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Abstract

Hepatitis C virus (HCV) infection is common among injection drug users (IDUs). There is
accumulating evidence that circulating microRNAs (miRNASs) are associated with HCV infection
and disease progression. The present study was undertaken to determine the in vivo impact of
heroin use on HCV infection and HCV-related circulating miRNA expression. Using the blood
specimens from four groups of the study subjects (HCV-infected individuals, heroin users with/
without HCV infection, and healthy volunteers), we found that HCV-infected heroin users had
significantly higher viral load than HCV-infected non-heroin users (p = 0.0004). Measurement of
HCV-related circulating miRNAs in plasma showed that miRs-122, 141, 29a, 29b, and 29¢ were
significantly increased in the heroin users with HCV infection, whereas miR-351, an HCV
inhibitory miRNA, was significantly decreased in heroin users as compared to control subjects.
Further investigation identified a negative correlation between the plasma levels of miR-29 family
members and severity of HCV infection based on aspartate aminotransferase to platelet ratio index
(APRI). In addition, heroin use and/or HCV infection also dysregulated a panel of plasma
miRNAs. Taken together, these data for the first time revealed in vivo evidence that heroin use
and/or HCV infection alter circulating miRNAs, which provides a novel mechanism for the
impaired innate anti-HCV immunity among IDUs.
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Introduction

HCV infection is highly prevalent among injecting drug users (IDUs), as a result of
collective use of injecting equipment and drug solutions, as well as through sexual
behaviors. Rates of HCV infection among past and current IDUs are extremely high
generally ranging from 70 % to over 90 % (antibody positive for HCV) in the United States
(Chang et al. 1999; Williams 1999; Edlin et al. 2001). IDUs are frequently involved in the
abuse of heroin, one of the most commonly used opiates. Although injection use of heroin
contributes significantly to HCV transmission (Backmund et al. 2003; Day et al. 2003;
Quaglio et al. 2003; Smyth et al. 2003; Bassani et al. 2004; Garten et al. 2004; Ye et al.
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2008), there is limited information available about whether heroin abuse increases HCV
replication, or facilitates disease progression. Several lines of evidence have shown that
morphine, the primary metabolite of heroin, undermines IFN-mediated anti-HCV innate
immunity and enhances HCV replication in vitro (Li et al. 2003; Wang et al. 2005).

Innate immunity is critical in the control of HCV infection/replication. As an important part
of host innate immune system, a number of mMiRNAs have been identified to be involved in
regulation of host-virus interactions and antiviral immune responses (Pedersen et al. 2007;
Valastyan and Weinberg 2011; Natarajan et al. 2012; Nikitina et al. 2012; Palanisamy et al.
2012; Farazi et al. 2013; Nazarov et al. 2013). Alterations in miRNA expression profiles
upon viral infection may either favour or inhibit different stages of the viral life cycle.
Although there is no evidence of HCV-encoded miRNAs, cellular miRNA-122, a well-
studied liver-specific miRNA, has been shown to promote HCV infection by binding to the
5 prime untranslated region (5’UTR) of HCV genome (Henke et al. 2008; Fehr et al. 2012;
Goergen and Niepmann 2012; Jopling 2012; Tsai et al. 2012; Mortimer and Doudna 2013).
In contrast, some miRNAs like miR-199a and those (miR-448, miR-196, miR-431,
miR-351, and miR-296) modulated by interferon beta (IFN-f) can target the HCV genome
and inhibit HCV RNA production (Pedersen et al. 2007; Henke et al. 2008; Goergen and
Niepmann 2012; Mortimer and Doudna 2013). MiRNAs are found not only within cells but
also in serum/plasma and other body fluids. Although the function of these extracellular
circulating miRNAs remains to be determined, their profile changes have been associated
with different diseases (Xu et al. 2011; Ding et al. 2012; Kawano et al. 2013). Because
circulating miRNAs are stable and can be detected by quantitative PCR in clinical
specimens of body fluids, they have become potential biomarkers of diseases.

Given the fact that miRNAs are involved in important biological processes and innate
immunity against viral infections, including HCV (Xu et al. 2011; Ding et al. 2012; Kawano
et al. 2013), it is of significance to determine whether environmental factors such as heroin
abuse, a common practice among IDUs, can dysregulate both cellular and cell-free miRNAs.
Although it is known that opiates impair host immunity and enhance HCV replication in
vitro (Li et al. 2003; Wang et al. 2005), there is little information about the in vivo impact of
heroin on the expression of miRNAs related to innate immunity and HCV infection.

Materials and Methods

Study Subjects

The study subjects addicted to heroin were recruited by Wuhan Centers for Disease
Prevention and Control in China, based upon the subject self-report and urine screen for
selection. HCV-infected subjects with no history of heroin abuse were recruited by
Zhongnan Hospital, Wuhan University School of Medicine. Informed consent was obtained
from the study subjects. Institutional Review Boards of the Wuhan Centers for Disease
Prevention and Control, Wuhan University and Temple University approved this study. The
blood samples from the subjects were identified as HIV antibody negative by anonymous
testing on the basis of enzyme-linked immunosorbent assay (Beckman Coulter, Inc, Hialeah,
FL). Subjects were excluded if they had a chronic systemic illness (cardiac, renal,
pulmonary, hepatic, endocrine, metabolic, or autoimmune disorders) or a major psychiatric
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disorder or if they were abusing substances other than heroin (as determined by urine drug
test result). The control subjects were recruited using convenience sampling from the
community in which the study site was located. Control subjects who had major medical or
psychiatric disorders were also excluded. The flow of study subject selection is shown in
Fig. 1. Out of 463 subjects examined, 320 were excluded and 143 were randomized. Of
these, 20 subjects were randomly selected from each group (Control, HCV patients, heroin
users with HCV infection, and heroin users without HCV infection). The characteristics of
the study subjects were summarized in Table 1.

miRNA Real-Time PCR and miRNA Array

Total RNA, including miRNA, was extracted from plasma using miRNeasy Mini Kit
(QIAGEN) in accordance with the manufacturer’s instructions. RNA (1 pg) was reverse-
transcribed with miScript Reverse Transcription Kit (QIAGEN). Real-time reverse-
transcription polymerase chain reaction (RT-PCR) for the quantification of a subset of
MiRNAs (MiRNA-29a, miRNA-29b, miRNA-29¢, miRNA-122, miRNA-141, and
miRNA-351) was carried out with miScript Primer Assays and miScript SYBR Green PCR
Kit from QIAGEN. MiRNA arrays were performed using Serum & Plasma miRNA PCR
Array Kit (MIHS-106Z, QIAGEN), and data were analyzed as directed by the manufacturer.

HCV Load in Plasma

Total RNA from plasma was extracted with Tri-Reagent-BD (Molecular Research Center) in
accordance with the manufacturer’s instructions. The real time RT-PCR assay that we have
developed (Li et al. 2003) with minor modifications was used for the quantification of HCV
RNA. HCV genome primers used in this study are: 5-RAYCACTCCCCTGTGA
GGAAC-3’ (Forward), and 5-AGAAAAATAATGCAGAGC CAAATT-3' (Reverse). Real
time RT-PCR was performed with iQ SYBR Green Supermix. A standard curve of HCV
was generated with 10-fold dilutions of HCV 5’non-coding region RNA control that had
been pre-quantified by a spectrophotometer (Eppendorf Scientific, Inc., Westbury, NY).
Thermal cycling conditions were designed as follows: initial denaturation at 95 °C for 3
min, followed by 40 cycles of 95 °C for 10 s and 60 °C for 1 min.

Statistical Analysis

Where appropriate, data are expressed as mean = SD of each group. For comparison of the
mean of two groups (HCV vs Heroin combined HCV), statistical significance was assessed
by Student’s t-test. If there were more than two groups (Control vs Heroin, HCV, or Heroin
combined HCV), one-way repeated measures of analysis of variance (ANOVA) with Tukey-
Kramer adjustment for multiple comparisons were used. For the correlation analysis, linear
regression was used to assess the positive or negative correlation. Statistical analyses were
performed with Graphpad Instat Statistical Software (GraphPad Software Inc., San Diego,
CA, USA) and SAS 9.3 (SAS Institute Inc., Cary, NC).
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In vivo Effect of Heroin Use on HCV

We previously showed that morphine could enhance HCV replicon infection in human
hepatocytes (Li et al. 2003). To determine the in vivo impact of heroin use on HCV, we
measured plasma HCV RNA levels in HCV-infected subjects with or without heroin use. As
shown in Fig. 2, the heroin users had significantly higher plasma levels of HCV RNA than
the non-heroin users (p = 0.004).

Heroin Use and/or HCV Infection Dysregulate the Circulating miRNAs Related to HCV

Using the specimens from the 4 groups of study subjects (Table 1), we determined the in
vivo impact of heroin use and/or HCV on the expression of circulating miRNAs related to
HCV infection (MiRNAs-29a, 29b, 29c, 122, 141, and 351) (Pedersen et al. 2007; Henke et
al. 2008; Kumar 2011; Zhang et al. 2012; Mortimer and Doudna 2013). As shown in Fig. 3,
heroin use and/or HCV infection dysregulated the expression of these miRNAs.
MiRNA-122 and miRNA-141, both of which can promote HCV replication (Pedersen et al.
2007; Jopling 2012), were found to be increased in heroin users with HCV infection (Fig. 3a
and b). In contrast, HCV-suppressive miRNA-351 was down-regulated in heroin users with
HCV infection synergistically (Fig. 3c). In addition, although HCV infection alone had little
effect on miRNA29 family members (Fig. 3d, e and f), HCV infection and heroin use
synergistically enhanced the expression of these miRNAs (Fig. 3d, e and f). Heroin use
and/or HCV infection had little effect on the expression of other circulating miRNAs
(miRNAs-196a, 196b, 199, 296, and 448) that are associated with HCV (data not shown).

Circulating miR-29 is Correlated with AST/Platelet Ratio Index in HCV Infection

The aspartate aminotransferase (AST) to platelet ratio index (APRI) is one of the non-
invasive markers for liver fibrosis and positively indicates the severity of HCV disease
progression (Antonello et al. 2010; Macias et al. 2010). We divided the HCV-infected
subjects into 2 sub-groups based on their APRI (APRI-low: APRI<0.68; APRI-high:
APRI>0.68 (Fig. 4a). To determine whether circulating miRNA-29 family members are
associated with HCV infection severity, we examined the levels of these circulating
miRNAs in HCV-infected subjects with low or high APRI as compared to those in the
control subjects, and found a significant decrease in miR-29 family members (Fig. 4b, ¢ and
d) in APRI high group when comparing with control. As shown in Fig. 4, the level of
miRNA-29b was negatively correlated with HCV infection (Fig. 4f).

Heroin Use and/or HCV Infection Dysregulate Circulating miRNA Profile

We also examined the impact of heroin use and/or HCV infection on a panel of plasma
miRNAs. As shown in Fig. 5 and Table 2, a number of circulating miRNAs were
dysregulated by heroin use and/or HCV infection (Fig. 5, Table 2). In heroin users with
HCV infection, 6 miRNAs were up-regulated, and 14 miRNAs were down-regulated; 11
miRNAs were up-regulated and 9 miRNAs were down-regulated in heroin users without
HCV infection; in HCV infected subjects, 3 miRNAs were up-regulated and 17 miRNAs
were down-regulated (Table 2).
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Discussion

MiRNAs are important in regulating host-virus interactions and antiviral immunity (Ilwama
et al. 2011; Bhanja Chowdhury et al. 2012; Aalaei-Andabili and Rezaei 2013; Li and Shi
2013). Among the viruses, HCV appears in particular to be influenced by the host miRNAs.
Roles of miRNAs in regulating HCV infection and anti-HCV immunity have been
intensively studied, which has led to identification of a number of HCV-related miRNAs
that can either promote or inhibit HCV infection/replication (Pedersen et al. 2007; Gupta et
al. 2012; Wilson and Huys 2013). For examples, miR-122, a liver-specific miRNA involved
in fatty-acid metabolism, can enhance HCV infection by binding to the 5 prime untranslated
region (5’UTR) of HCV genome, thus stabilizing viral transcripts and preventing the viral
RNA from being targeted by host cytoplasmic viral sensors (Henke et al. 2008; Goergen and
Niepmann 2012; Mortimer and Doudna 2013). Similarly, miRNA-141 could enhance HCV
infection of human hepatocytes by inhibiting the tumor-suppressor DLC-1 (Deleted in Liver
Cancer 1) (Banaudha et al. 2011). A similar result was observed in a non-human primate
model where miRNA-122 in liver was increased during acute HCV infection (Choi et al.
2013). In contrast, miR-448, miR-196, miR-431, miR-351, and miR-296 inhibit HCV
through different mechanisms (Pedersen et al. 2007; Gupta et al. 2012). For instance,
miR-448 and miR-196 were found to suppress HCV infection by targeting the regions of
HCV genome that encode core protein and NS5A, respectively (Pedersen et al. 2007).
Therefore, it is of importance to determine whether these miRNAs are affected by heroin use
and/or HCV infection. Using unique clinical specimens from heroin users with or without
HCV infection, we found that heroin users with HCV infection had significantly higher level
ofmiRNA-122 and lower level of miRNA-351 than control subjects. These effects of heroin
use and/or HCV appear to be specific, as other HCV-related miRNAs (miRNAs-448, 196a,
196b, 296, and 441) are not affected.

These in vivo findings provide molecular mechanism(s) not only for our earlier in vitro
studies, showing that morphine-enhanced HCV replicon expression in human hepatocytes,
but also for the in vivo observation that heroin use was associated with increased HCV load
(Fig. 2). Unlike the majority of heroin users who use multiple drugs in the United States,
70-80 % of heroin users in China use heroin only. Therefore, to access these subjects in
China provides a unique opportunity to examine the impact of heroin use on host immune
system and HCV infection. However, because of the limited number of the subjects and
study design in this investigation, future studies are necessary in order to determine the role
of heroin use in facilitating HCV disease and decipher the precise mechanisms through
which heroin alters HCV virology and the host immunity.

APRI is an important predictor of hepatic fibrosis in patients with HCV infection (Snyder et
al. 2006, 2007). miRNA-29 family members were also found to inhibit liver fibrosis. Van
Rooji et al. (van Rooij et al. 2008) showed that inhibition of miR-29 in mice could increase
collagen expression in liver. It was also hypothesized that in Hepatic stellate cells (HSCs),
miR-29 down regulation is activated by liver injury-induced TGF-f3 along with the increased
extracellular matrix production, which ultimately leads to fibrosis (Hoffmann et al. 2012). In
addition, in livers from chronic hepatitis C patients with sustained virological response
(SVR), it presents higher levels of miR-29a, -29b and -29¢ when compared to livers of
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patients without SVR (Hoffmann et al. 2012). Furthermore, miR-29 was also associated with
IFN-y production (Ma et al. 2011), and appeared to have tumor suppressor activity in
leukemia and HCC (Pekarsky and Croce 2010). Altogether, there is a growing line of
evidence indicating the importance of the miR-29 family in host defense against HCV
infection. Another study by Bandyopadhyay et al. also demonstrated that in HCV infected
patients, lower levels of miR-29 was shown in liver and overexpression of miR-29
suppresses viral RNA in HCV infected hepatocytes (Bandyopadhyay et al. 2011).
Experimental evidence indicates that putative targets of miR-29 family include an anti-
apoptotic protein, the myeloid leukemia cell differentiation protein (MCL1), an anti-
inflammatory and anti-cancer gene (Mott et al. 2007), Zinc finger protein 36 homolog
(ZFP36) (Gebeshuber et al. 2009), and another cancer related gene DNA methyltransferases
DNMT3A and DNMT3B (Fabbri et al. 2007). Moreover, Voltage-dependent anion channel
genes VDACL1 and VDAC2 were also identified as targets of miR-29a in HEK293T cells
(Bargaje et al. 2012). Due to the crucial function of mMiRNA-29 family in both basic cellular
processes and HCV related liver pathogenesis, we also observed the correlation of
miRNA-29 levels and HCV infection. When comparing the levels of miRNA-29 between
HCV-infected patients and the control subjects, no significant differences were found (Fig.
3). However, when we stratified the HCV patients based on their APRI, significant
decreases in the levels of circulating miRNA-29 family members were detected in the APRI-
high group as compared to the control group (Fig. 4). These data indicted that miR-29 is
negatively correlated with severity of HCV infection, which is consistent with a previous
study showing that HCV infection and stellate cell activation can down-regulate miR-29 in
liver biopsies (Bandyopadhyay et al. 2011).

In addition to cellular miRNAs, circulating miRNAS in plasma are found to be stable and
readily detectable by PCR, which have made them attractive candidates for diagnosis,
prognosis and targets for therapy in a variety of disease settings (Huang et al. 2010; Xu et al.
2011; Ding et al. 2012; Kawano et al. 2013). It has been shown that changes in circulating
miRNA profile are strongly associated with disease progression and development and can be
useful biomarkers for cancer and infections (Bartels and Tsongalis 2009; Ding et al. 2012;
Farazi et al. 2013). Alterations in cellular miRNA profiles in response to HCV infection
and/or drug exposure have been previously reported (Pedersen et al. 2007; Ye et al. 2010;
Banaudha et al. 2011; Bandyopadhyay et al. 2011; Kumar 2011; Bhanja Chowdhury et al.
2012). In our study, we performed array analysis to characterize the circulating miRNA
profiles in plasma of subjects and we demonstrated that a broad range of miRNAsS, in
addition to those that have been identified and well studied, were dysregulated in HCV
infection and/or heroin abuse patients as compared to the control subjects (Fig. 5). These
miRNA array results may provide new insights to identify novel candidate miRNAs that are
involved in regulating host-HCV interactions. In terms of the origin, circulating miRNAs
were thought to be from passive leakage of broken cells. While in the past couple of years,
our understanding of how the extracellular miRNAs get released from cells has considerably
broadened (Rayner and Hennessy 2013). It is now believed the secretion of miRNAs is an
active, and under-controlled process. Recent studies demonstrated besides bounding to
proteins such as Argonaute-2 (Ago2), and high- and low-density lipoprotein (HDL and
LDL), extracellular miRNAs can be also packaged into cell-derived lipid-based exosomes,
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called exosomal miRNAs (Rayner and Hennessy 2013). Exosomal miRNAs have been
indicated to be involved in many cellular biological functions (Rayner and Hennessy 2013).
After exosomes being released from donor cells to recipient cells, the exosome-carried
miRNAs enter the cytosol of the target cell where it may silence the related genes. For
instance, it was reported that human (HMC-1) and mouse (MC/9) mast cell lines derived
exosomes are able to transport miRNA to adjacent mast cells, and affect the function of
target cells (Valadi et al. 2007; Schorey and Bhatnagar 2008). Additionally, a study by
Bukong et al., reported that exosomes from sera of HCV infected patients contain HCV
RNA, miR-122, Ago2, and HSP90, and are able to transfer HCV infection to primary human
hepatocytes. Moreover, they found HCV delivery by exosomes can be blocked by miR-122
or HSP90 inhibitor within exosomes, indicating the crucial function of exosomal miR-122 in
exosome-mediated HCV transmission (Bukong et al. 2014).

In summary, we here provide in vivo evidence that heroin use can affect HCV infection and
affect host-HCV interactions by altering circulating miRNAs. Our study highlights the
importance of investigating circulating miRNAs in HCV pathogenesis and host anti-HCV
responses in clinical settings.
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Fig. 1.

Enrollment and randomization of the study subjects. Subjects were enrolled through Wuhan
CDC and Zhongnan Hospital, Wuhan University School of Medicine, China. A total of 463
subjects were initially screened for eligibility by a questionnaire survey. A total of 143
subjects were eligible and randomized into 4 groups: 50 control subjects, 50 HCV-infected
patients with no heroin use, 20 heroin abusers with no HCV, 23 heroin abusers with HCV
infection. 20 subjects were randomly selected from each group for analysis
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4x10 P=0.0004

1x1001
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Fig. 2.

Cc?mparison of HCV loads between heroin users and non-heroin users. Total RNA was
extracted from plasma specimens of HCV infected subjects with (n = 20) or without heroin
use (n = 20) and then subjected to real-time RT PCR for quantification of HCV RNA.
Quantity of HCV RNA is expressed as copies/ml of plasma. The data were shown as mean
for RNA copy numbers with standard deviation. Statistical significance was calculated by
the Students t test
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Impact of heroin use and/or HCV infection on HCV-related circulating MicroRNAs. Plasma

specimens were collected from control subjects (n = 20), heroin users with (n = 20) or

without (n = 20) HCV infection, and subjects with HCV infection but without heroin use (n=
20), respectively. Total RNA was extracted from plasma and subjected to real-time RT-PCR
to quantify circulating miRNA-122 (a), -141 (b), -351 (c), -29a (d), -29b (e), and -29c (f).
Synthetic C. elegans miRNA-39 (celmiR-39) was used as a spiked-in miRNA. Levels of
target circulating miRNAs were expressed by normalization to the spiked-in cel-miR-39 and
compared between the 4 groups. Data are shown as scatter plots. Mean values are indicated
by horizontal bars. Statistical significance was calculated by the one-way ANOVA with
Tukey-Kramer adjustment for multiple comparisons
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Correlation analysis of circulating miR-29 family with HCV severity (APRI). HCV-infected
patients were stratified into APRI-low group (APRI<0.68, n = 7) and APRI-high group
(APRI>0.68, n = 8). The levels of circulating miRNAs-29a, 29b, and 29¢ were compared
between the APRI-low and APRI-high groups as well as with the healthy controls. a APRI
values between APRI-low and APRI-high groups of HCV-infected patients. APRI was
calculated using Wai’s formula (AST/upper limit of normal considered as 40 1U/L)/platelet
count (expressed as platelets x 10% L™1) x 100. b—d Comparison of the levels of circulating
miRNAs-29a (b), 29b (c), and 29¢ (d) among the APRI-low, APRI-high and control groups.
e-g Correlation analysis for circulating miRNA 29a (e), 29b (f), and 29c (g) with APRI level
in HCV-infected subjects
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Dysregulation of circulating miRNA profile by heroin abuse and/or HCV infection. Plasma
specimens were collected from control subjects, HCV-infected patients, and heroin users
with or without HCV infection, respectively. Total RNA was extracted and subjected to
circulating miRNA profiling by real-time PCR. Data were first normalized to the spiked-in
cel-miR-39, expressed as fold change relative to control subject, and then shown as relative
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up-regulation (red) and down-regulation (green) as indicated in the heat-map graph with
dendrogram
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Table 1
Characteristics of study subjects
Category Control (N=20) HCV (N=20) Heroin(N=20) HCV +Herain (N =20)
Age (Yrs mean = SD)  43+4 43+5 40+7 43+6
Range of age (Yrs) 35-46 31-56 29-60 27-53
Gender (male/female)  20/0 20/0 20/0 20/0
Race (ethnic group) Asian (Han) Asian (Han) Asian (Han) Asian (Han)
Heroin use _* _* 45* 4F*
HCV - + - +
HIV - - - -

*
No history of opiate and other substance abuse

*%

Heroin only
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Dys-regulated miRNAs in heorin users (with or without HCV infection) and HCV infected subjects

miRNAs 1
miR-376¢-3p
miR-146a-5p
miR-1
miR-204-5p
miR-211-5p
miR-221-3p
miR-24-3p
miR-214-3p
miR-223-3p
miR-224-5p
miR-27a-3p
miR-184
let-7a-5p

miRNAs |
miR-25-3p
miR-296-5p
miR-20a-5p
miR-7-5p
miR-96-5p
miR-16-5p
miR-192-5p
miR-195-5p
miR-107
miR-19b-3p
miR-92a-3p
miR-19a-3p
miR-106b-5p
miR-203a
miR-134
miR-34a-5p
miR-885-5p
miR-17-5p
miR-122-5p

Heroin
22.72
11.41
40.41
6.26
3.31
4.65
331
3.14
3.56
6.50
3.44

Heroin
-3.58
-381
-3.35
-16.69
-7.81
-4.94
-3.20
-381
-3.25

HCV
7.89
4.29

HCV
-8.04
-3.84
-4.05
-13.70
-27.57
-6.93
-12.36
-7.28

-5.89
-3.46
-4.80
-4.67
-3.20

-4.30
-5.79
-3.22
-4.52

Heroin + HCV+
13.08

5.82

72.86

10.88

3.26
14.47
Heroin + HCV+
-6.13
-8.97
-3.34
-6.16
-9.95
-6.34
-3.59
-7.32

-4.16
-4.16
-4.63
-3.47
-3.16
-4.22
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