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1 | INTRODUCTION

Abstract

Hepatitis C virus (HCV) infection is a serious worldwide healthcare issue. Its associa-
tion with various liver diseases including hepatocellular carcinoma (HCC) is well
studied. However, the study on the relationship between HCV infection and the
development of insulin resistance and diabetes is very limited. Current research has
already elucidated some underlying mechanisms, especially on the regulation of
metabolism and insulin signalling by viral proteins. More studies have emerged
recently on the correlation between HCV infection-derived miRNAs and diabetes
and insulin resistance. However, no studies have been carried out to directly
address if these miRNAs, especially circulating miRNAs, have causal effects on the
development of insulin resistance and diabetes. Here, we proposed a new perspec-
tive that circulating miRNAs can perform regulatory functions to modulate gene
expression in peripheral tissues leading to insulin resistance and diabetes, rather
than just a passive factor associated with these pathological processes. The detailed
rationales were elaborated through comprehensive literature review and bioinfor-
matic analyses. miR-122 was identified to be one of the most potential circulating
miRNAs to cause insulin resistance. This result along with the idea about the driver
function of circulating miRNAs will promote further investigations that eventually
lead to the development of novel strategies to treat HCV infection-associated extra-

hepatic comorbidities.
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liver disease, NAFLD) and HCC, the liver-related mortality of
350 000 individuals annually is still underestimated due to the lack

The hepatitis C virus (HCV) is an enveloped, single-stranded posi-
tive-sense RNA virus with estimated 150-170 million people chroni-
cally infected worldwide. Although the consequences of chronic
HCV infection are generally associated with liver manifestations such

as hepatic fibrosis, cirrhosis, steatosis (known as non-alcoholic fatty

of consideration of extrahepatic repercussions. Among these extra-
hepatic complications, a growing body of evidence has particularly
shown that HCV infection is strongly associated with the dysregula-
tion of glucose homoeostasis such as insulin resistance (IR) and type

2 diabetes (T2D). Studies thus far and especially a recent
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retrospective study with 2435 patients'® have confirmed the rela-
tionship between HCV infection and T2D: People infected with HCV
are 4 times more likely to develop T2D; clearance of HCV with
direct-acting antivirals significantly decreases HbA1c and the depen-
dence on anti-diabetes medications; and HCV-infected patients with
uncontrolled glucose are at higher risk to develop advanced liver
fibrosis, HCC, and exhibit decreased sustained virologic response
(SVR) to traditional interferon treatment.

It is estimated that 75%-80% of HCV patients will progress to
chronic infection, the stage highly associated with the development
of intrahepatic complications that subsequently lead to metabolic
disorders. Mechanistic studies have revealed that HCV protein
NS5A and the core protein directly inhibit microsomal triglyceride
transfer protein (MTP) activity, thereby reducing very low-density
lipoprotein (VLDL) assembly and inducing hepatic steatosis. In addi-
tion, HCV core protein is also associated with excessive reactive
oxidative species (ROS) production via impairment of PPARy,
thereby inducing oxidative stress, mitochondrial dysfunction and
steatosis. Over time, accumulation of hepatic triglycerides leads to
hepatic IR via decreased insulin-stimulated glycogen synthesis and
enhanced hepatic gluconeogenesis; such conditions further cause
peripheral IR in multiple organs through increased circulating insulin
and free fatty acid levels.*®> Meta-analyses have further confirmed
the positive relationship between HCV and IR.2® Furthermore, non-
diabetic and non-obese chronic HCV patients exhibit decreased
peripheral glucose uptake and hepatic IR.”® Decreased glucose
abnormalities have also been reported among HCV patients who
have SVR after interferon treatment,”° further demonstrating the
role of HCV in glucose metabolism. Proposed molecular mecha-
nisms underlying this relationship include increased serum levels of
pro-inflammatory cytokines TNF-a, TNFR1, TNFR2, IL-6, IL-10,
decreased adiponectin and increased intramyocellular lipocalin-
281115 These factors activate an array of intracellular signalling
pathways that result in increased ROS, cellular stress and metabolic
dysregulation.

There are a number of investigations on the molecular mecha-
nisms of regulation of insulin signalling by HCV infection. Insulin-
treated liver tissue from non-obese and non-diabetic HCV-infected
patients results in increased levels of insulin receptor and insulin
receptor substrate 1 (IRS-1), but showing decreased levels of IRS-1
tyrosine phosphorylation, PI3K activity and Akt phosphorylation.®
Similarly, HCV core protein has been found to increase serine rather
than tyrosine phosphorylation of IRS-1 in hepatocytes, resulting in
its degradation and impaired downstream Akt signalling.'” HCV core
protein also stimulates IRS-1 serine phosphorylation via increasing
mTOR levels, again resulting in decreased Akt signalling.*® Reduced
surface expression of glucose transporters GLUT1 and GLUT2 with
consequential reduction in glucose uptake in HCV-infected hepato-
cytes has also been reported.’” Impairment of PI3K and Akt phos-
phorylation by HCV has also been demonstrated by several studies
to be mediated via the increased level of suppressor of cytokine sig-
nalling 3 (SOCS3), which inhibits PI3K and Akt phosphorylation and
stimulates IRS-1 and  IRS-2 2022

proteasome  degradation.

Additionally, increased ER stress response caused by HCV infection
elevates protein phosphatase 2A (PP2A), also an inhibitor of Akt.2®
Despite these findings of IR development via direct effects on insulin
signalling pathway, the complex relationship between intrahepatic
HCV infection and extrahepatic IR remains elusive.

Interestingly, recent evidence has implicated changes in host
microRNA (miRNA) expression profiles after HCV infection. Thus, we
will focus on this relationship to analyse the development of extra-
hepatic IR associated with HCV infection in this study. miRNAs are
~22 nucleotide (nt)-long non-coding RNAs that function mainly by
targeting the 3’ untranslated regions (UTRs) of mRNAs, thus playing
broad roles in regulating cellular functions such as development, dif-
ferentiation, apoptosis, tumorigenesis, metabolism and host-pathogen
interactions.?* The association of specific miRNAs with certain dis-
ease states has therefore greatly accelerated the development of
miRNAs into new biomarkers and/or as therapeutic targets. As miR-
NAs also exist in serum and other body fluids, study of extracellular
and circulating miRNA profiles has become an important approach to
investigate the systematic roles of miRNA in disease development.
Although the functions of circulating miRNAs remain unclear, these
miRNAs have been found to be highly stable under harsh conditions
including boiling, pH change, long-term storage at room temperature
and multiple freeze-thaw cycles, suggesting their important biological
functions.?> More evidence has emerged to support the idea that
circulating miRNAs can function like hormones to regulate gene
expression in distant tissues and organs. The changes in circulating
miRNA profiles have also been revealed to be correlated with
various diseases including cancers, cardiovascular disorders and
diabetes.?>2?

Based on the analysis of current knowledge regarding the rela-
tionship between HCV infection and IR, we hypothesize that circu-
lating miRNAs post-HCV infection can target peripheral tissues and
modulate their gene expression patterns, thus serving as drivers in
the development of IR and T2D. Comprehensive literature review,
bioinformatics and structural analyses were carried out to examine
our hypothesis. The general study approach was outlined in Figure 1.
We will first assess the overlap between circulating miRNAs from
HCV infection and from T2D/IR, and then analyse the target genes
of these miRNAs and their corresponding metabolic functions. In
addition to the mechanisms described above on insulin signalling
pathways, we will focus on the identification of metabolic effects
associated with circulating miRNAs to improve our understanding of
the complicated relationship between HCV infection and peripheral
IR.

2 | HCV INFECTION ALTERS INTRA- AND
EXTRAHEPATIC MIRNA PROFILES TO
PROMOTE VIRAL PATHOGENESIS AND
LIVER DISEASE

Although HCV does not directly encode miRNAs to influence cellular
functions throughout the viral life cycle, changes in host miRNA
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TABLE 1 Hepatitis C virus (HCV) infection alters the liver miRNA profile to promote viral pathogenesis and liver disease

Hepatic miRNA  Expression

HCV infection
miR-122 Up
miR-491 Down
miR-130a Up
miR-21 Up
miR-27a Up
miR-196 —
miR-448 —
mir-29 Down
miR-19%a —

Growth, inflammation and fibrosis

mir-449a Down
miR-21 Up
mir-29 Down
miR-155 Up
miR-141 Up
miR-193b Up
miR-491 Down
Metabolism
miR-27a Up
miR-122 Up

Target

HCV 5" UTR

Xrnl
Cyclin G1

IFITM1

MyD88, IRAK1
RXRa, ABCA1
Bach1

HCV NS5A region
HCV Core region

HCV 5" UTR

SMAD7

APC
DLC-1
Mcl-1

RXRa, ABCA1
HCV 5 UTR

Function

Enhance HCV replication,*®?47%?% enhance HCV translation,””"*°® inhibit 5’
HCV RNA degradation®®*

Inhibit 5" HCV RNA degradation'®

Mediate alcohol-induced increase in HCV replication®®®

Reduce SOCS3 promoter methylation, inhibiting interferon-induced ISRE activity®*
Inhibit HCV replication via down-regulating PI3 kinase/Akt signalling®®

Promote HCV replication via inhibiting type 1 interferon signalling**

Promote HCV replication via inhibiting type 1 interferon signalling*

Decrease viral infectivity via regulation of lipid metabolism®2

Relieve Bach1 repression of antioxidant/anti-inflammatory HMOX1, inhibit HCV translation®®
Inhibit HCV replication®®®

Inhibit HCV replication®®

Inhibit HCV replication™®’

Inhibit HCV replication®®

Inhibit NOTCH signalling components and associated pro-inflammatory marker YKL40%®

Promote fibrosis via increased TGF-beta signalling’®?

Inhibit cell proliferation and collagen expression*®”

Promote proliferation and tumorigenesis via Wnt signalling®®

Promote cell proliferation via inhibiting tumour suppressor DLC-1%%°

Promote apoptosis via inhibition of anti-apoptotic Mcl-1**

Down-regulate PI3 kinase/Akt signalling®®

Regulation of lipid metabolism including SREB/PPAR/Apo family proteins>?

Correlates with plasma cholesterol concentrations, miR-122 inhibition results in decreased
plasma cholesterol concentrations®>?¢

ISRE, interferon-sensitive response element. Literature review revealed several key intracellular miRNA changes upon HCV infection; their respective
identified targets and associated functions are highlighted. Note that miRNAs without expression information or identified targets are indicated by —.
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expression profiles upon infection have been found to associate with
various stages of HCV pathogenesis and liver diseases (Table 1).
These observations have garnered attention to understanding the
extracellular effects of these altered host miRNAs and their conse-

quent functions in disease development and treatment.

2.1 | miRNA profiling

Global miRNA expression profiling highlights its importance in under-
standing HCV pathogenesis and developing targeted therapies.
miRNA profiling of HCV-infected human hepatoma cells revealed
108 differentially expressed miRNAs (>2-fold change) upon acute
infection. miR-24, miR-149, miR-638 and miR-1181 were further
identified to be involved in viral entry, replication and propagation,
suggesting their roles in virus maintenance, survival and
consequential disease.*° Whereas in chronic infection, virus-promot-
ing miR-122 was found to be down-regulated and antiviral miR-296
was up-regulated, implicating the involvement of these miRNAs and
their target mRNAs in infection progression and activation of host
defence responses.®? Similar research on miRNA profiling in HCV-
infected hepatoma cells has also identified several down-regulated
miRNAs, including miR-30(a-d) and miR-130a/301, which have
targets involved in viral entry, propagation and host responses.
Treatment of these cells with interferon-o. restored miRNA expres-
sion, thus indicating causal roles of these miRNAs in HCV pathol-
ogy.22 Another miRNA profiling study of HCV-infected hepatoma
cells revealed the changes of several miRNAs, including miR-192/
miR-215 and miR-491, which can enhance HCV replication via the
suppression of PI3K/Akt pathway.®® miRNA profiling of HCV infec-
tion also associates with HCC development via targeting mRNAs
involved in cancer-relevant pathways such as cell cycle, adhesion,
apoptosis and cell proliferation.>*3> miRNAs identified from these
studies are varied, which may be due to different samples (cell lines,
fresh and archived patient specimens) and the methods used. Never-
theless, these findings clearly indicate the important roles of miRNAs
in HCV pathogenesis and associated complications.

The importance of miRNAs in liver pathology is also reflected on
many aspects. While serum miR-122 levels increase at early stage of
fibrosis with high inflammation, later during the progression of fibro-
sis to cirrhosis, both hepatic and serum levels of miR-122 are
decreased by a large cohort study with 84 liver biopsies and 167
serum samples from chronic hepatitis C patients.®® This is largely
due to the loss of hepatocytes, which is also consistent with the
inverse relationship between hepatic miR-122 and liver injuries
under various conditions.®”*? miR-122 is the most abundant miRNA
in liver.#° It is also a good biomarker for liver damage correlated with
alanine aminotransferase (ALT) and aspartate transaminase (AST)
activities in HCV mono-infection and HIV/HCV con-infection condi-
tions.*42 |n addition, the increase in circulating miR-122 is greater
in HIV/HCV co-infection than HIV mono-infection*3; miR-122 is also
correlated with liver injury and necroinflammation (eg IL-6) caused
by HIV and HIV/HCV infections.**** Based on these important find-

ings of miR-122 in viral infection-induced liver diseases, we will

focus on miR-122 in this study to discuss its role in linking HCV
infection with extrahepatic comorbidities.

2.2 | Immune response

Specific changes of miRNAs with infection have been found to
impact host immune response. miR-130a expression was increased
in infected hepatocytes, and liver biopsy identified a target as the
antiviral protein
(IFITM1); subsequent exposure to anti-miR-130a increased IFITM1

expression.*> HCV infection has also been reported to activate miR-

interferon-induced transmembrane protein 1

21, thereby suppressing HCV-triggered type | IFN production and
promoting HCV replication. Two identified targets for miR-21, mye-
loid differentiation factor 88 (MyD88) and interleukin-1 receptor-
associated kinase 1 (IRAK1), are involved in toll-like receptor sig-
nalling and HCV-induced type 1 IFN production. These findings
demonstrate the potential role of miR-21 in HCV proliferation and
immune surveillance evasion.*® Furthermore, elevated cellular miR-
122 has also been described as an essential component of HCV
replication and RNA accumulation in liver cells,*” thus serving as an
ideal candidate for antiviral treatment. Concomitantly, a recent study
showed that the sequestration of miR-122 function via subcuta-
neous locked nucleic acid-modified DNA antisense oligonucleotide
(drug name: Miravirsen) therapy in infected patients generated pro-
longed dose-dependent reduction of HCV RNA levels without viral
resistance.*®

Intrahepatic miRNA changes from HCV infection have also been
found to stimulate inflammatory signalling pathways. Induction of
miR-155 upon HCV infection via nuclear factor kappa B (NF-xB)
was revealed to inhibit apoptosis and promote hepatocyte prolifera-
tion and tumorigenesis through targeting adenomatous polyposis coli
(APC), a Wnt signalling inhibitor. Wnt pathway overexpression
reversed this process and induced cell cycle arrest.*’ miR-196 was
found to inhibit HCV replication through targeting Bachl, a tran-
scriptional factor that negatively regulates heme oxygenase 1
(HMOX1), a key cytoprotective enzyme with antioxidant and anti-
inflammatory properties involved in oxidative stress and liver injury.
Overexpression of miR-196 was therefore proposed as a potential
therapeutic strategy to protect against oxidative stress and HCV
infection.>® A similar mechanism was identified in hepatitis B virus
infection, wherein miR-143 induced hepatocarcinoma metastasis via
NF-kB signalling and fibronectin repression, thus the down-regula-
tion of miR-143 became an effective strategy to control HBV-related
liver cancer progression.>?

2.3 | Metabolic effects

Regulation of metabolism is another key function of miRNAs from
HCV infection. miR-27a was found to regulate lipid metabolism via
targeting transcription factor RXRa and the lipid transporter ATP-
binding cassette subfamily A member 1. miR-27a also repressed
several lipid metabolism-related genes (encoding SREB, PPAR and
Apo family proteins) which are essential for the production of
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infectious viral particles. Repression of miR-27a was conversely
found to increase hepatocyte lipid content and viral replication and
infectivity. Interestingly, miR-27a has been found to be preferen-
tially up-regulated during HCV infection, providing a survival mech-
anism by which the virus can maintain a low viral load, evade host
immune surveillance, establish chronic infection and secondarily
promote hepatic steatosis.’?> A similar study on miR-122 also
demonstrated the importance of metabolic effects of miRNAs.
Depletion of hepatocyte miR-122 by locked nucleic acid anti-miR-
122 in non-human primates generated a dose-dependent decrease
in plasma cholesterol.>® These findings along with other identified
miRNAs can all target insulin signalling (eg PI3K/Akt), further
demonstrating a critical role of miRNAs in associating HCV infec-
tion with the development of systemic extrahepatic complications

via metabolic effects.

2.4 | Circulating miRNAs derived from HCV
infection

In addition to intracellular miRNAs, extracellular circulating miRNAs
have been associated with the development and progression of vari-
ous diseases (eg cancer and cardiovascular disease). To better under-
stand the linkage between HCV infection and peripheral IR and
diabetes, we seek to analyse miRNAs and their target mRNAs in
these 2 disease conditions. Circulating miRNA profiling of newly
diagnosed T2D patients and T2D-susceptible individuals with normal
glucose tolerance consistently finds miR-34a to be significantly up-

regulated.>*

A separate study reports miR-134 to be down-regulated
in omental adipocyte samples from T2D patients,”® and miRNA pro-
filing of streptozotocin-induced diabetic mice reveals miR-134 to be
up-regulated specifically in mitochondria of liver samples.®® Interest-
ingly, a few of these miRNAs in T2D/IR have also been detected in
circulating miRNA profiles of HCV-infected individuals (Table 2). A
recent study on circulating miRNA profiling in HCV patient serum
samples identified miR-134, miR-198, miR-320c and miR-483-5p to
be up-regulated when compared to healthy controls.>” Another
study by Cermelli et al*® found serum levels of miR-34a and miR-
122 to be significantly elevated in HCV patients and increased with
the course of infection. The overlap of miRNA profiles between
these disease conditions further suggests causative roles for HCV
infection-associated miRNAs in the development of extrahepatic dia-
betes and IR.

3 | MIR-122 AS A UNIQUE MIRNA THAT
LINKS HCV INFECTION TO IR AND
DIABETES

Among all HCV-associated intra- and extrahepatic miRNAs, miR-122
is the most extensively studied. Many investigations have shown its
involvement and necessity in the virulence of the HCV virus, includ-
ing the enhancement of HCV replication and HCV mRNA translation,
inhibition of HCV 5-RNA degradation, mediation of alcohol-induced

WiILEY-22

TABLE 2 Circulating miRNA profiles (serum and plasma)
associated with hepatitis C virus (HCV) infection and T2D/IR

Circulating  Expression with

miRNA HCV infection Expression in T2D/IR

miR-16 Up°® Increased in serum T2D-associated
microvascular disease!?®

miR-19a Up*2*

miR-20a Up*?t

miR-22 No change>®

miR-34a Up58'124 Increased in serum T2D>* Increased
in plasma T2D*?”

miR-92a Up!?t

miR-122 Up°8112-120 Increased in serum of obese young
adults, independently associated
with IR'®3134 |ncreased in serum,
strongly associated with
development of metabolic syndrome

and T2D*%

Up124
Up57,119

miR-130a
miR-134

miR-146a Increased in serum T2D>; increased
in plasma of newly diagnosed T2D,
correlates with elevated heme
oxygenase-1%2; decreased in serum
T2D and pre-DMlZS; Decreased in
serum obese/dyslipidaemic T2D vs
non-T2D obese/dyslipidaemic
controls, anti-inflammatory with
increased IL-8 and HGF*%!

Down!2*

miR-155 Up*t’ Increased in exosomes of obese mice,
cause IR when administered to

lean mice”®

miR-181a Up'?® Increased in serum T2D, targets

SIRT1%%°

miR-192 Uplte12s

Decreased in serum T2D and
pre-DM'?%; decreased in plasma
T2D, metformin increased miRNA
vs placebo??¢

miR-195 Up'#®
miR-198 Up°®
miR-221 Up'??

Decreased in plasma T2D*?¢

Increased in serum T2D*?8; increased
in serum T2D, BMI/HbA1c/TG
positively correlated with miRNA2?

miR-296 Up'?*
miR-320C  Up*’
miR-424-3p  Up'*?
miR-483-5p Up°’

miR-494 Down?'?°
miR-629-5p  Up'??
miR-885-5p Up!%°

miRNAs changed upon HCV infection were summarized; their alterations
in T2D or IR were also listed for the comparative analysis.

HCV replication and reduction in interferon-induced ISRE (inter-
feron-sensitive response element) activity via inhibiting SOCS3 pro-
moter methylation (Table 1).
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FIGURE 2 miR-122 target profile reveals IR-relevant ontologies and pathways. miR-122 predicted targets were analysed for molecular
function, biological process and associated pathways with PANTHER Gene Ontology Tool. (A) Biological process ontology includes protein
metabolism (56), carbohydrate metabolism (13) and lipid metabolism (10). (B) Molecular function ontology revealed several IR-relevant
biochemical processes including transmembrane transport (27), calcium ion binding (9), GPCR activity (2), peroxidase activity (2) and lipid
transporter activity (1). (C) PANTHER pathway analysis identified key signalling pathways including apoptosis signalling (8), EGFR signalling (6),
GPCR signalling (11), Ras pathway (5), insulin/IGF pathway-PKB signalling (4) and PI3 kinase pathway (4). *Indicates a general level 1 ontology
in (B) and level 2 ontology in (A), all other listed ontologies are more specific terms at either level 2 in (B) or level 3 in (A). DIANA-microT-CDS
predictions for miR-122 are provided in Data S1. PANTHER results with ontologies and corresponding gene lists are provided in Data S2

Increased circulating miR-122 is observed in serum and plasma
with HCV infection, and circulating miRNA-122 is elevated in serum
of obese young adults and patients with T2D and IR (Table 2). These
lines of evidence prompt us to carry out in-depth analysis on the
central roles of miR-122 in the development of IR and T2D under
HCV infection. The related peripheral targets of miR-122 and their
functions in metabolic and signalling pathways are comprehensively
examined as follows.

3.1 | miR-122 target profiling on metabolic
ontologies in peripheral tissues

To understand the potential metabolic effects of circulating miR-122
in peripheral tissues, we first analysed the biological and molecular
functional landscape of all miR-122 targets. Using the DIANA-microT-

59,60

CDS target prediction platform, we identified a total 511 strongly

predicted targets for miR-122; these targets were further assessed by

the PANTHER Gene Ontology database®? for the clarification of their
molecular functions and involvement in biological processes and sig-
nalling pathways (Figure 2). As shown in Figure 2A, many metabolic
processes are potentially targeted by miR-122, including protein
metabolism, carbohydrate metabolism (glycolysis, oxidative phospho-
rylation and tricarboxylic acid cycle), lipid metabolism and phospho-
lipid metabolism. Many biological functions are also affected,
including transmembrane transport, calcium-dependent phospholipid
binding, lipid binding and transport, and peroxidase activity etc. (Fig-
ure 2B). Signalling pathway ontology revealed several IR-related path-
ways (eg insulin/IGF/AKT signalling), PI3K signalling, apoptosis, EGF
GPCR signalling and Ras/MAPK pathway
(Figure 2C). Interestingly, inflammation ontology is also affected by

receptor signalling,

miR-122 targets, including chemokine and cytokine signalling (eg TNF
receptor), interleukin signalling, Wnt signalling and cytokines.
Furthermore, we used GeneAnalytics LifeMap software, which

analyses an input gene set against background genes known to be
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differentially expressed in all tissues, to analyse which targets are
differentially expressed in which peripheral tissues.®> As shown in
Figure 3, several targets were identified to be more expressed in the
liver as well in several extrahepatic tissues including thyroid, pan-
creas, adipose, skeletal muscle and smooth muscle. Several genes dif-
ferentially expressed in adipose, skeletal muscle and pancreatic
tissues with metabolic functions are experimentally verified targets
of miR-122 (Table 3), further suggesting the strong possibility that
miR-122 plays critical roles in the development of IR and T2D.

In adipose tissue, a number of genes with relevant metabolic
functions were identified, including conversion of glucose to acetyle-
CoA (CS), regulation of cell growth and metabolism by IGF (IGFBP5),
insulin signalling via PI3K/Akt and MAPK/ERK signalling (IQGAP1),
glycolysis and gluconeogenesis (ALDOA), and sphingolipid metabolism
(SUMF2). In skeletal muscle, additional genes with IR-relevant func-
tions were also identified, including glucose metabolism and insulin-
induced glycogenesis (GYS1), Wnt and ERK signalling (SOX6), and
nitric oxide synthesis (NOS1). Similarly, genes relevant to insulin
secretion in pancreatic tissue were identified to include calcium
binding and glycoprotein folding (CANX), microtubule-associated
secretory transport via kinesins (KIF11) and membrane electrochemi-
cal regulation (ATP1A2).

3.2 | miR-122 target genes regulate IR and T2D in
skeletal muscle and adipose tissue

To further evaluate miR-122 targets that play important roles in clin-
ical IR tissues, we analysed the relationship between miR-122 tar-
gets and the down-regulated genes (>2-fold decrease) in human IR

tissues using the microarray data from 4 studies in Gene Expression
Omnibus (GEO)®3; 2 assessing skeletal muscle and 2 assessing
adipose tissue (Table 4). Several miR-122-predicted targets are
down-regulated genes in quadriceps muscle reported by lJin et al
(normoglycaemic IR subjects with parental history of T2D vs normo-
glycaemic non-IR control) and Yang et al (insulin sensitive and IR

Indians).6*¢>

from equally obese, non-diabetic Pima IR-relevant
genes include NaCl absorption (SLC12A1), insulin receptor kinase
phosphorylation (PTPN1), IGFBP4 and IGFBP5 cleavage (PAPPA), and
TGF-B signalling (PEG10). To further examine the extent of func-
tional association of these genes with IR, we used the GeneAnalytics
VarElect software (an integrated knowledge-based software to anal-
yse direct and indirect phenotypic linkage with genes) and identified
several miR-122 targets (SLC12A1, PTPN1 and PAPPA) that have
direct phenotypic association with T2D/IR.®® Comparing miR-122
targets with down-regulated genes in subcutaneous and omental adi-
pose samples®” (insulin sensitive vs IR obese subjects) and subcuta-
neous adipose samples®® (insulin sensitive vs IR non-obese subjects),
we again found overlapping genes with IR-relevant functions, includ-
ing stimulation of oestrogen and glucocorticoid receptors, fat oxida-
GPCR

signalling and carbohydrate metabolism (GRK3), adipocyte differenti-

tion and non-oxidative glucose metabolism (PPARGC1B),

ation and apoptosis inhibition (PEG10), stimulation of Wnt signalling
(RSPO1), O-linked oligosaccharide synthesis (GALNT12) and MAPK
signalling (DUSP4). PPARGC1B, GPD1L and RSPO1 were found to
have more direct phenotypic association with T2D/IR when assessed
by VarElect. Several of the miR-122 targets highlighted in Table 4 in
both skeletal muscle and adipose tissue have been previously experi-

mentally verified as well.
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FIGURE 3 miR-122 targets IR-relevant genes differentially expressed in adipose, skeletal muscle and pancreas. Distribution of miR-122
predicted targets (511 input genes) differentially expressed in various tissues and compartments was analysed via GeneAnalytics LifeMap Tool,

including adipose (22), skeletal muscle (8) and pancreas (27)
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4 | MOLECULAR MECHANISMS TO
SUPPORT THE FUNCTION OF CIRCULATING
MIR-122 IN TARGET CELLS

Whether circulating miRNAs are functionally significant or simply by-
products of cell activity is still debatable; however, strong evidence
for both sides of this relationship has emerged.®® Circulating miRNAs
7071 miRNA

populations in exosomes are significantly different from miRNA spe-

can be co-purified with microvesicles and exosomes,

cies in their originating cells and are often associated with AGO pro-

7274 and the treatment of cells with exosome fractions

teins,
suppresses target mRNA translation.?8757? All of these results sup-
port the “cell-to-cell communication” theory for circulating miRNAs.
Conversely, opponents have shown that miRNA-AGO complexes are
stable for prolonged periods of time in the nuclease-rich extracellular
environment after the death of parental cells® and suggest that
mMiRNA-AGO complex with exosomes is simply due to the high

8182 and that the concentration of

capacity of RNA-binding proteins
miRNAs in circulation is too low to carry out a hormone-like func-
tion on distant target cells. Both sides of this argument may be cor-
rect to a certain extent. While the majority of circulating miRNAs
might be non-specific by-products, certain miRNAs may indeed pos-
sess hormone-like functions under certain conditions (eg cancer and
infection).

Interestingly, vesicle-associated miRNAs are found to be the min-
imal portion in circulation, whereas over 90% of miRNAs in serum
and plasma are vesicle free and associated with AGO2.”¢ As AGO2
is a critical

intracellular protein in the RNA-induced silencing

A pre-hsa-miR-122

complex (RISC), this finding indicates a drastic new possibility that
AGO2 not only functions as a carrier protein for circulating miRNAs
but also plays an active role in miRNA uptake and functioning in tar-
get cells. Although the mechanism underlying the secretion, circula-
tion and uptake of AGO2-miRNA complex remains elusive, these
findings prompt us to analyse the possibility of AGO2-mediated

uptake and functioning of miR-122 in target cells.

4.1 | Thermodynamic stability of miR-122/AGO2
complex

Among 4 AGO proteins (AGO1-AGO4) encoded by the human gen-
ome, only AGO2 expresses mRNA cleavage activity while other
AGOs (AGO1/3/4) lack cleaving activity and only mediate RNA
silencing via translational repression.8% The 2 steps of forming active
RNA-induced silencing complex (RISC) involves pre-miRNA duplex
association with AGO (inactive RISC) followed by the rate-limiting
step of RNA duplex cleavage to form a single-stranded RNA associ-
ated with AGO (active RISC).848>

Thermodynamic stability and structure prediction for pre-miR-
122 by mFold revealed the AG = —45.90 kcal/mol along with 63/70
bases paired in its stem (Figure 4A).2¢ Gu et al demonstrated that
stable shRNA structures (AG < —38.5 kcal/mol) are inversely corre-
lated with non-cleaving AGO-RISC activation, with very poor to no
activation around -45.90 kcal/mol. It was also demonstrated that
AGO2-associated shRNAs in complete or near complete base pairing
in the stem exhibits very robust mRNA target silencing.8® Together,
miR-122 is likely a poor candidate for AGO1/3/4-RISC activation,

G U
5 ¢ u c
CUUAGCAG-AGCUGUGGAGUGUGACAAUGGUGUUUG u
0 e I O A B O e I O O O O O N A A | A
GGAUCGUC UCGAUAAAUCACACUAUUACCGCAAAC A
3 c A u A
AuC

AG = —45.90 kcal/mol
Stem pairing: 63/70 bases paired

B hsa-miR-122

2 8 13 16
5 UGGAGUGUGACA

ITII I I 1 Il I

AUGGUGUUUG 3

Anchor Seed Central 3' Supplementary Tail
C UG :I 3
A G

K Supplementary
cCG
AU

5 UGGAGUGUGUUG 3

I |
Anchor  Seed

AG = -0.10 kcal/mol

A: 4/22 nt, 18.18%
C: 1/22 nt, 00.05%
G: 9/22 nt, 40.91%
U: 8/22 nt, 36.36%

FIGURE 4 miR-122 structural and thermodynamic characteristics make it an ideal candidate for AGO2-mediated silencing. miR-122
sequence was folded with the mFold RNA tool to assess its stem-loop structure features and thermodynamic stability. (A) pre-miR-122 stem-
loop structure and thermodynamic stability. (B) miR-122 sequence, relevant segments and nucleotide composition. (C) miR-122 guide strand
stem-loop structure and thermodynamic stability. “hsa-" stands for homo sapiens
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TABLE 3 miR-122 targets differentially expressed in adipose, skeletal muscle and pancreas

Target Name

Adipose
(&) Citrate synthase
IGFBP5 Insulin-like growth factor-binding protein 5
ACSS2 Acyl-CoA synthetase short-chain family member 2
IQGAP1?  1Q motif containing GTPase-activating protein 1
ALDOA?  Aldolase, Fructose-Bisphosphate A
CLic4? Chloride intracellular channel 4
SUMF2 Sulfatase-modifying factor 2

Skeletal muscle

GYS1? Glycogen synthase 1

NOS1 Nitric oxide synthase 1

SOX6? SRY-Box 6

ATP1A2° ATPase Na*/K* transporting unit alpha 2
Pancreas

CANX? Calnexin

KIF112 Kinesin Family Member 11

ATP1A2® ATPase Na*/K" transporting unit alpha 2

GPX3 Glutathione peroxidase 3

Function

TCA cycle; conversion of glucose to acetyl-CoA
Regulation of cell growth and metabolism by IGF

Activation of acetate for use in lipid synthesis and energy generation; ethanol
oxidation

Insulin signalling via PKB/Akt pathway; MAPK/ERK signalling cascade
Glycolysis and gluconeogenesis
Chloride channel insertion, redox regulated, possibly under oxidizing conditions

Sphingolipid metabolism

Glucose metabolism; insulin-induced glycogenesis
Nitric oxide synthesis from L-arginine
Transcription activator involved in Wnt and ERK signalling

Membrane electrochemical gradient regulation; muscle electrical excitability

Ca?* binding, ER-associated chaperone; Glycoprotein folding
Kinesin; microtubule-associated secretory protein transport
Membrane electrochemical regulation; Inhibited in Ca?* influx and insulin secretion

Secreted; Antioxidant (H202, lipid peroxides, organic hydroperoxides reduction

by glutathione)

Targets that are differentially expressed (per GeneAnalytics LifeMap tool) and involved in IR-relevant functions are listed.
2Experimentally verified targets in DIANA-microT-CDS (targets verified by microarray, immunoprecipitation or qRT-PCR).

hence most likely will function via AGO2-mediated silencing. Due to
this high thermodynamic stability, we believe that miR-122 is specifi-
cally evolved for RNA silencing function through AGO2.

Although current understanding of miRNA guide strand sec-
ondary structure formation remains limited, mFold results of miR-122
interestingly revealed the most stable form (AG = —0.10 kcal/mol) to
possess unpaired bases in anchor, seed, 3’ supplementary and in the
later tail regions (Figure 4C). This confirmation may be ideal as it
exposes only bases that are required for mRNA targeting.

Studies have also shown that miRNAs containing high percent-
age of adenine exhibit reduced mRNA targeting activity. It was also
found that AGO2-associated miRNAs contain less adenine nucleo-
tides at their 3’-end when compared to miRNAs extracted from the

1.87 Consistent with this rule, we noticed that miR-122 con-

whole cel
tains more G (40.91%) and U (36.36%) bases than A bases (18.18%)
in the regions outside of the 3'-end, further supporting miR-122 as a

strong candidate for functioning through AGO2 (Figure 4B).

4.2 | 3 End importance: protection from nuclease
digestion

Increasing studies indicate the importance of nucleotide composition
at the 3’-end of miRNAs. Although miRNAs become more stable
when bound with RISC, they are still susceptible to nuclease degra-
dation via miRNA 3’ trimming, wherein the 3’-end nucleotides are
removed by cellular nucleases while bound to the PAZ domain of
AGO proteins. This trimming process is only for AGO2-bound

miRNA but not for non-cleaving AGO1/3/4-associated miRNAs, sug-
gesting a potential bias for AGO proteins towards certain nucleotide
sequences.88? miRNA with 3’-end adenine nucleotides shows weak
interaction with PAZ domain, whereas this interaction becomes
stabilized when U/G/C nucleotides (U>G>C>A) are present at the
3-end.f%7° As miR-122's 3'-end nucleotide is G and all 6 nucleotides
in the 3’ tail are U or G, miR-122 likely exhibits strong binding to
the AGO2 PAZ domain, thus protecting it from cellular nuclease
cleavage (Figure 4B).

Several studies have identified a new phenomenon for miRNA
sorting: 3’-end adenylated miRNAs are enriched in cells while 3’-end
uridylated miRNAs tend to be enriched in extracellular microvesi-
cles® The discovery of specific miRNA 3’-end sequence motifs
(EXOmotifs) favours the loading into exosomes through the interac-
tion with nuclear ribonucleoprotein A2B1 (hnRNPA2B1).7? However,
miR-122 does not meet these criteria with 3’-end guanine and the
lack of identified EXOmotifs. Therefore, other unknown mechanism
(s) may be involved in the loading of miR-122 into exosomes. As
mentioned above, miR-122 may simply form a complex with AGO2
instead of exosome packaging for efficient circulation.

4.3 | Can AGO2 mediate miR-122 uptake in target
cells?

By the time miRNA-AGO2 complex reaches target cells, there is
another critical step for miRNA uptake. So far, there are no studies
addressing this issue; it is not known whether AGO2 can mediate
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(Continued)

TABLE 4

VarElect

Indirect

Direct

Function

Name

Target

Adipose (Subcutaneous, IR non-obese, Keller et al)

Negatively regulates members of the mitogen-activated protein (MAP)

Dual specificity phosphatase 4

DUSP4?

kinase superfamily (MAPK/ERK, SAPK/JNK, p38), which are associated

with cellular proliferation and differentiation

Predicted miR-122 targets were compared with down-regulated genes (>2 fold, P < .05) in skeletal muscle and adipose tissue samples in 4 reported microarray studies using Gene Expression Omnibus

(GEQ). Targets that are more likely associated (direct or indirect) with IR-relevant phenotypes were determined using VarElect (phenotype query: insulin resistance, glucose intolerance, lipid metabolism, type

2 diabetes, glucose metabolism, lipid storage and inflammation).

2Experimentally verified targets (DIANA-microT-CDS). Lists of all overlapped genes from above 5 comparisons are available in Data S3.

WiILEY-2%

THC‘V replication & translation

| HCV 5 degradation
T steatosis

THepaiic IR

Adipose:
LGchonsis & gluconeogenesis
})\_Lipid metabolism

LIGF signalling

L PKB/AKt signalling

| MAPK/ERK pathway

N

Skeletal muscle:
| Glycolysis & insulin response

LWhnt signalling
| PKBIAKt signalling
| MAPK/ERK pathway

FIGURE 5 Working model for hepatic and circulating miR-122 to
mediate IR and diabetes associated with Hepatitis C virus (HCV)
infection. Key metabolic and cell signalling pathways impacted are
illustrated, summarizing the findings from literature review and
bioinformatics analyses in this study

miRNA uptake or induce an endocytosis process. However, there is
research reporting that AGO2 is localized on rough ER membrane
and can bind to miRNA to cause its release from ER to target cellular
mRNA.”® In addition, another study also identified the association of
AGO2 with plasma membrane in NK cells,”* suggesting that AGO2
might have a potential membrane function to assist miR-122 uptake
by target cells. AGO2 might also be able to interact with other endo-
cytosis complex protein(s) to facilitate miR-122 uptake. This is an

untested but significant topic that warrants further investigation.

5 | CONCLUSIONS

Through systematic literature review and comprehensive bioinfor-
matic analysis, we identify a group of circulating miRNAs with strong
potential in regulating the development of insulin resistance and dia-
betes-associated HCV infection. These miRNAs are revealed by a
new idea to analyse the functional overlap between HCV-derived
and IR/diabetes-related miRNAs. By integrated analyses using
DIANA-microT, PANTHER Gene Ontology Tool, GeneAnalytics Life-
Map Tool, Gene Expression Omnibus (GEO) and VarElect, miR-122
is uncovered as the most relevant miRNA in linking HCV infection to
IR/diabetes. The effects of miR-122 on target mRNAs in insulin
effector tissues are partially supported by experimental data at basic
and pre-clinical levels. The broader coverage of bioinformatic analy-
sis than experimental research is certainly reasonable, which also
provides us with more targets for further studies. The overall view
of the regulatory functions of miR-122 on the development of IR/di-
abetes by HCV infection is summarized in Figure 5.

The feasibility of regulating these broad mRNAs by miR-122 is
also analysed de novo by several bioinformatic methods, thus pro-
viding the biochemical and cell biology basis for the functioning of
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miR-122 in extrahepatic tissues. Our viewpoint regarding the “hor-
monal” function of miR-122 is supported by a recent study that
obese mice adipose tissue macrophage-derived exosome can cause
systemic insulin resistance and glucose intolerance in lean mice,
wherein miR-155 is the causative factor.”” This study also sug-
gests that other miRNAs identified in Table 2 may exert functions
in the association of HCV infection with IR and diabetes. Interest-
ingly, miR-155 is exactly on the list as one candidate in Table 2.
miRNAs identified from this analytical review will be experimen-
tally verified as our ongoing research project. In summary, the
information and ideas from this review shed new light on our
IR and diabetes

associated with HCV infection from a different angle through

understanding about the development of

non-coding RNA, thus providing us a new strategy for drug devel-
opment to treat HCV infection-associated extrahepatic diseases

and complications.
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