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In patientswith chronic hepatitis C virus (HCV) infection, viral hijacking of the host-cell biosynthetic pathways is as-
sociated with altered lipid metabolism, which contributes to disease progression and may influence antiviral re-
sponse. We investigated the molecular interplay among four key regulators of lipid homeostasis [microRNA
(miR)-122, miR-24, miR-223, and proprotein convertase subtilisin/kexin type 9 (PCSK9)] in HCV-infected patients
(n=72)who achieved a treatment-based viral cure after interferon-based therapywith first-generation direct-act-
ing antivirals. Real-timePCRwasused to quantifymicroRNAplasma levels, andELISA assayswere used todetermine
plasma concentrations of PCSK9. We report that levels of miR-24 and miR-223 significantly increased in patients
achieving sustained virologic response (SVR), whereas the levels of miR-122, a liver-specific cofactor for HCV infec-
tion, decreased in these patients. PCSK9 concentrations were significantly increased in SVRs, suggesting that PCSK9
mayhelp impede viral infection. Themodulatory effect of PCSK9onHCV infectionwas also demonstrated in the con-
text of HCV-infectedHuh-7.5.1 cells employing recombinant human PCSK9mutants. Together, these results provide
insights into a novel coordinated interplay among three important molecular players in lipid homeostasis — circu-
latingmiR-24, miR-223 and PCSK9—whose regulation is affected by HCV infection and treatment-based viral cure.
and Imm
alth Scien

drea.Olm
Krajden@

S, Canada

. This is a
©2017 TheAuthors. Publishedby Elsevier B.V. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords:
Hepatitis C virus
Antiviral therapy
miR-24
miR-122
miR-223
Proprotein convertase subtilisin/kexin type 9
1. Introduction

Cholesterol and lipid homeostasis are maintained through tightly
controlled and complex molecular feedback mechanisms that involve
coordinated regulation of major metabolic pathways (Goldstein et al.,
2006). Disruption of cholesterol and lipid homeostasis can lead to a
wide range of pathologies, including hyperlipidemia, atherosclerosis,
and other metabolic disorders (LaRosa et al., 1990; Maxfield and Taba,
2005). For instance, increasing evidence of viral hijacking of host choles-
terol and lipidmetabolic pathways by human enveloped viruses such as
hepatitis C virus (HCV) is now uncovering an important and underap-
preciated intimate connection between virus, host lipids, and
unology, Life Sciences
ces Mall, Vancouver,

stead@bccdc.ca
bccdc.ca (M. Krajden),
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n open access article under
pathogenesis of viral disease. Specifically, HCV establishes chronic infec-
tion in approximately 75% of infected individuals and is amajor cause of
cirrhosis, end-stage liver disease, and hepatocellular carcinoma (Chen
and Morgan, 2006).

Aside from the established effect of chronic HCV (CHC) infection on
liver injury, CHC infection is also associated with host lipid metabolism
dysregulation that may contribute to steatosis, which can further in-
crease the risk of liver fibrosis (reviewed in Bassendine et al., 2013;
Felmlee et al., 2013). Interestingly, several epidemiological studies
have reported that CHC infection is associated with hypolipidemia
(Serfaty et al., 2001; Corey et al., 2009) that usually resolves with suc-
cessful HCV treatment, returning to baseline in those who achieve a
sustained virological clearance; however, it persists in people who fail
treatment (Corey et al., 2009). Furthermore, many successfully treated
patients experience low-density lipoprotein (LDL) and cholesterol re-
bound to levels associatedwith an increased risk of developing coronary
disease (Corey et al., 2009). Taken together, these clinical and experi-
mental studies underline the complexity of the HCV-induced metabolic
changes during CHC infection and their potential impacts on treatment
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Cohort overview and study design for miRNA analysis. a) Plasma samples were
collected from a cohort of 94 patients chronically infected with HCV. All patients were
treated with interferon-based antiviral therapy that included pegylated interferon-alpha
(PEG-IFN) and ribavirin (RBV) with/without an oral HCV protease inhibitor [boceprevir
(BOC)/telaprevir (TPV)] for 24–48 weeks [Treatment Week (TW) 24-TW48]. Plasma
samples were collected before [Week 0 (W0)], during treatment (TW4-TW24/TW48),
and after treatment [Follow-Up Week: (FUW)] at the indicated time points
(FUW12/FUW24). b) Circulating levels of plasma miR-122, miR-24, and miR-223 were
quantified by quantitative real-time PCR after total RNA isolation. MicroRNA levels were
normalized to a non-human spike-in control [Caenorhabditis elegans miR-39 (cel-miR-
39)]. Clinical relevance of circulating levels of plasma miR-122, miR-24, and miR-223 in
CHC infection and their impacts on treatment outcome were evaluated using various
statistical models (see Materials and methods).
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outcome. However, remaining elusive is the identity of the key molecu-
lar players in lipid homeostasis, those circulating microRNAs and pro-
teins whose regulation is affected by CHC infection and associated
with treatment-based viral cure.

MicroRNAs (miRNAs) are small (18–24 nucleotides) non-coding
RNAs that regulate gene expression at the post-transcriptional level
(He and Hannon, 2004). They regulate key biological processes and
can contribute to the pathogenesis of various diseases (He and
Hannon, 2004). Circulating miRNAs also serve as stable plasma bio-
markers for many disorders (Cortez and Calin, 2009; Wittmann and
Jack, 2010) and are promising targets for novel therapeutic strategies
(Janssen et al., 2013; Lindow and Kauppinen, 2012).

In regard to lipidmetabolic control, miRNAs have recently been found
to modulate cholesterol and lipid homeostasis. For example, in vivo inhi-
bition of a liver-specific miRNA, miR-122, significantly lowers plasma
cholesterol levels in both mice and non-human primates (Esau et al.,
2006; Lanford et al., 2010). Besides having an important role in cholester-
ol homeostasis, miR-122 is required for efficient HCV replication (Jopling
et al., 2005), and anmiR-122 antagonist has been shown in a human clin-
ical trial to have strong antiviral effects (Janssen et al., 2013). Another he-
patic microRNA, miR-223, coordinates cholesterol homeostasis by
targeting several key genes involved in regulating cholesterol biosynthe-
sis and the influx and efflux process of cells (Vickers et al., 2014). In addi-
tion, several miRNAs from the miR-23 cluster have been reported to be
involved in the regulation of lipid metabolism, including miR-27
(Vickers et al., 2013; Singaravelu et al., 2014; Shirasaki et al., 2013) and
miR-24 (Ng et al., 2014). Interestingly, miR-223 and miR-24 are lipopro-
tein-associated miRNAs (Michell and Vickers, 2016; Vickers et al., 2011;
Wagner et al., 2013) and are abundant in the liver (Vickers et al., 2014;
Ng et al., 2014) and platelets (Landry et al., 2009; Willeit et al., 2013).

Convergent lines of experimental evidence support the potential
roles of circulating microRNAs during CHC virus infection and their im-
plications in the clinical outcomes of anti-HCV therapy. For example, ex-
pression profiling of circulating microRNAs revealed that serum levels
of miR-122 and miR-34a may represent non-invasive biomarkers of di-
agnosis in patients with CHC (Cermelli et al., 2011), and transcriptomic
analysis of CHC identified candidate microRNAs controlling the altered
cholesterol pathways in chronic viral hepatitis (Selitsky et al., 2015).
In addition,miRNAmicroarray profiling in liver biopsies of CHC patients
prior to interferon (IFN)-based anti-HCV treatment showed that specific
miRNAs correlated with treatment outcome. Expression levels of 9
miRNAs were significantly different between the sustained virologic re-
sponders (SVR) and non-responder (NR) groups, suggesting that ex-
pression patterns of these hepatic miRNAs are associated with the
therapeutic outcome in CHC patients (Murakami et al., 2010).

Another important circulating regulator of lipid metabolism and a
key modulator of cardiovascular health is proprotein convertase subtil-
isin/kexin type 9 (PCSK9) (Seidah et al., 2014). PCSK9 is secreted into
the plasma by the liver and regulates cholesterol and lipid homeostasis,
predominantly by promoting degradation of the low-density lipopro-
tein receptor (LDLR) via endosomal and lysosomal pathways (Seidah
et al., 2014). Reducing the concentration or activity of PCSK9 correlates
with increased concentration of LDLR on the cell surface, which in-
creases the clearance of LDL particles from the circulation and reduces
plasma LDL concentration. Also, circulating concentrations of PCSK9 di-
rectly correlate with LDL and total cholesterol concentrations (Seidah et
al., 2014; Alborn et al., 2007;Dubuc et al., 2010). Because of the ability of
PCSK9 to enhance degradation of HCV co-receptors such as LDLR
(Seidah et al., 2014), a protective role of PCSK9 in HCV infection was re-
cently proposed (Labonte et al., 2009; Seidah, 2016).

In this study, we investigated themolecular interplay among four key
regulators of lipid homeostasis [miR-122,miR-24,miR-223, andPCSK9] in
a well-characterized cohort of 94 patients with CHC, treated with
pegylated interferon (PEG-IFN)-based combination therapy with the
first-generation direct-acting antivirals, to help uncover the complexity
of the HCV-induced lipid metabolic changes during CHC infection and
their impacts on treatment outcome. We examined the correlation
among the plasma levels of circulating miR-122, miR-24, miR-223, and
liver-enriched PCSK9 with the cohort's clinical parameters. We also eval-
uated the impact of treatment-based viral cure of CHC infection on these
four circulating regulatory molecules of lipid homeostasis and unraveled
that differential levels of circulating regulators of lipid metabolism may
be associated either with treatment outcome or liver disease progression.
Importantly, our findings support further investigation of human meta-
bolic pathways as predictors of progressive liver disease and treatment
outcome in patients with chronic hepatitis C virus infection.

2. Materials and Methods

2.1. Patient Samples

Stored plasma samples (−86 °C) from 94 patients with CHC were
retrospectively analyzed. All patient samples were randomly collected
at an outpatient clinic. All projects and associated methods involving
the human plasma samples were approved by the University of British
Columbia's Research Ethics Board [certificate # H13-01770], with a
signed informed consent provided by all volunteers.

Patients were treated with interferon-based antiviral therapy that
included PEG-IFN-alpha and ribavirin (RBV) with/without a potent
oral HCV protease inhibitor (direct-acting antiviral, DAA) [either
boceprevir (BOC) or telaprevir (TPV)] for 24–48 weeks (Fig. 1a). For
some of the patients, the specific information on the DAA used in com-
bination therapy was not provided. Consequently, no stratified analysis
according to DAA is presented in this study.

Patients were classified as sustained virologic responders (SVRs)
when HCV RNA was not detected at 12 and 24 weeks after the end of
therapy. Relapsers were patients who were negative for HCV RNA at
the end of therapy but HCV RNA positive at either 12 or 24 weeks
after the end of therapy. Non-responders (NRs) were patients with de-
tectable HCV RNA at all time points during and at the end of therapy.
Human plasma sampleswere collected and evaluated at baseline before
therapy (week 0:W0) aswell as during therapy (TreatmentWeek: TW)
[weeks 4 (TW4), 8 (TW8), 12 (TW12), 24 (TW24), and 48 (TW48)], and
after therapy (Follow-Up Week: FUW) [12 (FUW12) or 24 (FUW24)]
weeks post-treatment]. A cohort overview is summarized in Fig. 1a.

HCV RNA was quantified using the COBAS AmpliPrep/COBAS
Taqman®HCV-Test from Roche Molecular Systems. FibroScan® testing
was performed at the clinic before treatment initiation to determine the
degree of liver fibrosis. Routine blood parameters were measured at
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sample collection time points. APRI (AST to platelet ratio index) scores
were calculated using the formula: (aminotransferase (AST) level
[U/L]/AST upper limit of normal [U/L]/platelet count [109/L]) × 100,
where 40 U/L was used as AST upper limit of normal (Lin et al., 2011;
Chou and Wasson, 2013).

FIB-4 values were calculated using the formula: age (years) × AST
level [U/L]/(platelet count [109/L] × √ALT [U/L]), where ALT stands for
alanine aminotransferase (Sterling et al., 2006). Patients co-infected
with hepatitis B virus or HIV-1 were excluded from the study. Data
from patients receiving long-lasting, lipid-modulating drugs (Table 1:
3% of CHC patients) or metformin therapy for diabetes (Table 1: 6% of
CHC patients) were included.

2.2. Detection of Circulating miRNAs

The experimental design is summarized in Fig. 1b. We initially per-
formed a pilot study where we tested the plasma levels of miR-122,
miR-24, miR-155, miR-196b, miR-224, miR-223, miR-33a, and miR-
33b. We selected these eight microRNAs based on the cumulative ex-
perimental evidence at the time we initiated this study; that evidence
supported (i) their roles as regulators of lipid homeostasis [miR-122
(Esau et al., 2006); miR-24 (Ng et al., 2014); miR-223 (Vickers et al.,
2014); miR-33 (Rayner et al., 2010)]; (ii) their disregulation during
CHC [miR-122 (Cermelli et al., 2011); miR-155 (Bala et al., 2012);
miR-224 (Lendvai et al., 2014); miR-33 (Lendvai et al., 2014)]; or (iii)
their anti-HCV activity [miR-122 (Jopling et al., 2005); miR-196 (Hou
et al., 2010; Kałużna, 2014)]. The results of our pilot study revealed
that plasma levels of miR-122, miR-223, and miR-24 were robustly de-
tected byqRT-PCR in our clinical samples. Becausewe observed efficient
and reliable detection of miR-122, miR-223 andmiR-24 in those clinical
samples using our PCR platform, we decided to focus on these three cir-
culating microRNAs for our study presented in this manuscript.
Table 1
Patient demographics and baseline biochemical characteristics.

Characteristic
(mean ± SEM)

SVR
(n = 39)

Relapsers
(n = 9)

Non-responders
(n = 24)

SVR vs
Non-SVR

Epidemiology P value
Sex, male/female 22/17 4/5 15/9 –
Age, yr 52 ± 1.8 59 ± 1.4 56 ± 1.2 0.03
Weight, kg 82 ± 3.6 83 ± 7.5 88 ± 3.9 0.39
HCV genotype 1/2/3 34/3/2 7/1/1 22/0/2 –
HCV treatment, PEG-IFN
+ RBV ± DAA

34/5 6/3 21/3 –

Statins or fibrates, no. 2 0 0 –
Metformin, no. 3 0 1 –
Laboratory results
ALT (U/L) 85 ± 8.8 100 ± 23.3 121 ± 19.1 0.09
AST (U/L) 65 ± 6.7 87 ± 16 99 ± 15 0.03
Hemoglobin (g/L) 144 ± 2.6 143 ± 3.2 138 ± 3.6 0.19
WBC (×109/L) 6.4 ± 0.3 5.9 ± 0.8 5.6 ± 0.5 0.16
Platelets (×109/L) 203 ±

11.9
144 ± 18.4 161 ± 21.4 0.02

Neutrophils (×103/mm3) 3.4 ± 0.3 3.2 ± 0.5 2.8 ± 0.3 0.19
HCV RNA, (×106 IU/mL) 2.8 ± 1.1 2.6 ± 0. 97 1.7 ± 0.29 0.46
Liver injury scores
APRI score 1.0 ± 0.2 2.1 ± 0.8 1.7 ± 0.3 0.032
FIB-4 score 2.4 ± 0.4 4.4 ± 0.98 4 ± 0.6 0.01
Fibroscan, kPA 10 ± 1.2 n

= 28
19 ± 7.3 n
= 5

17 ± 1.8 n = 17 0.003

MicroRNAs (ΔCt)
miR-122 5.4 ± 0.3 6.1 ± 0.5 5.2 ± 0.4 0.95
miR-24 6.4 ± 0.3 6.8 ± 0.7 6.9 ± 0.3 0.24
miR-223 4.6 ± 0.4 5.3 ± 0.8 5.4 ± 0.4 0.15

ALT, alanine transaminase; AST, aspartate transaminase; WBC, white blood cells; HCV,
hepatitis C virus. MicroRNA levels are reported as ΔCts after normalizing to spike-in
RNA. P-values are for comparison between SVRs and non-SVRs (relapsers + non-
responders). P-values were calculated using the parametric two-tailed t-test. P-values
b 0.05 were considered significant. Note: There is an inverse correlation between ΔCt
and miRNA expression level: Lower ΔCt values are associated with increased miRNA
expression.
Total RNA was extracted from plasma with the miRNeasy Serum/
Plasma kit (Qiagen, Hilden, Germany) according to the manufacturer's
protocol. Complimentary DNA (cDNA) was synthesized using the
miScript II RT kit (Qiagen) according to the manufacturer's instructions
with the following modifications: The cDNAwas diluted 1:10 in RNase-
Free water and miRNAs were detected using the miScript SYBR® Green
PCR kit (Qiagen). MicroRNAs were detected with Ce_miR-39_1, miR-
24-3p, miR-223-3p, and miR-122a-5p miScript Primer assays (Qiagen).
MicroRNA levels were presented as ΔCt in the analyses where miRNA
levels were normalized to the reference spike-in RNA but without base-
line normalization (Fig. 2, Tables 1–3). MicroRNA levels were also nor-
malized using miR-39 spike-in RNA via the 2−ΔΔCt method when
normalized to baseline levels (Fig. 3) (Loveday et al., 2015). Importantly,
there is an inverse correlation betweenΔCt andmiRNA level: LowerΔCt
values are associated with increased miRNA level.

2.3. PCSK9 ELISA

Plasma PCSK9 concentrations were determined using CircuLex
human PCSK9 ELISA kits in accordancewith themanufacturer's instruc-
tions (MBL, Woburn, MA, USA).

2.4. Cell Culture and HCV Infection

Human hepatoma Huh-7.5.1 cells were kindly provided by Dr.
Francis Chisari (Scripps Research Institute, La Jolla, CA, USA). Cultured
cells were grown in Dulbecco's modified Eagle medium (DMEM) sup-
plemented with 1% penicillin/streptomycin, glutamine, non-essential
amino acids, and HEPES, and 10% fetal bovine serum (FBS) (Gibco/
Invitrogen, Burlington, ON, Canada) or 10% lipoprotein-depleted
serum (LPDS) (Biomedical Technologies Inc., Stoughton, MA, USA). Re-
combinant his-tagged, wild-type (wt) human PCSK9 (wt-PCSK9), gain-
of-function PCSK9-D374Y, and loss-of-function PCSK9-R194A were ob-
tained from Circulex at MBL International (Woburn, MA, USA). HCV
RNA and infectious HCV stocks were produced and titered as described
previously (Kato et al., 2003; Olmstead et al., 2012). Briefly, a plasmid
containing the cDNA of an HCV consensus clone isolated from a Japa-
nese patientwith fulminant hepatitis (JFH-1) (GenBank accession num-
ber AB047639) (Kato et al., 2003) cloned behind a T7 promoter (pJFH-1;
a generous gift from Dr. Takaji Wakita, National Institute of Infectious
Diseases, Tokyo, Japan)was used to generate genomic HCV RNA and in-
fectious HCV stocks as previously described in (Olmstead et al., 2012).

Infectious HCV stocks were used to infect human hepatoma Huh-
7.5.1 cells for PCSK9-based studies. Intracellular HCV infection levels
in PCSK9-treated cells were determined using Cellomics High Content
Screening (HCS) Reader (Thermo Scientific) (Olmstead et al., 2012).

2.5. Statistical Analysis

Statistical analysis was performed using SAS version 9.2 and
GraphPad Prism version 6.0 (GraphPad Software Inc., La Jolla, CA).
Data are presented as mean ± standard error of the mean (SEM). Data
were analyzed by Spearman's correlation t-test, Welch's t-test for un-
paired comparison, and Bonferroni's multiple comparison test.

Model 1: Response 1 = Response 2 + patient intercept (random) +
patient slope (random)

yij ¼ α0 þ α1xij þ β0 j þ β1 jxij þ ϵij

where yijk denotes the i-th observation of patient j of the response (Re-
sponse 1), xij is the covariate (Response 2), and ϵij is the error term.

Model 1 looks at the relationship between Response 1 and Response
2, allowing a different intercept and slope for each patient. Response 1 is
defined as miRNA ΔCt response (i.e., separate models for each miRNA
investigated), and Response 2 is defined as APRI, FIB-4 score, HCV viral



Fig. 2. Circulating miR-24 and miR-223 levels in plasma show a strong positive linear relationship in all CHC patients and negatively correlate with liver injury and liver fibrosis. (a–c)
Graphs representing the negative linear relationship between miR-24 and miR-223 levels and liver injury scores [APRI (a) and FIB-4 (b)], and the robust, positive linear relationship
between miR-122 and APRI scores (a), and miR-122 and HCV virus load (c). The slopes and ordinates values (see Supplementary Tables 2–4) of the plots presented in panels (a–c)
were estimated by applying a mixed model analysis to our clinical data sets as described in the Materials and methods section. (d–e) Spearman's correlation plot of circulating miR-
223 and miR-24 levels (d), miR-24 and miR-122 levels (e), and miR-223 and miR-122 levels (f) in all CHC patients. The rhos value observed (rhos = 0.91, p-value b 0.0001) is
indicative of a very strong, positive monotonic correlation between circulating levels of miR-24 and miR-223 (d). In contrast, both miR-24 or miR-223 weakly correlated with miR-122
levels (rhos = 0.33, p-value b 0.0001) (e) and (rhos = 0.31, p-value b 0.0001) (f), respectively. Note: There is an inverse correlation between ΔCt and miRNA expression level: Lower
ΔCt values are associated with increased miRNA expression.
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load, and other liver function scores (i.e., separate models for each
relationship).

Model 2: Response = covariate

yi ¼ α0 þ α1xi þ ϵi
Table 2
Correlations of circulating miR-122, miR-24, and miR-223 with biochemical parameter.

ΔCt (miR-122) ΔCt (miR-24) ΔCt (miR-223)

rhos P value rhos P value rhos P value

AST −0.544 b0.0001 0.14 0.002 0.15 0.0009
ALT −0.618 b0.0001 0.077 0.087 −0.069 0.128
HGB −0.202 b0.0001 −0.27 b0.0001 −0.298 b0.0001
Platelets 0.094 0.039 −0.389 b0.0001 −0.45 b0.0001
WBC −0.035 0.444 −0.298 b0.0001 −0.358 b0.0001
Neutrophils 0.473 0.296 −0.273 b0.0001 −0.33 b0.0001
APRI score −0.419 b0.0001 0.3 b0.0001 0.329 b0.0001
FIB-4 score −0.193 b0.0001 0.354 b0.0001 0.4 b0.0001

Note: There is an inverse correlation between ΔCts and miRNA expression level: Lower
ΔCt values are associatedwith increasedmiRNA expression. Correlation analysis was per-
formed on all samples.
where yi denotes the i-th observation, xi is an indicator variable for
treatment status,α1 denotes the differences in response between before
and after treatment, and ϵi is the error term.

Model 2 is an ANOVA that looks at the difference in mean response
between patients before and after treatment. Responses assessed were
ΔCt for eachmiRNA and APRI and FIB-4 scores for each patient outcome
group (SVRs and relapsers).

A more detailed description of the materials and methods used can
be found in Supplementary information.

3. Results

3.1. Study Design and Cohort Characteristics

This longitudinal study included 94 participantswith CHC, including
57 achieving SVR, 10 relapsers, and 27 NRs to anti-HCV therapy, who
were followed for an average of 60 to 72 weeks before, during, and
after treatment (Fig. 1a and Supplementary Table 1). Participants with-
out plasma samples (n= 22) at baseline (week 0) were excluded from
analysis of baseline clinical parameters associated with SVRs and non-
SVRs (relapsers + NRs) and from paired analysis of circulating miRNAs
before and after treatment in SVRs and relapsers. This yielded 39 SVRs, 9
relapsers, and 24 NRs for analysis (n = 72). The majority of the CHC



Table 3
ANOVA model analysis of the change in microRNA levels after treatment completion in SVRs and relapsers.

MicroRNA/liver test Treatment status Difference in means Standard error P value Lower 95% confidence limit Upper 95% confidence limit

ΔCt (miR-122) SVR 1.255 0.282 b0.0001 0.698 1.813
Relapse −1.273 0.872 0.165 −3.132 0.586

ΔCt (miR-24) SVR −1.151 0.283 b0.0001 −1.71 −0.591
Relapse −0.608 0.850 0.486 −2.419 1.204

ΔCt (miR-223) SVR −1.365 0.357 0.0002 −2.072 −0.658
Relapse −0.440 1.021 0.672 −2.616 1.735

APRI score SVR −0.605 0.159 0.0002 −0.920 −0.290
Relapse −0.365 0.883 0.685 −2.247 1.517

FIB-4 score SVR −0.675 0.395 0.090 −1.457 0.106
Relapse 0.485 1.299 0.714 −2.283 3.253

Note: There is an inverse correlation between ΔCt and miRNA expression level: Lower ΔCt values are associated with increased miRNA expression.
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participants were treated with PEG-IFN-based combination therapy
with the first-generation direct-acting antivirals (DAAs; i.e., boceprevir
and telaprevir) [Table 1: 61/72 (85%)], and these participants were
mostly infected with HCV genotype 1 (GT1) [Table 1: 63 GT1 (88%), 4
GT2 (5%), and 5 GT3 (7%)].

The demographics of the SVRs, relapsers, and NRs as well as baseline
clinical parameters and pertinent medications are shown in Table 1. In
agreement with a previous study, in our cohort, older patients, patients
with lower platelet counts, and patients with a higher degree of liver in-
jury and fibrosis based on APRI, FIB-4, and Fibroscan scores were less
likely to achieve SVR (Shirakawa et al., 2008). It is of particular interest
that in our cohort, the baseline levels of plasma miR-122, miR-24, and
miR-223 did not differ significantly between SVR and non-SVR patients
(Table 1). In addition, there was no significant difference in circulating
miR-122, miR-24, and miR-223 levels in SVRs, relapsers, or NRs at any
time during treatment compared to baseline levels (Supplementary
Fig. 1a–i).

3.2. Correlation between Levels of miR-122, miR-24, miR-223, and Clinical
Parameters in CHC Patients

It is important to note here that we used ΔCt values to perform the
analysis presented in this study; lower ΔCt values are associated with
increased miRNA expression (inverse correlation). Initially, the
Spearman's correlation coefficients (rhos) were calculated to measure
the correlation between circulating plasma levels of miR-122, miR-24,
and miR-223 and the biochemical parameters in all CHC patients
(Table 2). For the liver-specific miR-122, we observed rhos values indic-
ative of amoderate, positivemonotonic correlation between its circulat-
ing plasma levels and liver aminotransferase concentration [ΔCt (miR-
122): AST (rhos = −0.54); ALT (rhos = −0.62)] and APRI score [ΔCt
(miR-122): APRI (rhos = −0.42)]. In contrast, we observed a weak,
negative monotonic correlation between the levels of circulating miR-
24 and miR-223 and APRI score [ΔCt (miR-24), rhos = 0.30; ΔCt
(miR-223), rhos = 0.33], or levels of circulating miR-24 and miR-223
and FIB-4 score [ΔCt (miR-24), rhos = 0.35; ΔCt (miR-223), rhos =
0.40]. Moreover, there was a weak tomoderate positivemonotonic cor-
relation between miR-24 and platelets [ΔCt (miR-24), rhos = −0.39],
andmiR-223 andplatelets [ΔCt (miR-223), rhos=−0.45], respectively.

Thus, the initial Spearman's correlation analysis presented in Table 2
showed a positive correlation between miR-122, predominantly
expressed in the liver, and clinical parameters associated with liver
functions (AST and ALT) and liver injury (APRI). On the contrary, nega-
tive correlationswere observed between the circulating levels of plasma
miR-24 and miR-223 and liver injury scores (APRI and FIB-4). Interest-
ingly, the circulating levels of miR-24 and miR-223, two platelet-
enriched miRNAs (24), showed a positive correlation with platelets.

To investigate this further, we next performed a mixed-model anal-
ysis to determine the relationship between miR-122, miR-24, and miR-
223 and the clinical parameters reported in this study (Supplementary
Tables 2–4). A detailed description of the statistical models is presented
under Materials and methods (Model 1). By applying the mixed model
to our clinical data sets, we demonstrated a robust, positive linear rela-
tionship between miR-122 and APRI scores (Fig. 2a), and miR-122 and
HCV virus load (Fig. 2c). Consistent with the Spearman's correlation
analysis, we observed a negative linear relationship between miR-24
and miR-223 and liver injury scores [APRI (Fig. 2a) and FIB-4
(Fig. 2b)]. Additionally, positive, linear relationshipswere confirmed be-
tween circulating levels of miR-24 and miR-223 and platelet count
(Supplementary Tables 2 and 4).

Because we observed very similar correlations between miR-24 and
miR-223 with the clinical parameters studied in our cohort, we next in-
vestigated a possible relationship between these two miRNAs by calcu-
lating their Spearman's correlation coefficient. The rhos value observed
(rhos=0.91, p-valueb 0.0001) is indicative of a positivemonotonic cor-
relation between circulating levels of miR-24 andmiR-223 (Fig. 2d). On
the contrary, both miR-24 or miR-223 weakly correlated with miR-122
levels (rhos = 0.33, p-value b 0.0001) (Fig. 2e) and (rhos = 0.31,
p-value b 0.0001) (Fig. 2F), respectively. Finally, association between
miR-24 and miR-223 was further confirmed using our linear mixed
model. The results presented in Supplementary Tables 2 and 4 demon-
strate a significant, positive linear relationship between circulating plas-
ma levels of miR-24 and miR-223 in all CHC patients.

3.3. CirculatingmiR-24 andmiR-223 Plasma Levels Significantly Increase in
Patients Achieving SVR

To help uncover the complexity of the HCV-induced metabolic
changes during CHC infection and their impacts on treatment outcome,
we investigated the molecular interplay among miR-122, miR-24, and
miR-223 in the HCV-infected patients who achieved SVR or not after in-
terferon-based combination therapy (Fig. 3).

To perform this analysis, the circulating levels of plasma miR-122,
miR-24, andmiR-223weremeasured in paired samples of HCV patients
before (baseline) and after antiviral treatment. Datawere normalized to
the miRNA baseline levels for each patient before treatment (week 0:
W0) and analyzed based on treatment outcomes (SVRs and relapsers).

The data were first analyzed using a two-way analysis of variance
(ANOVA) (Fig. 3). The results revealed a specific dysregulation of plas-
ma miR-24 and miR-223 levels in SVRs, characterized by a significant
6- and 7-fold increase in circulatingmiR-24 andmiR-223 levels, respec-
tively (Fig. 3a–b) after antiviral treatment (Follow-up = FU). On the
contrary, results of our analyses revealed that plasma miR-122 (but
not miR-24 and miR-223) levels were dysregulated in the relapsers,
with a significant 8-fold increase in its circulating levels after FU
(Fig. 3c). Importantly, the results presented in Supplementary Fig. 2
demonstrate that the elevated signals reported in Fig. 3a for miR-24
and in Fig. 3b for miR-223 in SVRs at follow-up (FU) relative to W0
are not driven by just a few of the results in the patients we investigated
but by the large majority of those SVR patients [see Supplementary Fig.
2a (miR-24); Supplementary Fig. 2b (miR-223].

To explore further the possible clinical significance of the data
shown in Fig. 3, an ANOVA model was fitted to the data (Model 2).
This model was applied to analyze the difference in circulating miRNA



Fig. 3. Circulating miR-24 and miR-223 plasma levels, not miR-122, significantly increase
in patients who have achieved SVR. Two-way analysis of variance (ANOVA) was used to
determine if plasma levels of miR-24, miR-223, and miR-122 were specifically
dysregulated for the SVRs and relapsers after antiviral treatment [follow-up: (FU)] when
normalized to individual baseline levels before treatment (W0). The results revealed a
specific dysregulation of plasma miR-24 and miR-223 levels with SVRs, characterized by
a significant 6- and 7-fold increase in circulating miR-24 and miR-223 levels,
respectively (a-b) after antiviral treatment. In contrast, results of our analyses revealed
that plasma miR-122 levels were specifically dysregulated for the relapsers, with a
significant 8-fold increase in its circulating levels after antiviral treatment (c).
Abundance of each circulating miRNA was measured in paired samples of HCV patients
before (baseline: W0) and after antiviral treatment (FU). Data were normalized to
individual baseline levels before treatment, expressed as the fold change and analyzed
based on treatment outcomes. Data are shown as means ± SEM and compared with the
two-way ANOVA. ns = non-significant.

73A. Hyrina et al. / EBioMedicine 23 (2017) 68–78
levels and APRI and FIB-4 scores before and after treatment, specifically,
the mean level at baseline compared to the mean level across the fol-
low-up timepoints tested (Table 3). This analysis demonstrated a statis-
tically significant difference in circulating levels of miR-223, miR-24,
andmiR-122 after treatment compared to baseline in SVRs but not in re-
lapsers. As in the earlier analysis, miR-223 and miR-24 plasma levels
increased after treatment [ΔCt (miR-24), ΔCt change = −1.15,
p-value b 0.0001; ΔCt (miR-223), ΔCt change = −1.37, p-value =
0.0002] in patients achieving SVR. Plasma levels of miR-122 decreased
after treatment [ΔCt (miR-122), ΔCt change = 1.26, p-value b 0.0001]
in patients achieving SVR, whichwas not significant based on the previ-
ous two-way ANOVA presented in Fig. 3c, where data were normalized
to individual baseline levels.

Finally, an ANOVA model analysis was also performed on the APRI
and FIB-4 scores, and as previously reported (Martinez et al., 2011),
APRI scores significantly decreased (APRI score change = −0.61,
p-value = 0.0002) in patients achieving SVR compared to their pre-
treatment status (Table 3) but not in relapsers. Thus, the results of
ANOVA (Model 2) showed differential miRNA levels depending on the
outcomes of the antiviral therapy. Importantly, while miR-122 levels
decreased, miR-24 and miR-223 levels significantly increased after
SVR compared to mean baseline levels (Table 3).

3.4. Plasma PCSK9 Concentrations Significantly Increase in HCV-Infected
Patients who Have Achieved SVR

To further examine the impact of HCV clearance on lipid homeosta-
sis in HCV-infected patients who achieved SVR, we next examined plas-
maPCSK9 concentrations by ELISA. PCSK9 is secreted into the plasma by
the liver, and this liver-enriched protein regulates cholesterol and lipid
homeostasis (Seidah et al., 2014; Seidah, 2016).

Using a paired t-test (two-tailed), we compared the mean of PCSK9
concentrations for SVRs (Fig. 4a) and relapsers (Fig. 4b) before (W0)
and after treatment (i.e., FU). We found that PCSK9 concentrations
were significantly upregulated (p = 0.002) in plasma samples from
SVR patients but not from relapsers (Fig. 4a–b), suggesting that circulat-
ing PCSK9 may impede viral infection. We did not observe significant
differences in baseline plasma PCSK9 concentrations between SVRs, re-
lapsers, or NRs (Fig. 4c); however, there was a non-significant increase
in PCSK9 concentrations in both relapsers andNRs compared to patients
achieving SVR. Interestingly, using Spearman's correlation, we observed
a positive, significant correlation between plasma PCSK9 concentrations
and circulating plasma levels of miR-24 [ΔCt (miR-24), rhos = −0.24,
p-value = 0.0174] (Supplementary Table 5). Importantly, the results
presented in Supplementary Fig. 2c demonstrate that the elevated sig-
nal reported in Fig. 4a for PCSK9 in SVRs at follow-up (FU) relative to
W0 is not driven by just a few of the results in patients we investigated
but by the large majority of those SVR patients.

3.5. Human PCSK9 andGain-of-FunctionMutant PCSK9-D374Y Inhibit HCV
Infection in Human Hepatoma Cells

To explore further the hypothesis that circulating PCSK9 levels may
impede HCV infection in SVRs, we tested the effect of extracellularly ap-
plied human PCSK9 on HCV infection in human hepatoma Huh-7.5.1
cells.More specifically,we evaluated themodulatory effect of increasing
PCSK9 concentration on HCV infection by employing recombinant
human wild-type PCSK9 (wt-PCSK9) (Qian et al., 2007; Lagace et al.,
2006) and PCSK9 gain- and loss-of-functionmutants (Fig. 5a–b) in a ro-
bust cell culture model of HCV (JFH-1) infection (Kato et al., 2003;
Olmstead et al., 2012).

Huh-7.5.1 cells were pre-treated for 8 h with increasing concentra-
tions of recombinant wt-PCSK9 (r-PCSK9, from 0.15 μg/mL to 25 μg/mL)
prior to HCV infection (Fig. 5c–d). The human hepatoma cells were
pre-treated with r-PCSK9 to allow the degradation of mature LDLR
(Romagnuolo et al., 2015), an entry factor for HCV virions (Owen et
al., 2009). Under these experimental conditions, 25 μg/mL of r-PCSK9
robustly inhibited HCV infection (98.6% or 42-fold)with amedian effec-
tive concentration (EC50) value of 4.63 ± 0.06 μg/mL (Fig. 5d). In con-
trast, when Huh-7.5.1 cells were pretreated with 25 μg/mL of
the recombinant loss-of-function mutant PCSK9-R194A (r-R194A)
(Fig. 5b), no significant reduction in intracellular levels of HCV core



Fig. 4. Plasma PCSK9 concentrations significantly increase in HCV-infected patients who
achieved SVR. A paired dependent t-test was used to determine differences associated
with plasma PCSK9 concentrations before and after treatment for SVRs (a) and relapsers
(b). PCSK9 levels were significantly higher (p = 0.002) in plasma samples from SVRs
(a) but not from relapsers (b). No significant differences were observed in baseline
plasma PCSK9 concentrations between SVRs, relapsers, or non-responders (NRs) (c).
The straight line in the data represents mean, and data were compared using a two-
tailed paired t-test [(a) and (b)] and with a one-way ANOVA (c). Results are reported as
the average of two technical replicates.
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protein was detected compared to control cells (Fig. 5e). Because
PCSK9-R194A has a decreased ability to degrade LDLRswhen compared
to PCSK9-wt in human hepatoma cells (Cameron et al., 2008) and be-
cause biochemical studies have confirmed the key role of PCSK9 R194
residue in binding the EGF-A repeats of LDLR (Bottomley et al., 2009),
taken together these results on loss- and gain-of-function PCSK9 vari-
ants suggest that inhibition of HCV infection in Huh-7.5.1 cells by
r-PCSK9 and r-D374Y (Fig. 5) is mediated through an LDLR-dependent
mechanism.

To confirm these results,we tested themodulatory effect of the gain-
of-function mutant PCSK9-D374Y (Naoumova et al., 2005) on HCV in-
fection. As shown in Fig. 5b, an extra contact is formed between
PCSK9 and LDLR at neutral pH when D374 is mutated to Y374
(Cunningham et al., 2007; Fisher et al., 2007). The result of this natural
mutation (D374Y) is a 10-fold increase in LDLR turnover by PCSK9-
D374Y compared towt-PCSK9 (Lagace et al., 2006). As expected, follow-
ing pretreatment of Huh-7.5.1 cells with r-D374Y for 8 h, the number of
HCV core-positive cells markedly decreased (Fig. 5c–d). The calculated
EC50 value for r-D374Y inhibition of HCV infection under these experi-
mental conditions was 0.66 ± 0.05 μg/mL (Fig. 5d). Interestingly, the
calculated ratio between the two reported EC50 values in this study for
the anti-HCV activities of wt-PCSK9 and PCSK9-D374Y (~7 fold) is
closely related to the fold increase (~10 fold) in LDLR turnover for wt-
PCSK9 and PCSK9-D374Y previously reported (Lagace et al., 2006).

Hence, our results support our hypothesis that circulating PCSK9
levels may impede HCV infection through an LDLR-dependent mecha-
nism (Labonte et al., 2009). Future studies are needed to investigate
the effect of circulating loss- and gain-of-function PCSK9 variants
in vivo on other receptor targets, such as CD81 and VLDLR (Seidah,
2016) that are also considered entry factors for HCV (Pileri et al.,
1998; Ujino et al., 2016).

4. Discussion

Although numerous experimental and clinical results point to an in-
timate connection between HCV-induced lipid metabolic changes, viral
disease progression, and antiviral response, the identity of the key reg-
ulators of lipid homeostasis involved and how these circulating regula-
tory molecules are affected by HCV infection and treatment-based viral
cure remain unclear.

In this longitudinal study, we investigated the molecular interplay
among four key regulators of lipid homeostasis (miR-122, miR-24,
miR-223, and PCSK9) in HCV GT1-infected patients who had achieved
a treatment-based viral cure with an IFN-based combination therapy
with the first-generation DAAs.We examined potential correlations be-
tween miR-122, miR-24, and miR-223, and PCSK9 with the cohort's
clinical parameters. We evaluated whether treatment-based viral cure
of CHC infection is associated with a coordinated interplay among
these four circulating regulatory molecules of lipid homeostasis in
order to unravel candidate biomarkers for a treatment-based viral
cure of CHC infection and potential therapeutic targets to prevent the
progression of HCV-associated liver diseases.

We report that levels of miR-24 andmiR-223 specifically increase in
patients who achieved SVRwhereas the levels ofmiR-122, a cofactor for
HCV infection, decreased in these patients. Interestingly, plasma PCSK9
concentrations were significantly increased in the HCV-infected pa-
tientswho achieved SVR, suggesting that circulating PCSK9may impede
viral infection. The modulatory effect of PCSK9 on HCV infection was
further demonstrated employing recombinant human wild-type
PCSK9 and PCSK9 gain- and loss-of-function mutants in a robust cell
culture model of HCV infection (Olmstead et al., 2012). Together,
these results provide insights into a coordinated interplay among
three important molecular players in lipid homeostasis—circulating
miR-24, miR-223, and PCSK9—whose regulation is affected by HCV in-
fection and treatment-based viral cure. In addition, circulating miR-24,
miR-223 and PCSK9 may represent potential therapeutic targets to



Fig. 5. Extracellularly applied recombinant PCSK9 and the gain-of-functionmutant PCSK9-D374Y but not the loss-of-function PCSK9-R194A variant inhibit HCV infection inHuh-7.5.1 cells.
a) PCSK9 is a secreted protein highly expressed in the liver where it plays an important role as a post-translational regulator of LDLR levels. It is biosynthesized as a preproprotein that
contains a prodomain, catalytic domain, and cysteine-histidine-rich domain (CHRD). The PCSK9 catalytic triad contains aspartate 186 (D186), histidine 226 (H226), and serine 386
(S386). b) Gain-of-function mutations such as D374Y in PCSK9 have been associated with hypercholesterolemia due to lower levels of LDLR (10× higher affinity for LDLR) and
reduced clearance of plasma LDL. Loss-of-function PCSK9 mutations (R194A) are conversely associated with abnormally low circulating cholesterol levels due to increased LDLR
abundance (lower affinity for LDLR) on the surface of liver cells. (c–d) Huh-7.5.1 cells grown in LPDS-supplemented media were treated with varying concentrations of recombinant
(r) PCSK9 (r-PCSK9) or PCSK9-D374Y (r-D374Y), or (e) 25 μg/mL PCSK9-R194A (r-R194A), for 8 h. Treated cells were infected with HCV [multiplicity of infection [(MOI) = 0.5] and
cells were fixed 48 h post-infection. Cells probed with HCV core-specific antibodies and stained with Hoechst dye to visualize cell nuclei were counted using Cellomics HCS to
determine the percentage of total HCV-infected cells (Olmstead et al., 2012). Representative images are shown acquired at 10× magnification objective (Cellomics HCS) (c). The EC50
values for recombinant PCSK9 and PCSK9-D374Y mutant were calculated based on the dose response (d). Values are expressed as relative HCV infection in treated cells compared to
untreated cells, which are set to 1. Results (mean ± SEM) from 3 independent experiments are shown (c–e).
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prevent the progression of HCV-associated liver disease that may con-
tinue to develop even after patients achieve SVR (Chung and Baumert,
2014).

First, we identified a N6- and 7-fold increase in the plasma levels of
circulatingmiR-24 and miR-223, respectively, in patients who achieved
SVR after treatment compared to the baseline level but not in relapsers.
The observed increase in miR-24 and miR-223 likely reflects potential
antiviral functions of these miRNAs in SVRs and/or a physiological re-
sponse to viral clearance. A potential role of miR-24 in the host antiviral
responses for patients who achieved SVR is supported in part by several
lines of evidence reported by Liu and collaborators (Liu et al., 2010)
using cell-based systems of HCV infection. The authors demonstrated
that miR-24 was down-regulated post-HCV infection in JFH-1 HCV-in-
fected-hepatocytes, and they reported a 2-fold decrease in intracellular
HCV RNA abundance after the transfection of miR-24 mimic into cell
culture-derived HCV (HCVcc)-infected Huh7.5.1 cells (Liu et al., 2010).

Alternately, the dysregulation of circulating levels of miR-24 during
HCV infection in cellulo (Liu et al., 2010) or in vivo upon treatment-in-
duced viral cure of HCV (this study) may affect pathways and targets
of biological relevance in liver-cell/tissue homeostasis. One such exam-
ple is the TGF-β signaling pathway, a validated target of miR-24
(Loveday et al., 2015; Dogar et al., 2011), which plays a causal role in
pathological fibrosis (Matsuzaki et al., 2007). Since circulating miR-24
plasma levels significantly increase in SVRs, this could lead to the sup-
pression of TGF-β expression and reduced hepatic fibrosis in these pa-
tients (Giannelli et al., 2016). Similarly, the increase in circulating
miR-223 might suggest improved liver outcomes following viral cure;
a recent study showed that miR-223 levels were significantly lower in
the sera and liver biopsies of hepatocellular carcinoma patients com-
pared to healthy volunteers (Bhattacharya et al., 2016). Interestingly,
we observed an excellent correlation between plasma levels of circulat-
ingmiR-24 andmiR-223 (rhos = 0.91, p-value b 0.0001), suggesting an
intimate connection between these twomicroRNAs that could be due to
common mechanistic pathways and/or target genes.

Since SVRs have increased LDL and cholesterol from baseline com-
pared to non-SVR patients (Corey et al., 2009;Meissner et al., 2015), up-
regulated levels of circulating miR-24 and miR-223 in SVR patients
could be directly associated with an upregulation in the levels of lipo-
protein that serve as carriers of these miRNAs. Both miR-24 and miR-
223 are lipoprotein-associated miRNAs (Michell and Vickers, 2016;
Vickers et al., 2011; Wagner et al., 2013), while miR-223 is the most
abundant miRNA occurring in high-density lipoprotein and LDL
(Wagner et al., 2013). Furthermore, both high-density lipoprotein-asso-
ciated miR-223 and miR-24 are the most regulated miRNAs in athero-
sclerosis with a N 3000-fold and 65-fold increase, respectively, in
human familial hypercholesterolemia (Vickers et al., 2011).

Second, we established that plasma PCSK9 levels increased in SVRs
after the end of treatment compared to baseline levels. Increase in circu-
lating PCSK9 levels is normally associated with the reduction of LDLR
protein in the liver, resulting in higher levels of LDL cholesterol in plas-
ma (Abifadel et al., 2003). Therefore, the higher PCSK9 concentration in
SVRs supports previous studies showing that patients who achieved
SVR had increased LDL and cholesterol from baseline compared to
non-SVRs with both interferon-based and interferon-free therapies
(Corey et al., 2009; Meissner et al., 2015). Overall, these results indicate
that increase in circulating PCSK9 levels in SVRs is correlated with in-
creased levels of miR-223 and miR-24 as a result of dynamic
lipidome-wide changes upon viral cure. Interestingly, these dynamic
changes in lipid-associated molecules observed in SVRs also include
an increased level of circulating lipoprotein that serves as one of the car-
rier candidates for miR-223 and miR-24 in the blood (Michell and
Vickers, 2016; Vickers et al., 2011; Wagner et al., 2013).

Third, the modulatory effect of PCSK9 on HCV infection was further
demonstrated when employing recombinant human wild-type PCSK9
and PCSK9 gain- and loss-of-function mutants in a robust cell culture
model of HCV infection. We confirmed that extracellular recombinant
wt-PCSK9 inhibits HCV infection. Furthermore, we demonstrated that
a gain-of-function PCSK9 mutant (r-D374Y) is much more efficient in
inhibiting HCV (EC50 = 0.66 ± 0.05 μg/mL) than wt-PCSK9 (EC50 =
4.63 ± 0.06 μg/mL); this was particularly evident at lower and more
physiologically relevant concentrations previously shown to range be-
tween 0.033 μg/mL and 3 μg/mL (Lakoski et al., 2009). These results
have important implications as a variety of PCSK9 mutations found
within the human population may have profound impact on the levels
of liver LDLR and may influence host susceptibility to HCV infection
and treatment outcomes (Seidah, 2016). HCV particles are associated
with lipoprotein components and are termed lipoviroparticles; they in-
teract with the LDLR to promote viral uptake into hepatocytes (Owen
et al., 2009).

The findings of our studies are consistent with a previous report
showing that stable overexpression of PCSK9 could be used to render
Huh-7 cells resistant to HCV infection and that increased extracellular
PCSK9 has a suppressive role in HCV infection (Labonte et al., 2009).

Finally, our results showed a decrease in plasma levels of miR-122
after treatment compared to baseline levels in SVRs and increase in
plasma levels after treatment in relapsers. Interestingly, the decrease
in circulating miR-122 in patients who achieved SVR and the increase
in relapsers also correlate with the levels of liver transaminases
(Table 2). Our results are consistent with previous studies (van der
Meer et al., 2013; Köberle et al., 2013) and underline that the plasma
level of miR-122, a liver-specific miRNA acting as a key host factor for
HCV replication, is a potential biomarker of HCV cure.

The primary limitation of our studies is that it was conducted on CHC
patients with mostly GT1 infection (85% of CHC participants); thus, we
cannot generalize the clinical significance of our findings to other prev-
alent HCV genotypes (GT2 and GT3) around the world. Other limita-
tions of this study include the small number of paired samples before
and after treatment in relapsers, and the lack of after-treatment samples
in non-responders for measuring changes in circulating miRNA levels
and PCSK9. In addition, some patients were receiving lipid-modulating
agents, which could have affected plasma miRNAs and PCSK9 levels
though the number of these patients was low (3% of CHC patients). Fi-
nally, in this cohort, patients were not instructed to fast before blood
draws, so lipid levels between patients and between samples collected
at different time points of treatment might vary precluding our ability
to perform comparative lipidomic analysis of our clinical samples.
Such analysis might have provided additional insights into potential as-
sociation and/or correlation of HCV-induced lipid metabolic changes
with four key regulators of lipid homeostasis [miR-122, miR-24, miR-
223, and PCSK9] in HCV-infected patients who achieved SVR or did not.
5. Conclusion

Our study indicates an effect of CHC infection on lipid homeostasis
via modulation of circulating regulatory markers. Mechanisms of the
development of progressive liver disease in HCV-infected patients
who achieve a treatment-based viral cure are unclear, but these mech-
anisms are important to understand for developing appropriate treat-
ment, especially in individuals with late-stage liver fibrosis who
remain at ongoing risk of cirrhosis and hepatocellular carcinoma even
after they are cured by treatment (Chung and Baumert, 2014). Our
data suggest that differential levels of circulating regulators of lipid me-
tabolismmay be associated either with treatment outcome or liver dis-
ease progression, and these data support further investigation of human
metabolic pathways as predictors of progressive liver disease and treat-
ment outcome. Finally, since human PCSK9 is one of the predicted miR-
24 target genes (Seidah et al., 2014), the results of our study suggest an
intricate interplay between circulatingmiR-24 and PCSK9 in hepatitis C-
infected patientswhoachieve a treatment-based viral cure. Future stud-
ies will be required to explore further the potentially important link be-
tween circulating miR-24 and PCSK9 in SVRs, including the cellular
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origin of circulating miR-24 molecules and their major transport
vehicles.
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