were differentially expressed during HCV infection (>1.5 fold; P < 0.05).
Data represents mean values (n=2).
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Figure S3.6. 25-HC–stimulated miRNAs inhibit HCV infection. (a) qRT-PCR analysis of
relative intracellular HCV RNA levels in JFH-HS infected Huh7.5 cells transfected with 100
nM control or miR-185 mimics. Data represents mean values  s.e (n=3). Unpaired twotailed t-test was used to evaluate statistical significance. (*P ≤ 0.05) (b) qRT-PCR analysis
of relative intracellular HCV RNA abundance in JFH-HS infected Huh7.5 cells transfected
with control or miR-185 inhibitor (n=2). Data represents mean values.
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Figure S3.7. 25-HC–stimulated miRNAs regulate hepatic lipid metabolism. (a)–(b)
Relative mRNA expression level of miR-185 targets in 100 nM control and miR-185 mimic
transfected (a) JFH-HS and (b) JFH-1T infected Huh7.5 cells (n ≥ 3). Data represents mean
values  s.e. (c) Western blot analysis of miR-185 and miR-130b target protein expression
in Huh7.5-FGR cells transfected with 100 nM control or miR-130b mimic, 72 hours posttransfection. Mature (M) and precursor (P) forms of SREBP2 are shown. Band
corresponding to the processed form of LDLR is shown. β-tubulin serves as a loading
control. Relative miRNA target protein levels to control were quantified using ImageJ.
Image is representative of three independent experiments. (d) Western blot analysis of
LDLR expression in Huh7.5-FGR cells transfected with 100 nM control, miR-185, or miR130b mimics at the indicated concentrations. Band corresponding to the processed form of
LDLR is shown. β-tubulin serves as a loading control. Image is representative of two
independent experiments. Relative miRNA target protein levels to control were quantified
using ImageJ. Unpaired two-tailed t-test was used to evaluate statistical significance. (*P ≤
0.05)
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Figure S3.8. 25-HC–stimulated miRNAs directly regulate SCD1, AGPAT3, SREBP2,
and LDLR. (a)–(d) Relative luciferase reporter activity in Hek293 cells transfected with
bicistronic vectors encoding firefly luciferase with the 3’UTRs of (a) SREBP2, (b)
AGPAT3, (c) SCD, and (d) LDLR bearing the wildtype (WT) and mutated (PM) miR-185
binding sites. 24 hours post-transfection, cells were transfected with 50 nM control (Con
miR) or miR-185 mimics. 48 hours later, dual luciferase activity was analyzed, and Renilla
luciferase signal was used to normalize for transfection efficiency. (e) Analogous
experiments were performed with miR-130b binding sites in LDLR 3’UTR. Data are
expressed as mean % of 3′UTR activity relative to control miRNA transfected samples
(n>5). Binding sites taken from TargetScan (Friedman et al., 2009). In all instances,
mutations of predicted sites rescued luciferase signaling demonstrating direct targeting of the
miRNA to the 3’UTR. Data represents mean values  s.e. Unpaired two-tailed t-test was
used to evaluate statistical significance. (*P ≤ 0.05)
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Figure S3.9. Conservation of miRNA recognition elements in direct targets of 25-HC–
stimulated miRNAs. (a)–(d), Sequence conservation of miR-185 binding sites across
vertebrates (Hsa = Homo sapiens; Ptr = Pan troglodytes; Mmu = Mus musculus; Rno =
Rattus norvegicus; Cfa = Canis familiaris) in the 3’UTRs of (a) SCD1, (b) SREBP2, (c)
LDLR, and (d) AGPAT3. (e) Sequence conservation of miR-130b binding sites in LDLR
3’UTR. Refer to Figure S3.8 for position of miRNA binding sites in context of 3’UTR.
Sequences were taken from TargetScan (Friedman et al., 2009).
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Figure S3.10. miR-185 overexpression activates miR-130b expression. (a)–(b) qRT-PCR
analysis of relative (a) miR-130b and (b) miR-185 expression in Huh7.5 cells transfected
with 100 nM (a) miR-185 and (b) miR-130b mimics (n  3). Data represents mean values 
s.e. Unpaired two-tailed t-test was used to evaluate statistical significance. (*P ≤ 0.05)
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Figure S3.11. Inhibition of glycerol-3-phosphate pathway for triglyceride biosynthesis
impairs HCV replication. (a) Western blot analysis of AGPAT3 and HCV viral protein
levels (NS3 and NS5A) in Huh7.5-FGR cells transfected with 50 nM control or AGPAT3
siRNA. Image is representative of 3 experiments. β-tubulin serves as a loading control.
Relative AGPAT3 and viral protein levels to control were quantified using ImageJ. (b)–(c)
Quantitative real time PCR (qRT-PCR) analysis of relative (b) LPIN1 and (c) AGPAT3
mRNA levels in SCID/Alb-uPA mice livers 7 weeks post-HCV infection (n=3). Values
shown are normalized relative to average expression in mock infected mice. Unpaired twotailed t-test was used to evaluate statistical significance. P-values are indicated on graphs.
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Figure S3.12. Gene expression analysis in miR-185 mimic transfected hepatocytes.
Huh7.5 cells were transfected with 100 nM control or miR-185 mimic, and RNA isolations
were performed 72 hours post-transfection. Microarray expression analysis was performed
on total RNA isolates (n=2). Genes were filtered for those displaying at least 1.5 fold change
in expression, and functional association with SREBP signaling, cholesterol biosynthesis, or
triglyceride, fatty acid and ketone body metabolism. Representative genes in these groups
are shown above, as per WikiPathways. SREBP signaling and cholesterol biosynthesis
related genes were grouped together due to significant gene overlap. Data represents mean
values.
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Figure S3.13. HCV infection in vivo perturbs hepatic lipid homeostasis. (a)–(b) Human
liver xenotransplanted SCID/Alb-uPA mice were infected with clinical isolates of HCV
genotype 1a (n > 3). qRT-PCR analyses of relative (a) miR-185 expression levels in mice
liver 21 days post-infection and (b) miR-130b expression levels 21 days and 7 weeks postinfection. Values shown are normalized relative to average expression in mock infected
mice. (c)–(d) Fatty acid methyl ester (FAME) and total lipid analysis was performed on
liver lysates of mock (n=3) and HCV genotype 1a (n=3) and 2b (n=2) infected mice.
Significant changes were only observed in (c) palmitoleic acid and (d) cholesterol ester (CE)
levels. Palmitoleic acids are displayed as percentage of total fatty acids analyzed. CE levels
represent sum of two HPLC trace peaks corresponding two species of CEs (in nanograms per
milligram of lysate analyzed). Data represents mean values ± s.e. Unpaired two-tailed t-test
was used to evaluate statistical significance. P values are indicated on each graph.
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Figure S3.14. Effect of oleic acid and lipid mixture on 25-HC induced miRNAs’ antiviral effect. (a) Relative HCV RNA and miR-185 target mRNA levels in Huh7.5-FGR cells
transfected with 100 nM control (Con miR) or miR-185 mimics in the presence and absence
of oleic acid (OA) (n=3). (b) Relative HCV RNA and LDLR mRNA levels in Huh7.5-FGR
cells transfected with control (Con miR) or miR-130b mimics in the presence or absence of a
lipid mixture (LM) (n=3). (c) Relative IFNB1 mRNA levels in JFH1T infected Huh7.5 cells
transfected with 100 nM control or miR-130b mimics (n=3). Unpaired two-tailed t-test was
used to evaluate statistical significance. Data represents mean values  s.e. (*P ≤ 0.05)

186

Figure S3.15. miR-185 inhibits DENV and VSV infectivity. (a)–(b) Effect of miR-185
overexpression on (a) VSV and (b) DENV virion production assessed by plaque assays
(n≥3).
DENV infections were performed in Huh7.5 cells, while VSV infections were
performed in HepG2 cells. Cells were transfected with 100 nM of control or miR-185
mimic. Data represents mean values  s.e. Unpaired two-tailed t-test was used to evaluate
statistical significance. (*P ≤ 0.05)
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Figure S3.16. 25-HC induced miR-185 expression regulates immunometabolic response.
Model illustrating 25-HC’s regulation of cellular lipid metabolism. IFN stimulated
cholesterol 25-hydroxylase (CH25H) expression results in the conversion of cholesterol to
25-HC, which is secreted and can exert autocrine or paracrine effects on gene expression.
25-HC–stimulated miR-185 expression in the liver results in broad effects on hepatic
metabolism. Direct targets of miR-185 are highlighted in red.
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Figure S3.17. miR-185 regulates macrophage lipid metabolism. (a) Relative mRNA
expression level of miR-185 targets in 100 nM control and miR-185 mimic transfected THP1 monocyte-derived macrophages (n>3). Data represents mean values  s.e. Unpaired twotailed t-test was used to evaluate statistical significance. (*P ≤ 0.05) (b) Relative cellular
triglyceride levels in THP-1 macrophages transfected with 100 nM control or miR-185
mimics (n=2). Data represents mean values.
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Table S3.1. Summary of HCV modulated miRNAs.

microRNA

Fold
Change

microRNA

Fold
Change

hsa-let-7b
hsa-let-7c
hsa-let-7f
hsa-let-7f-1*
hsa-miR-10a
hsa-miR-1178
hsa-miR-1181
hsa-miR-1185
hsa-miR-1204
hsa-miR-1207-3p
hsa-miR-1208
hsa-miR-1225-3p
hsa-miR-1225-5p
hsa-miR-1228
hsa-miR-1231
hsa-miR-1233
hsa-miR-1237
hsa-miR-124
hsa-miR-1246
hsa-miR-1247
hsa-miR-1250

3.22
2.40
2.95
1.61
2.27
4.42
5.62
3.56
2.76
5.08
3.75
4.13
3.72
3.13
4.16
3.51
2.02
0.53
3.48
4.93
2.05

hsa-miR-149*
hsa-miR-153
hsa-miR-154
hsa-miR-15b
hsa-miR-16
hsa-miR-16-1*
hsa-miR-181b
hsa-miR-1825
hsa-miR-1826
hsa-miR-183*
hsa-miR-183
hsa-miR-184
hsa-miR-185
hsa-miR-187
hsa-miR-190
hsa-miR-1908
hsa-miR-193a-3p
hsa-miR-195*
hsa-miR-195
hsa-miR-198
hsa-miR-200a

0.41
0.40
3.98
2.17
0.53
0.45
0.61
2.15
2.93
0.25
0.06
0.23
0.06
3.19
2.08
0.48
0.52
0.23
0.17
0.36
2.40

hsa-miR-1251

2.81

hsa-miR-200b*

0.27

hsa-miR-1254

3.50

hsa-miR-205

2.88

hsa-miR-1269

3.89

hsa-miR-212

0.33

hsa-miR-1270
hsa-miR-1274a
hsa-miR-1277
hsa-miR-1278
hsa-miR-128
hsa-miR-1282
hsa-miR-1283
hsa-miR-1285
hsa-miR-1287
hsa-miR-1288
hsa-miR-1292
hsa-miR-1295
hsa-miR-1298
hsa-miR-1302
hsa-miR-1303
hsa-miR-1305
hsa-miR-130b*
hsa-miR-130b
hsa-miR-1323
hsa-miR-133b
hsa-miR-138
hsa-miR-139-5p
hsa-miR-143*
hsa-miR-145*
hsa-miR-1468
hsa-miR-146b-3p

0.59
3.22
3.78
4.58
6.25
5.31
2.79
0.51
6.27
4.84
4.91
4.05
2.19
1.67
2.62
2.22
0.16
0.34
1.68
1.67
0.41
2.20
3.41
3.40
3.44
0.32

hsa-miR-214
hsa-miR-222
hsa-miR-23a
hsa-miR-23b
hsa-miR-26b
hsa-miR-27b
hsa-miR-29a
hsa-miR-29b-1*
hsa-miR-29b-2*
hsa-miR-302d*
hsa-miR-30c-2*
hsa-miR-320c
hsa-miR-328
hsa-miR-330-3p
hsa-miR-335
hsa-miR-33b*
hsa-miR-340*
hsa-miR-342-5p
hsa-miR-34a
hsa-miR-34b
hsa-miR-34c-3p
hsa-miR-363
hsa-miR-374b*
hsa-miR-376a
hsa-miR-381
hsa-miR-411*

0.16
0.43
2.13
2.07
2.03
2.72
0.65
0.34
0.53
3.91
1.87
5.26
3.11
0.42
0.52
4.66
0.33
0.21
0.26
0.61
0.18
0.65
0.13
3.05
0.30
0.37

microRNA
hsa-miR-423-5p
hsa-miR-425*
hsa-miR-454*
hsa-miR-455-5p
hsa-miR-483-5p
hsa-miR-485-3p
hsa-miR-486-3p
hsa-miR-487a
hsa-miR-489
hsa-miR-490-3p
hsa-miR-493
hsa-miR-494
hsa-miR-497
hsa-miR-498
hsa-miR-500*
hsa-miR-502-3p
hsa-miR-505/
hsa-miR-512-5p
hsa-miR-513a-3p
hsa-miR-513a-5p
hsa-miR-513c
hsa-miR-516a-3p/
hsa-miR-516b*
hsa-miR-518a-3p
hsa-miR-518a-5p/
hsa-miR-527
hsa-miR-518c
hsa-miR-518c*
hsa-miR-518f
hsa-miR-520c-3p
hsa-miR-520d-3p
hsa-miR-520f
hsa-miR-524-3p
hsa-miR-524-5p
hsa-miR-525-5p
hsa-miR-542-3p
hsa-miR-545*
hsa-miR-548b-3p
hsa-miR-548b-5p
hsa-miR-548e
hsa-miR-548h
hsa-miR-548j
hsa-miR-548l
hsa-miR-548o
hsa-miR-548p
hsa-miR-549
hsa-miR-550
hsa-miR-562
hsa-miR-572
hsa-miR-574-5p
hsa-miR-576-3p
hsa-miR-576-5p

Fold
Change

microRNA

Fold
Change

0.39
0.40
0.05
2.68
0.20
0.19
1.91
1.88
0.43
0.15
1.82
3.43
0.31
0.17
3.77
4.61
2.66
3.94
0.39
0.23
3.95

hsa-miR-586
hsa-miR-589
hsa-miR-596
hsa-miR-601
hsa-miR-606
hsa-miR-615-3p
hsa-miR-617
hsa-miR-621
hsa-miR-625
hsa-miR-629*
hsa-miR-630
hsa-miR-636
hsa-miR-638
hsa-miR-642
hsa-miR-646
hsa-miR-659
hsa-miR-663b
hsa-miR-665
hsa-miR-668
hsa-miR-675
hsa-miR-7-1*

2.54
0.32
2.43
0.24
0.32
0.31
0.18
3.30
0.18
0.37
0.22
0.28
0.63
2.60
3.27
0.47
6.34
0.13
0.41
0.60
0.65

0.42

hsa-miR-720

4.79

3.90

hsa-miR-873

3.27

0.29

hsa-miR-875-3p

0.34

2.10
4.26
2.62
0.39
0.50
1.88
3.01
1.92
0.30
0.40
2.69
3.99
0.15
0.21
1.74
2.74
2.90
4.49
3.05
0.52
0.13
0.65
5.06
0.26
0.54
1.88

hsa-miR-877
hsa-miR-885-3p
hsa-miR-885-5p
hsa-miR-890
hsa-miR-891a
hsa-miR-922
hsa-miR-92a-1*
hsa-miR-934
hsa-miR-936
hsa-miR-938
hsa-miR-944

0.39
0.59
2.71
0.22
0.20
0.31
1.92
0.26
0.53
0.31
0.33

Table includes miRNAs which were modulated by at least 1.5 fold during 72 hour JFH-1T
HCV infection of Huh7.5 cells (MOI = 0.1; P<0.05).
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Table S3.2. Summary of 25-HC modulated human miRNAs.
microRNA
hsa-let-7c*
hsa-let-7f
hsa-miR-1183
hsa-miR-122*
hsa-miR-122
hsa-miR-124
hsa-miR-1244
hsa-miR-1246
hsa-miR-125a-3p
hsa-miR-130a
hsa-miR-130b
hsa-miR-139-3p
hsa-miR-147
hsa-miR-1826
hsa-miR-185
hsa-miR-200c*

Fold
Change
0.23
0.36
0.39
0.21
2.68
2.07
0.28
2.21
3.15
3.57
3.73
0.22
2.29
2.73
2.97
0.43

microRNA
hsa-miR-296-3p
hsa-miR-297
hsa-miR-338-3p
hsa-miR-367
hsa-miR-425*
hsa-miR-507
hsa-miR-509-3p
hsa-miR-509-5p
hsa-miR-575
hsa-miR-578
hsa-miR-618
hsa-miR-647
hsa-miR-657
hsa-miR-7
hsa-miR-934

Fold
Change
2.98
2.84
4.11
1.89
2.50
2.66
3.10
0.11
0.64
2.31
3.72
0.63
0.15
0.20
0.14

Table includes miRNAs which were modulated by at least 1.5 fold during 5 µM 25-HC
treatment of JFH-1T infected Huh7.5 cells (P<0.05).
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Table S3.3. Gene ontology analysis of 25-HC modulated miRNAs’ experimentally
validated targets.
KEGG pathway
Glycosaminoglycan biosynthesis – chondroitin sulfate
Prion diseases
Fatty acid elongation in mitochondria
Fatty acid metabolism
Glioma
Non-small cell lung cancer
ECM-receptor interaction
ErbB signaling pathway
Bladder cancer
Chronic myeloid leukemia
Pathways in cancer
Melanoma
Small cell lung cancer
Pancreatic cancer
Cell cycle
Endometrial cancer
Prostate cancer
Progesterone-mediated oocyte maturation
Colorectal cancer
Steroid biosynthesis
Biosynthesis of unsaturated fatty acids

P-value
4.00E-22
5.33E-19
9.05E-13
5.64E-09
1.63E-06
9.31E-06
2.34E-05
0.00039
0.00061
0.0022
0.0022
0.0023
0.0047
0.0053
0.0097
0.0100
0.0106
0.0123
0.0129
0.0146
0.0163

Pathway enrichment analysis, using DIANA miRPath21, revealed an enrichment of 25-HC
regulated miRNAs’ targets with functional roles in metabolic pathways (highlighted in bold).
P values were adjusted with Benjamini and Hochberg correction.

192

Table S3.4. Gene ontology analysis classifying genes repressed by >1.5 fold in miR-185
mimic transfected Huh7.5 cells by biological process.

ID

Name*

P-value†

GO:0006695

cholesterol biosynthetic process

6.17E-06

GO:0016126

sterol biosynthetic process

1.22E-05

GO:0008203

cholesterol metabolic process

3.92E-05

GO:0016125

sterol metabolic process

1.35E-04

GO:0006639

acylglycerol metabolic process

7.07E-04

GO:0006694

steroid biosynthetic process

7.07E-04

GO:0006638

neutral lipid metabolic process

7.07E-04

GO:0008202

steroid metabolic process

7.93E-03

GO:0006641

triglyceride metabolic process

8.33E-03

GO:0048864

stem cell development

8.40E-03

*Only top 10 overrepresented processes are listed.
†Adjusted

with Bonferroni correction.
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Table S3.5. Gene ontology analysis classifying genes repressed by >1.5 fold in miR-185
mimic transfected Huh7.5 cells by molecular function.

Name

P value†

GO:0008374

O-acyltransferase activity

1.20E-02

GO:0016747

transferase activity, transferring acyl groups
other than amino-acyl groups

2.22E-02

GO:0016746

transferase activity, transferring acyl groups

4.61E-02

GO:0000983

RNA polymerase II core promoter
sequence-specific DNA binding
transcription factor activity

5.31E-02

GO:0016411

acylglycerol O-acyltransferase activity

5.73E-02

GO:0016420

malonyltransferase activity

7.65E-02

GO:0016419

S-malonyltransferase activity

7.65E-02

GO:0016418

S-acetyltransferase activity

7.65E-02

GO:0016416

O-palmitoyltransferase activity

1.09E-01

GO:0016406

carnitine O-acyltransferase activity

1.52E-01

ID

*Only top 10 overrepresented molecular functions are listed.
†Adjusted

with Bonferroni correction.
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Table S3.6. List of oligonucleotides used in this study.
Oligonucleotide

Sequence

SDM Primers
LDLR 3’UTR – miR-130b PM1 FWD
LDLR 3’UTR – miR-130b PM1 REV
LDLR 3’UTR – miR-130b PM2 FWD
LDLR 3’UTR – miR-130b PM2 REV
LDLR 3’UTR – miR-185 PM1 FWD
LDLR 3’UTR – miR-185 PM1 REV
LDLR 3’UTR – miR-185 PM2 FWD
LDLR 3’UTR – miR-185 PM2 REV
SREBP2 3’UTR – miR-185 PM1 FWD
SREBP2 3’UTR – miR-185 PM1 REV
SREBP2 3’UTR – miR-185 PM2 FWD
SREBP2 3’UTR – miR-185 PM2 REV
SREBP2 3’UTR – miR-185 PM3 FWD
SREBP2 3’UTR – miR-185 PM3 REV
SREBP2 3’UTR – miR-185 PM4 FWD
SREBP2 3’UTR – miR-185 PM4 REV
SCD 3’UTR – miR-185 PM1 FWD
SCD 3’UTR – miR-185 PM1 REV
SCD 3’UTR – miR-185 PM2 FWD
SCD 3’UTR – miR-185 PM2 REV
SCD 3’UTR – miR-185 PM3 FWD
SCD 3’UTR – miR-185 PM3 REV
SCD 3’UTR – miR-185 PM4 FWD
SCD 3’UTR SDM – miR-185 PM4 REV
SCD 3’UTR SDM – miR-185 PM5 FWD
SCD 3’UTR SDM – miR-185 PM5 REV

CGTGGTCTCCTTGCAGATTCTCAGTTCAGAG
CTCTGAACTGAGAATCTGCAAGGAGACCACG
CATTTGTGTTATTATTTTGCAGAGTTTTCTGTCGTGTGTGTTGG
CCAACACACACGACAGAAAACTCTGCAAAATAATAACACAAATG
GATGACACCTCCATTTCTCTGGAGGAAGTTTTGAGTTTCTC
GAGAAACTCAAAACTTCCTCCAGAGAAATGGAGGTGTCATC
GAAGTTTTGAGTTTCTCTGGACCGTGACACAATCCTC
GAGGATTGTGTCACGGTCCAGAGAAACTCAAAACTTC
CGATTTCTCTCTCTGGCCCTCAGCATCTTCC
GGAAGATGCTGAGGGCCAGAGAGAGAAATCG
CCTGAGTTTCTCTCTGGTGAACCCTACTCTC
GAGAGTAGGGTTCACCAGAGAGAAACTCAGG
CTGAACCCTACTCTCTGGTTTTTGCTTCCTCAG
CTGAGGAAGCAAAAACCAGAGAGTAGGGTTCAG
CGTCTTGATTCTCTGGCTGGGTCTGCGTTC
GAACGCAGACCCAGCCAGAGAATCAAGACG
CATGCTTCCTTTCTCTGGTGGCTCGGGGTAAAAAG
CTTTTTACCCCGAGCCACCAGAGAAAGGAAGCATG
GATGCCAATTTCCTCTGGACTGCTGGACATGAG
CTCATGTCCAGCAGTCCAGAGGAAATTGGCATC
CTAGAAGGCTTCTCTGGACAGTGTTGTGCCC
GGGCACAACACTGTCCAGAGAAGCCTTCTAG
GAAAGCCTCTCTCTGGCTCCCTCTCTCATG
CATGAGAGAGGGAGCCAGAGAGAGGCTTTC
GTTAAGGCCAGGGCCTCTGGAACCACTGTGCCACTGAC
GTCAGTGGCACAGTGGTTCCAGAGGCCCTGGCCTTAAC

qPCR primers
SCD1 – FWD
SCD1 – REV
SREBP2 – FWD
SREBP2 – REV
SREBP1 – FWD
SREBP1 - REV
AGPAT3 – FWD
AGPAT3 – REV
SCARB1 – FWD
SCARB1 – REV
LDLR – FWD
LDLR – REV
LPIN1 – FWD
LPIN1 – REV
PPARG – FWD
PPARG - REV
FADS1 – FWD
FADS1 – REV
HCV – Con1 – FWD
HCV – Con1 – REV
HCV – JFH – FWD
HCV – JFH – REV
18S rRNA – FWD
18S rRNA - REV
DENV2 – 16681 - FWD
DENV2 – 16681 – REV
VSV - FWD
VSV - REV

CCGGGAGAATATCCTGGTTT
GCGGTACTCACTGGCAGAGT
CTTTGATATACCAGAATGCAG
CAGGCTTTGGACTTGAGGCTG
ACTTCTGGAGGCATCGCAAGCA
AGGTTCCAGAGGAGGCTACAAG
CTCCAAGGTCCTCGCTAAGAAG
CCGCTTGCAGAACACAATCTC
TCGCAGGCATTGGACAAACT
CTCCTTATCCTTTGAGCCCTTTT
GCAGTGGGCGACAGATGCGAA
GCACGTCTCCTGGGACTCATCA
TGCTGGAGAGCAGCAGAACTC
TAGGGTATGAGGCTGACTGAG
AGCCTGCGAAAGCCTTTTGG
GGCTTCACATTCAGCAAACCTGG
CAGGCCACATGCAATGTC
ATCTAGCCAGAGCTGCCCTG
GTCTGCGGAACCGGTGAGTA
GCCCAAATCTCCAGGCATT
GTCTGCGGAACCGGTGAGTA
GCCCAAATGGCCGGGCATA
GCGATGCGGCGGCGTTATTC
CAATCTGTCAATCCTGTCCGTGTCC
TTGAGTAAACTGTGCAGCCTGTAGCTC
GGGTCTCCTCTAACCTCTAGTCCT
ATGTCTGTTACAGTCAAGAGAATC
TCATTTGTCAAATTCTGACTTAGCATA
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PRKAA1
PPARA
NR1H2
NCEH1
IDE
ERLIN2
CPT1A
CIDEC
CIDEB
ACSL5
APOA2
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Fold change in expression

Figure S4.1. Gene expression analysis in miR-7 transfected mimic Huh7.5 cells. Fold
changes in gene expression of select lipid-metabolism related genes in Huh7.5 transfected
with 100 nM of miR-7 mimic are shown. Fold changes were calculated relative to gene
expression in 100 nM control mimic-transfected Huh7.5 cells.
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A

miR-7 UGGAAGACUAGUGUAUUUUGUUGU

F

B

PRKAA1 – 2 miR-7 binding sites

Hsa
Ptr
Mmu
Rno
Cfa

3’UTR position 448-454
Hsa
Ptr
Mmu
Rno
Cfa

... AAAU-AGCUAGUAUCUUCCAG...
... AAAU-AGCUAGUAUCUUCCAG...
... AAAU-AGCUACUAGUUUCCAU...
... AAAU-AGUUACUGUUUUCCAG...
... AAAU-AACAAGUAUCUUCCGA...

G

3’UTR position 479-485
Hsa
Ptr
Mmu
Rno
Cfa

C
Hsa
Ptr
Mmu
Rno
Cfa

D
Hsa
Ptr
Mmu
Rno
Cfa

E
Hsa
Ptr
Mmu
Rno
Cfa

Hsa
Ptr
Mmu
Rno
Cfa

... CUUCUUCCAUA...
... CUUCUUCCAUA...
... CUAUUUCCAUA...
... CUAUUUCCAUA...
... GAUCUUCCAUA...

APOA2 – 1 miR-7 binding site
3’UTR position 102-109
...UUGUCUUCCAA...
...UUGUCUUCCAA...
...CAGUCUUCCCA...
...UCGUCUUCCUA...
...UUGUCGUCCAU...

IDE – 2 miR-7 binding sites
3’UTR position 44-51
...UGAGUCUUCCAGAG...
...UGAGUCUUCCAGAG...
...UGUGUCUUCCAGGG...
...UGUGCCUUCCGGGG...
...UGUGUCUUCCAGGG...

3’UTR position 1867-1874

ERLIN2 – 1 miR-7 binding site
3’UTR position 97-104

Hsa
Ptr
Mmu
Rno
Cfa

...CUGUCUUCCAGU...
...CUGUCUUCCAGU...
...C--UCUUC---U...
...C--UCUUC---U...
...CUCUCUUCCACA...

H

NR1H2 – miR-7 binding site
3’UTR position 178-185

Hsa
Ptr
Mmu
Rno
Cfa

...AGCGAGUCUUCC—AGA...
...AGCGAGUCUUCC—AGA...
...AUUGAGUCUUCC-AAG...
...GCUGAGUCUUCC-AGG...
...ACUGAGUCUUCCUGGG...

...GUAGUCUUCCAUGA...
...GUAGUCUUCCAUGA...
...GUCGUCUUCCAUGA...
...GUUGCCUUCCAGGG...
...GUAGUCAUCCAGGA...

NCEH1 – 2 miR-7 binding sites
3’UTR position 345-351
...GCAGUUCUUCCAGCUC...
...GCAGUUCUUCCAGCUC...
...GCAGUUUUUACAACUG...
...G---UUUUUACAGCUG...
...GAAAUUCUUCCAGCUG...

3’UTR position 1950-1956

PCSK5 – 1 miR-7 binding site
3’UTR position 1786-1792

Hsa
Ptr
Mmu
Rno
Cfa

...GCAGU---CUUCCCCU...
...GCAGU---CUUCCCCU...
...GCAACAGUGUUCUUCU...
...GCAAC-UUUUUCCUCU...
...GCAAC---UU--GUUU...

...GUCUCUUCCA...
...GUCUCUUCCA...
...GCCUCUUCCA...
...GCCUCUUCCA...
...GUGUCUUCCA.

Figure S4.2. Conservation of miRNA recognition elements in direct targets of miR-7. (a)
Sequence of mature miR-7 with seed sequence highlighted in yellow. (b)–(h) Sequence
conservation of miR-7 binding sites across vertebrates (Hsa = Homo sapiens; Ptr = Pan
troglodytes; Mmu = Mus musculus; Rno = Rattus norvegicus; Cfa = Canis familiaris) in the
3’UTRs of (b) PRKAA1, (c) ERLIN2, (d) NR1H2, (e) PCSK5, (f) APOA2, (g) IDE, and (h)
NCEH1. Sequences were taken from TargetScan. Seed sequences are highlighted in yellow, and
nucleotides involved in supplementary interactions with the 3’ end of miR-7 are highlighted in
green.
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Table S4.1. Gene ontology analysis classifying genes activated by >1.5 fold in miR-7 mimic
transfected Huh7.5 cells by biological process.

ID

Name*

GO:0044282
small molecule catabolic process
GO:0016054
organic acid catabolic process
GO:0046395
carboxylic acid catabolic process
GO:0072329 monocarboxylic acid catabolic process
GO:0015711
organic anion transport
GO:0043436
oxoacid metabolic process
GO:0019752
carboxylic acid metabolic process
GO:0006082
organic acid metabolic process
GO:0044242
cellular lipid catabolic process
GO:0032787 monocarboxylic acid metabolic process
GO:0042073
intraciliary transport
GO:0046942
carboxylic acid transport
GO:0015849
organic acid transport
GO:0006820
anion transport
GO:0008203
cholesterol metabolic process
GO:0008202
steroid metabolic process
GO:0030705 cytoskeleton-dependent intracellular
transport
GO:0016125
sterol metabolic process
GO:0060271
cilium morphogenesis
GO:0010970
microtubule-based transport
GO:0010927 cellular component assembly involved in
morphogenesis
GO:0016042
lipid catabolic process
GO:0044282
small molecule catabolic process
GO:0016054
organic acid catabolic process
GO:0046395
carboxylic acid catabolic process

P-value†
3.17E-7
3.26E-6
3.26E-6
4.40E-4
5.50E-4
6.62E-4
7.55E-4
9.52E-4
2.71E-3
3.03E-3
4.32E-3
5.12E-3
6.30E-3
8.03E-3
1.10E-2
1.32E-2
1.41E-2
2.62E-2
2.96E-2
3.50E-2
4.04E-2
4.30E-2
3.17E-7
3.26E-6
3.26E-6

*Only biological processes with P < 0.05 are listed. Pathways related to lipid metabolism are
highlighted in bold
†Adjusted

with Bonferroni correction.
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Table S4.2. Summary of GSEA results with FDR < 0.05 – KEGG pathways enriched in
miR-7 transfected cells.
ID
1
2
3
4
5
6
7
8
9
10
11

Name*
KEGG_COMPLEMENT_AND_COAGULATION_CASCADES
KEGG_PPAR_SIGNALING_PATHWAY
KEGG_DRUG_METABOLISM_CYTOCHROME_P450
KEGG_LYSOSOME
KEGG_OTHER_GLYCAN_DEGRADATION
KEGG_ABC_TRANSPORTERS
KEGG_PRIMARY_BILE_ACID_BIOSYNTHESIS
KEGG_PEROXISOME
KEGG_GLYCINE_SERINE_AND_THREONINE_METABOLISM
KEGG_RETINOL_METABOLISM
KEGG_FATTY_ACID_METABOLISM

*KEGG pathways related to lipid metabolism are highlighted in bold
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FDR q value
<0.001
<0.001
0.002
0.006
0.009
0.017
0.018
0.034
0.037
0.040
0.040

Table S4.3. List of oligonucleotides used in this study.
Oligonucleotide
qPCR primers
18S rRNA – FWD
18S rRNA – REV
CIDEB – FWD
CIDEB – REV
NCEH1 – FWD
NCEH1 – REV
CIDEC – FWD
CIDEC – REV
ACSL5 – FWD
ACSL5 – REV
CPT1A – FWD
CPT1A – REV
PPARA – FWD
PPARA – REV
NR1H2 – FWD
NR1H2 – REV
APOA2 – FWD
APOA2 – REV
IDE – FWD
IDE – REV
PCSK5 – FWD
PCSK5 – REV

Sequence

GCGATGCGGCGGCGTTATTC
CAATCTGTCAATCCTGTCCGTGTCC
GACCTCTTTGGCAGCCTGAATG
AGTGTGGAGGTCCAACGAAGGA
GCCGCCTATTACGTCTACATCC
TGATGGCTCAGTCCCAGGTAGT
AAGCGTGAGGAAGGGCATCATG
CAGTTGTGCCATCTTCCTCCAG
CTCAACCCGTCTTACCTCTTCT
GCAGCAACTTGTTAGGTCATTG
GATCCTGGACAATACCTCGGAG
CTCCACAGCATCAAGAGACTGC
CTATCATTTGCTGTGGAGATCG
AAGATATCGTCCGGGTGGTT
CTTCGCTAAGCAAGTGCCTGGT
CACTCTGTCTCGTGGTTGTAGC
CTGTGCTACTCCTCACCATCT
CTCTCCACACATGGCTCCTTT
TTTTCAGCCCATTTGCTTATGTG
TGCATACTCGTTGAGTGAGTCTT
TGTGGAGAGCACAGACCGACAA
ACAACGACGTGCTCCAGGTAGT
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Presented Doctoral research at international conference in Montreal, Canada
Singaravelu, R.*, O’Hara, S., Jones, D.M., Srinivasan, P., Russell, D.R., and Pezacki, J.P.
25-hydroxycholesterol stimulated antiviral miRNAs regulate hepatic lipid metabolism (Oral)

2014

5. Annual Canadian Association for the Study of the Liver (CASL) Winter Meeting
2014
Presented Doctoral research at national conference in Toronto, Canada
Singaravelu, R.*, Lyn, R.K., Desrochers, G., Jones, D.M., Russell, D.R., and Pezacki, J.P.
HCV replication complex formation is dependent on hepatic fatty acid synthesis pathway. (Oral)
6. 2nd Canadian Symposium on Hepatitis C Virus
2013
Presented Doctoral research at national conference in Victoria, Canada
Singaravelu, R.*, Chen, R., Lyn, R.K., Jones, D.M., O’Hara, S., Rouleau, Y., Cheng, J., Srinivasan,
P., Russell, R.S., Tyrrell, D.L., and Pezacki J.P.
Hepatitis C virus induced miR-27 expression promotes hepatic triglyceride accumulation (Oral)
7. 19th International Methods in Protein Structure Analysis (MPSA) Conference
2012
Presented Doctoral research at international conference in Ottawa, Canada
Singaravelu, R.*, Jones, D.M., Lyn, R.K., Russell, R.S., and Pezacki, J.P.
MicroRNA regulators of hepatic lipid homeostasis: Novel therapeutic targets for hepatitis C virus
(Oral)

Poster Presentations:
1. Keystone Symposium on Lipid Pathway in Biology and Disease
Presented Doctoral research at international conference in Dublin, Ireland
Singaravelu, R.*, Lyn, R.K., Desrochers, G., Jones, D.M., Russell, D.R., and Pezacki, J.P.
25-hydroxycholesterol stimulated antiviral miRNAs regulate lipid metabolism. (Poster)

2014

2. 18th Annual Meeting of the RNA Society
2013
Presented Doctoral research at international conference in Davos, Switzerland
Singaravelu, R.*, Chen, R., Lyn, R.K., Jones, D.M., O’Hara, S., Rouleau, Y., Cheng, J., Srinivasan,
P., Russell, R.S., Tyrrell, D.L., and Pezacki J.P.
Hepatitis C virus induced miR-27 expression promotes hepatic triglyceride accumulation (Poster)

208

3. 2012 National CIHR Research Training Program in Hepatitis C (NCRTP-HepC) Meeting
2012
Presented Doctoral research at national graduate symposium in Montreal, Canada
Singaravelu, R.*, Jones, D.,M., Russell, D.R., and Pezacki, J.P.
Small molecule-mediation perturbation of HCV-associated host pathways reveal potential anti-viral
modulations in miRNA expression (Poster)
4. Annual Canadian Association for the Study of the Liver (CASL) Winter Meeting
2012
Presented Doctoral research at national conference in Montreal, Canada
Singaravelu, R.*, Jones, D.M., Russell, D.R., and Pezacki, J.P.
Small molecule-mediation perturbation of HCV-associated host pathways reveal potential anti-viral
modulations in miRNA expression (Poster)
5. 8th International Symposium on Hepatitis C virus and related viruses
2011
Presented Doctoral research at international conference in Seattle, U.S.A.
Singaravelu, R.*, Jones, D.M., Russell, D.R., and Pezacki, J.P.
Small molecule-mediation perturbation of HCV-associated host pathways reveal potential anti-viral
modulations in miRNA expression (Poster)
6. 2011 National CIHR Research Training Program in Hepatitis C (NCRTP-HepC) Meeting
Presented Doctoral research at national graduate symposium in Vancouver, Canada
Singaravelu, R.*, Jones, D.,M., Russell, D.R., and Pezacki, J.P.
Characterizing microRNA profiles for HCV pathogenesis and antiviral mechanisms (Poster)

2011

7. Annual Canadian Association for the Study of the Liver (CASL) Winter Meeting
Presented Doctoral research at national conference in Vancouver, Canada
Singaravelu, R.*, Jones, D.M., Russell, D.R., and Pezacki, J.P.
Characterizing microRNA profiles for HCV pathogenesis and antiviral mechanisms (Poster)

2011

8. NRC Steacie Institute for Molecular Sciences (SIMS) Annual Review
2010
Presented summary of Pezacki group’s work at NRC institutional presentation
Singaravelu, R., Nasheri, N., Goodmurphy, M., Lyn, R.K, and Pezacki, J.P.
Development and application of tools to probe small RNA interactions and profile miRNA levels (Poster)
9. 17th International Symposium on Hepatitis C virus and related viruses
2010
Presented two posters about Masters research at international conference in Yokohama, Japan
Singaravelu, R.*, Kennedy, D.C., Lyn, R.K., and Pezacki, J.P.
Characterizing microRNA profiles for HCV pathogenesis and antiviral mechanisms (Poster)
Nasheri, N.*, Singaravelu, R., Goodmurphy, M., Lyn, R.K, and Pezacki, J.P.
MicroRNA-122 seed site accessibility in hepatitis C virus RNA (Poster)
10. 16th International Symposium on Hepatitis C virus and related viruses
Presented preliminary Masters research at international conference in Nice, France
Singaravelu, R.*, Sagan, S.M., Luebbert, C., and Pezacki, J.P.
Investigating the microRNA signature of hepatitis C virus infection (Poster)

2009

CONFERENCE PROCEEDINGS
1. Singaravelu R., Jones D.M., Russell R.S., Pezacki J.P.: Small molecule-mediated perturbation of
HCV-associated host pathways reveal potential antiviral modulations in miRNA expression – A327. In
Canadian Journal of Gastroenterology; 2012. Volume 26, Supplement SA.
2. Singaravelu R., Pezacki J.P.: Characterizing microRNA profiles for HCV pathogenesis and antiviral
mechanisms – A149. In Canadian Journal of Gastroenterology; 2011. Volume 25, Supplement SA.
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2015
Interviewed about article in Nature Chemical Biology by Brittany St. Louis to explain role of miRNAs
in immunometabolic response.

2.

Genetic Engineering & Biotechnology News (http://www.genengnews.com)
2014
Vol 34, Issue 4: MicroRNAs leaping from Lab to Clinic – Cover Article
Interviewed about article in Hepatology by Dr. Kate Marusina for article on outlook on miRNAs as
prognostics and therapeutics for hepatitis C

3.
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tools
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