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Abstract

This study aimed to determine if an association exists between circulating microRNA (miRNA)
levels and disease progression in chronic hepatitis C (CHC); whether plasma or extracellular
vesicles (EVs) were optimal for miRNA measurement and their correlation with hepatic miRNA
expression; and the mechanistic plausibility in this association. We studied 130 CHC patients
prospectively followed over decades. A comprehensive miRNA profile in plasma using microarray
with 2,578 probe sets showed 323 miRNAs differentially expressed between healthy individuals
and CHC patients, but only 6 that distinguished patients with mild versus severe chronic hepatitis.
Eventually, let-7a/7c/7d-5p and miR-122-5p were identified as candidate predictors of disease
progression. Cross-sectional analyses at the time of initial liver biopsy showed that reduced levels
of let-7a/7c/7d-5p (let-7s) in plasma were correlated with advanced histological hepatic fibrosis
stage and other fibrotic markers, whereas miR-122-5p levels in plasma were positively correlated
with inflammatory activity, but not fibrosis. Measuring let-7s levels in EVs was not superior to
intact plasma for discriminating significant hepatic fibrosis. Longitudinal analyses in 60 patients
with paired liver biopsies showed that let-7s levels in plasma markedly declined over time in
parallel with fibrosis progression. However, circulating let-7s levels did not parallel those in liver.

Conclusion—Of all miRNAS screened, the let-7 family showed the best correlation with hepatic
fibrosis in CHC. A single determination of let-7s levels in plasma did not have superior predictive
value for significant hepatic fibrosis compared to that of fibrosis-4 index, but the rate of let-7s

decline in paired longitudinal samples correlated well with fibrosis progression. Pathway analysis
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suggested that low levels of let-7 may influence hepatic fibrogenesis through activation of TGF-g
signaling in hepatic stellate cells.
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Introduction

Chronic hepatitis C virus (HCV) infection is at significant risk for progressive hepatic
fibrosis, subsequent liver cirrhosis (LC) and hepatocellular carcinoma (HCC). The histologic
pattern of chronic hepatitis C (CHC) and the duration over which it develops into LC or
HCC differ greatly among individuals. Recently developed interferon-free oral regimens
combining direct-acting antiviral agents have achieved remarkably high rates of HCV
eradication even in patients with LC.(1) However, the risk of developing HCC will not
completely disappear even after the elimination of HCV, and the advanced state of hepatic
fibrosis is its major risk factor.(2) Therefore, evaluating the state of disease progression in
CHC is critical, and identifying a predictive biomarker for it will be helpful for
implementing personalized treatment and surveillance of disease progression and HCC.

MicroRNAs (miRNAs) comprise a class of small noncoding RNAs, on average only 22
nucleotides in length, which are post-transcriptional gene regulators. Specifically, they
negatively regulate gene expression by base-pairing to partially complementary sites
typically in the 3’ untranslated regions (UTR) of target mMRNA.(3) MicroRNAs are involved
in various biological phenomena such as cell development, differentiation, proliferation,
apoptosis and metabolism.(3) In addition, they play roles in the pathogenesis of
inflammation, fibrogenesis and carcinogenesis in liver diseases.(4) Circulating miRNAs are
found in cell-free serum, plasma and other body fluids in a highly stable form, including in
association with Argonaute2, exosomes or high-density lipoprotein,(5, 6) by which they are
protected from RNase, extreme temperatures, extreme pHs, or freeze-thaw cycle.(7, 8)
Therefore, expression profiling of circulating miRNAs holds promise as a novel noninvasive
marker for disease progression and severity. Furthermore, miRNAs in extracellular vesicles
(EVs), including exosomes, can be incorporated into other cells and may alter gene
expression in the recipient cells,(9) suggesting that they have potential as a mechanism of
cell to cell communication.

Previous studies identified that several circulating miRNAs were associated with chronic
HCV infection, hepatic necroinflammatory activity or fibrosis progression in CHC. Serum
levels of miR-155, miR-125b, miR-146a, miR-134, miR-320c and miR-483-5p have been
shown to be elevated in CHC patients compared to healthy individuals.(10, 11) In addition,
several studies have shown that circulating miRNA-122 and miR-21 levels were correlated
with elevated aminotransferases and pathological necroinflammatory activities in livers of
CHC patients.(12-15) Additional studies have correlated either up-or down-regulation of
circulating miRNAs such as miR-20a, miR-29a, miR-34a, miR-133a, miR-513-3p and
miR-571 with hepatic fibrosis progression.(16-20) Murakami et al. investigated miRNA
expression profile in exosome-rich fractionated serum of 64 CHC patients using microarray
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and quantitative real-time polymerase chain reaction (QRT-PCR). They demonstrated that
several miRNA expression levels were correlated with the histological grade of hepatic
inflammation and fibrosis, and the expression pattern of these miRNAs was useful for
discriminating the histological stage.(21)

However, despite these numerous studies, no consistent association between circulating
miRNA levels and disease progression has been identified. Comparison among studies has
been difficult because of differences in sample collection, sample size, methodology, data
normalization and analysis, and because diverse etiologies of liver disease were included
within and between studies. Importantly, all these reported studies were cross-sectional. To
address these uncertainties, we performed circulating miRNA expression analysis
comprehensively, cross-sectionally and longitudinally to identify circulating miRNAs
associated with disease progression in the natural course of chronic HCV infection using a
prospectively followed and well-characterized HCV-infected blood donor cohort.

Patients and Methods

Study Population and Design

Details of the anti-HCV antibody positive blood donor cohort are described in Supporting
Material and Methods and our previous reports.(22, 23) The study design is shown in Figure
1. In the present miRNA analysis, we enrolled 130 CHC patients from this cohort; the
clinical characteristics at the initial liver biopsy are shown in Table 1. Sixty patients
underwent paired liver biopsies during a median of 5.4 years. No patients received treatment
for their HCV infection before their initial liver biopsy or between the paired biopsies.
Additionally, plasma samples from 16 healthy blood donors were utilized as healthy controls
(HC). No participants were infected with hepatitis B virus or human immunodeficiency
virus, nor had other liver diseases such as autoimmune hepatitis, non-alcoholic
steatohepatitis or primary biliary cirrhosis. Ethics committees of the American Red Cross
and the National Institutes of Health (NIH) approved the study protocol in accordance with
the Declaration of Helsinki and the study has been reviewed annually by an NIH
Institutional Review Board (NIH Protocol 91-CC-0017). Written informed consent was
obtained from each study subject.

Sampling Plasma and Liver Tissue, and Preparation for RNA

Peripheral blood was collected from each participant in tubes containing
ethylenediaminetetraacetic acid as an anticoagulant. The tubes were centrifuged at 1,100 g
for 10 minutes at room temperature. After plasma separation, samples were stored at —80°C
until use. Liver specimens were obtained by needle biopsy, fixed in formalin and embedded
in paraffin. Total RNAs including miRNAs in plasma, EVs and whole liver tissues were
purified with miRNeasy Serum/Plasma kit, exoRNeasy Serum/Plasma Midi Kit and
miRNeasy FFPE Kit (Qiagen, Hilden, Germany) respectively, following the manufacturer's
instructions with minor modification.
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Microarray Analysis

We performed miRNA expression profiling in plasma samples using miRNA microarray:
Affymetrix GeneChip miRNA 4.0 Array (Affymetrix, Santa Clara, CA), which contains
2,578 mature human miRNA probe sets. Total RNA was poly(A) tailed and then directly
ligated to a fluorescent dendrimer using the FlashTag Biotin HSR RNA Labeling Kit
(Affymetrix). Standard protocols were used for hybridization, staining, washing and
scanning of the arrays. All samples passed the quality control assessment using chip-specific
quality control probes. Raw microarray data (CEL files) were imported into Partek
Genomics Suite (Partek Inc., St. Louis, MO), and probe set summaries were computed using
Robust Multi-Array algorithm which consists of background correction, quantile
normalization across all the chips, log, transformation and median polish.(24) The
relationship between the exclusive miRNAs and disease progression were also visualized by
principal component analysis (PCA) and hierarchical clustering in which dissimilarity was
measured by the Euclidean distance and the average linkage method is used for the
clustering. The complete miRNA microarray data have been deposited in the Gene
Expression Omnibus (GSE74872) and is publicly available.

qRT-PCR for miRNA analysis

Results

Quantitative miRNA levels were determined using gRT-PCR with the Applied Biosystems
7900 HT Sequence Detection System (Applied Biosystems, Foster City, CA) and TagMan
MicroRNA Assay (Applied Biosystems). Cycle threshold (Ct) values were calculated using
SDS Software v2.3 (Applied Biosystems). Expression levels of miRNAs were normalized to
those of the following reference genes: spike-in Caenorhabditis elegans (cel)-miR-39,
endogenous miR-16-5p, or the average levels of endogenous miR-92a-3p and miR-486-5p
for analyses using plasma samples; spike-in cel-miR-39 for EVs; and endogenous RNU6B
for liver tissues. The expression levels were determined by the 272Ct method in which ACt
was calculated as follows: ACt = Ct (miRNA of interest) — Ct (reference gene).

Further information about methods is provided in Supporting Material and Methods.

miRNA Profile in Plasma of Healthy Individuals and CHC Patients Using Microarray

The clinical characteristics of the subjects in the discovery set are shown in Supporting Table
1. Gender and age were matched. The Ishak fibrosis scores were 0 for all patients in mild
chronic hepatitis (CH), whereas they were 3-6 in severe CH. Alanine aminotransferase
(ALT) levels, histologic activity index (HAI) scores, aspartate aminotransferase (AST)-to-
platelet ratio index (APRI) and fibrosis-4 (FIB-4) index were significantly higher, and
platelet counts were significantly lower in severe CH compared to mild CH. Principal
component analysis (PCA) based on the result of the normalized signal intensities of probes
for human miRNAs, showed that miRNA profiles were markedly different between HC and
CHC patients (mild CH + severe CH), whereas no discernable differences in miRNA
profiles were observed when cases with mild CH were compared to those with severe CH
(Supporting Fig. 1). Next, we compared the normalized signal intensities between HC and
CHC patients, showing that 323 miRNAs were differentially expressed (176 up-regulated
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and 147 down-regulated) in CHC compared with HC, based on the following conditions:
fold change (FC) < -2 or >2; P-value < 0.05 by the one-way analysis of variance (ANOVA);
@-value < 0.05 by the false discovery rate (Supporting Table 2). The hierarchical clustering
based on the result of these 323 miRNAs showed that the miRNA profiles were remarkably
different between HC and CHC; however those with mild CH or severe CH were not
clustered under these conditions (Fig. 2A). Then we compared the normalized signal
intensities between mild CH and severe CH. Contrary to our expectations, there were only a
few miRNAs that showed significant differences of expression levels between them:
let-7a-5p, let-7c-5p, let-7d-5p, miR-4467 and miR-7641 levels were down-regulated, and
miR-122-5p levels were up-regulated in severe CH compared to mild CH (FC < -2 or > 2;
P-value < 0.05 by the one-way ANOVA) (Fig. 2B and 2C).

Verification of miRNA Expression Levels by gRT-PCR

We re-extracted total RNA from the same plasma samples as the discovery set and verified
the microarray results by qRT-PCR. There is no consensus about an optimal normalization
strategy for analysis of circulating miRNAs by qRT-PCR. In previous studies on CHC,
exogenous spike-in RNAs(10, 13, 16-20) or endogenous miRNAs such as miR-16(15, 21)
have been commonly used as a reference. According to our results by microarray and the
previous studies, we selected exogenous spike-in cel-miR-39, endogenous miR-16-5p, or the
average level of endogenous miR-92a-3p and miR-486-5p as a reference for normalization
(Supporting Fig. 2), and then compared the correlation of the expression levels of several
miRNAs between microarray and gRT-PCR. Overall, the correlations were the strongest
when we used spike-in cel-miR-39 as a reference (Supporting Fig. 3A-C): for let-7a-5p (r =
0.858, A< 0.001), let-7c-5p (r = 0.787, £< 0.001), let-7d-5p (r = 0.848, < 0.001) and
miR-122-5p (r = 0.628, P< 0.001), whereas only a moderate correlation was seen for
miR-7641 (r = 0.463, P< 0.001) and there was no correlation for miR-4467 (Supporting Fig.
3A). Based on the analyses of the discovery set, we selected four miRNAs: let-7a-5p,
let-7c-5p, let-7d-5p and miR-122-5p as potential candidates for predicting disease severity,
and examined their expression levels using spike-in cel-miR-39 as a reference for
normalization in subsequent analyses by qRT-PCR.

Correlations of the Candidate miRNA Levels in Plasma with Clinical Features in the Entire
Set at Initial Liver Biopsy

We analyzed the association between the candidate miRNA levels in plasma and clinical
features in the entire set that included the 32 patients of the discovery set. The levels of
let-7a-5p, let-7¢c-5p and let-7d-5p were inversely correlated with Ishak fibrosis scores (rho =
-0.180, —0.229, —-0.197 and P = 0.040, 0.009, 0.024, respectively) (Fig. 3), and also
inversely correlated with FIB-4 (r = -0.383, —0.368, —0.285, respectively and £< 0.001 for
all let-7s) and APRI (r = —0.345, -0.355, -0.240 and A< 0.001, < 0.001, = 0.007,
respectively), whereas positively correlated with platelet count (r = 0.318, 0.240, 0.192 and
P<0.001, =0.007, = 0.031, respectively) (Table 2). Thus, let-7s (let-7a-5p, let-7¢c-5p and
let-7d-5p) levels in plasma were associated with hepatic fibrosis severity. Meanwhile,
miR-122-5p levels were positively correlated with HAI scores (rho = 0.216, A= 0.014) (Fig.
3) and ALT (r = 0.283, £=0.001) (Table 2), suggesting that miR-122-5p levels in plasma
were associated with hepatic inflammatory activity, but not with the degree of fibrosis. The
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levels of let-7s had weak inverse correlations with age (Table 2), but not with gender (data
not shown). The levels of let-7s and miR-122-5p showed no correlations with genotypes of
the single nucleotide polymorphisms previously reported to be associated with hepatic
fibrosis progression or inflammatory activity in CHC: rs12979860 (/FNL4), rs738409
(PNPLA?3), rs4374383 (MERTK), rs9380516 ( TULPI), rs16851720 (RNF7), rs910049 and
rs3135363 (HLA class 11)(25-28) (data not shown).

Discrimination of Significant Hepatic Fibrosis by let-7s Expression Levels in Plasma

We divided the 130 CHC patients into two groups: mild fibrosis with Ishak score 0-2 (n =
106) and significant fibrosis with Ishak score 3-6 (n = 24). The clinical characteristics of the
two groups are shown in Supporting Table 3. The expression levels of let-7a-5p, let-7c-5p
and let-7d-5p were significantly lower in patients with significant fibrosis than in those with
mild fibrosis (P < 0.001 for all let-7s) (Fig. 4A). The receiver operating characteristic (ROC)
curve analysis for discriminating significant fibrosis indicated that the area under the curve
(AUC) levels of let-7a-5p, let-7¢-5p and let-7d-5p (AUC = 0.776, 0734 and 0.790,
respectively) were comparable to those of platelet count and APRI (AUC = 0.746 and 0.788,
respectively) (Fig. 4B). Meanwhile, several other factors were associated with significant
fibrosis by univariate analysis as shown in Supporting Table 3. As described in Supporting
Material and Methods, APRI is calculated by AST and platelet count, whereas FIB-4 is done
by age, AST, ALT and platelet count. Considering the correlations between these factors, we
analyzed factors associated with significant fibrosis in logistic regression models including
the following variables: age, APRI and let-7s levels or FIB-4 and let-7s levels. The levels of
let-7s were independently associated with significant fibrosis in both analyses (Supporting
Table 4). We then calculated the AUC levels when each of the let-7s was used in
combination with either APRI or FIB-4. The AUC value was most enhanced when let-7d-5p
and FIB-4 were used in combination (AUC = 0.825) (Fig. 4B and Supporting Table 5).

Longitudinal miRNA Expression Analysis in Patients with Paired Liver Biopsies

The clinical characteristics of 60 CHC patients at the initial liver biopsy, who underwent a
repeat biopsy, are shown in Supporting Table 6. Over the interval between the paired
biopsies, 22 patients had fibrosis that increased by at least 1 Ishak stage (17 increased by 1
stage; two by 2 stages; two by 3 stages; one by 4 stages), whereas 38 had no change. We
investigated the changes in expression levels of let-7a-5p, let-7c-5p, let-7d-5p and
miR-122-5p in plasma between the paired biopsies, showing that the levels of let-7a-5p,
let-7c-5p and let-7d-5p markedly declined over time (£ < 0.001 for all let-7s), whereas
miR-122-5p levels gradually declined (P = 0.023) (Fig. 5A). Next, we calculated fibrosis
progression rates (FPR) of the 60 patients between the paired biopsies, and divided the
population into two groups according to the median FPR: the slowly progressive fibrosis
group was defined as those with < median FPR and the rapidly progressive fibrosis group as
those with > median FPR, and compared the changing rates of miRNA levels between the
two groups (Supporting Fig. 4). Although these miRNA levels declined over the interval
between biopsies in most patients, the declines were significantly greater in the rapidly
progressive fibrosis group compared to the slowly progressive fibrosis group (2= 0.003,
0.003, 0.030 and 0.036, for let-7a-5p, let-7c-5p, let-7d-5p and miR5 122-5p respectively)
(Fig. 5B). Meanwhile, the levels of miR-16-5p, which are considered to be expressed
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abundantly and stably in plasma/serum, did not change between the paired biopsies, and
their changing rates were not different between the slowly progressive fibrosis group and the
rapidly progressive fibrosis group (Supporting Fig. 5), which implying that the decline of
let-7s and miR-122-5p did not simply reflect the total levels of miRNASs in plasma.

Expression Levels of the Candidate miRNAs in EVs

Since Arroyo et al. previously showed that circulating miR-122 was detected in the protein-
associated fractions, whereas let-7a is predominant in EVs in healthy individuals,(29) we
expected that let-7s levels in EVs might reflect hepatic fibrosis progression in CHC more
clearly than those in total plasma. Therefore, we extracted total RNA from inside or outside
EVs in plasma of the discovery set, and analyzed the levels of the candidate miRNAs in each
component (Supporting Fig. 6). Levels of let-7a-5p and let-7d-5p inside EVs were higher
than that of miR-122-5p, whereas levels of let-7s outside EVs were lower than that of
miR-122-5p (Supporting Fig. 7A); hence the ratio of inside to outside EVs for let-7s were
higher compared to that for miR-122-5p. Levels of miR-122-5p in plasma were correlated
with those inside EVs and outside EVs almost equally, while levels of let-7s in plasma were
more strongly correlated with those inside EVs than those outside EVs (Supporting Fig. 7B).
Next, we analyzed the association between the candidate miRNA levels in EVs and clinical
features in the entire set. The expression levels of let-7a-5p, let-7¢-5p and let-7d-5p were
significantly lower in patients with significant hepatic fibrosis than in those with mild
fibrosis (P=0.010, = 0.037, < 0.001, respectively) (Fig. 6A). Although the levels of
let-7a-5p, let-7¢c-5p and let-7d-5p in both EVs and plasma were inversely correlated with the
severity of hepatic fibrosis, ROC curve analysis for discriminating significant fibrosis
showed that the AUC values of them in EVs (AUC = 0.668, 0.636 and 0.728 for let-7a-5p,
let-7c-5p and let-7d-5p, respectively) (Fig. 6B) were lower than those in plasma (Fig. 4B).
Hence, measurement of let-7s levels in EVs had no advantage over direct measurement in
plasma.

Correlations of let-7s Levels between Liver Tissue and Plasma or EVs

Formalin-fixed paraffin-embedded specimens of liver tissues were available for only a subset
of patients: only 6 of 43 cases where a specimen was available at the initial biopsy had a
paired specimen at the repeat biopsy, and additional 37 specimens were available only at the
repeat biopsy. Thus, the number of available specimens was limited. Therefore we combined
the samples at the initial and the repeat biopsy, and analyzed the expression levels of let-7s
and miR-122-5p in liver tissues. The clinical characteristics of these patients are shown in
Supporting Table 7. Our results indicated no correlations in their expression levels between
liver and plasma, but demonstrated inverse correlations between liver and EVs (Supporting
Fig. 8A). Meanwhile, we found that there were no associations between their expression in
liver and hepatic fibrosis severity (Supporting Fig. 8B).

Pathway Analysis of Target Genes of let-7

We extracted 1,072 target genes of the let-7 family by TargetScan, and then performed
pathway analysis by importing these genes into Ingenuity Pathway Analysis (Qiagen). Of
the 92 canonical pathways on which these target genes were mapped, the top was “Hepatic
Fibrosis / Hepatic Stellate Cell (HSC) Activation” (Supporting Table 8).
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Discussion

Our cohort consisted of prospectively followed CHC patients who were unaware of their
HCYV infection at the time of blood donation and had not received anti-HCV therapy prior to
the initial or repeat liver biopsy analyzed in this report. Therefore, we believe this cohort
provides a valid model for assessing long-term disease progression in the natural course of
chronic HCV infection. In this cohort of patients with CHC, we observed that circulating
let-7s expression levels in plasma and EVs, as measured by comprehensive microarray and
gRT-PCR, were inversely correlated with the severity of hepatic fibrosis. In addition,
longitudinal analysis showed that let-7s levels in plasma continued to decline during the
interval between paired liver biopsies in parallel with fibrosis progression. To our
knowledge, this is the first demonstration of changes in circulating miRNA expression over
time during the natural course of chronic HCV infection. In addition, we validated that
circulating miR-122-5p levels in plasma were correlated with elevated ALT levels and
pathological necroinflammatory activity,(12-14) and decreased in parallel with fibrosis
progression.(13)

The distribution of circulating miRNAs in vesicle-rich or protein-rich fractions in plasma/
serum has been controversial. Gallo et al. suggested that the majority of miRNAs in plasma/
serum are concentrated in exosomes.(30) In contrast, Arroyo et al. demonstrated that up to
90% of circulating miRNAs are associated with proteins, and showed that different miRNAs
were enriched in specific extracellular compartments, e.g., circulating miR-122 was detected
in the protein-rich fractions, whereas let-7a was predominant in the vesicle-rich fractions in
healthy individuals.(23) Intriguingly, Bala et al. indicated that the distributions of miR-122
and miR-155 in the exosome-rich or the protein-rich fractions were different according to
the underlying pathological condition as demonstrated in mice with alcoholic and
inflammatory liver diseases versus drug induced liver injury.(31) Together, these results
suggest that the blood compartment or fraction most suitable for measuring miRNA
expression levels depends on the underlying disease, and the particular miRNA being
measured. Murakami et al. showed that the levels of several miRNAs, including let-7a, in
exosome-rich fractionated serum in CHC patients were correlated with the histological grade
of hepatic fibrosis using microarray.(18) This is consistent with our results, but we found
that measuring let-7s in EVs was not superior to direct measurement in plasma. In the
present study, when purifying EVs, including exosomes, binding of vesicles to the
membrane of the exoRNeasy kit was not selective for a specific sub-population or size range
of EVs. This restriction might account in part for the observation that let-7s levels in EVs
did not reflect hepatic fibrosis progression more clearly than those in total plasma. Future
study is required to analyze the expression levels of these miRNAS in specific sub-
populations of EVs.

The cellular source of circulating miRNAs and the mechanism of regulation of mMiRNA
expression are not well known. It is presumed that circulating let-7s derive from various cell
sources, since members of the let-7 family are abundantly expressed in most cell types.
Murakami et al. analyzed the correlation of miRNA expression levels between liver tissue
and exosome-rich fractionated serum in 60 CHC patients using microarray data, and showed
that the levels of almost all the miRNAs including let-7 were not comparable in serum and
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liver.(21) We showed no correlations in let-7s expression levels between whole liver tissue
and plasma, but weak inverse correlations between liver and EVs (Supporting Fig. 8A).
Although it is not completely clear why we unexpectedly observed these inverse
correlations, it is clear that the expression levels of circulating let-7s in plasma and EVs
were not parallel with those in liver. Diehl, et al showed that the profiles of miRNAs in
microvesicles were found to be markedly different from those in their maternal cells,
indicating an active mechanism of selective packaging of miRNAs from cells into
microvesicles.(32) These results suggest that it would be difficult to identify the specific
source of circulating let-7s, responsible for the differences of let-7s expression in plasma/
serum and EVs in CHC patients using current technology. Primary miRNAs are, like
protein-coding mRNAs, transcribed by polymerase |1, suggesting that miRNA expression is
regulated principally at the level of transcription. Indeed, transcriptional regulation has been
demonstrated for several miRNA genes.(33) However, the mature let-7 family members are
reported to be regulated, at least in part, post-transcriptionally.(34-36) The present study
does not allow us to distinguish whether the decreased levels of let-7a-5p, let-7c-5p and
let-7d-5p, as well as other let-7 family members, in the plasma of CHC patients (Supporting
Table 2) represent transcriptional or post-transcriptional suppression in hepatic or other cell

types.

The biological functions of circulating miRNAs in HCV infection are being actively
explored. Previous studies suggest that circulating miRNA in EVs, including exosomes,
might provide a means of communication between neighboring cells and influence gene
expression on target cells.(9) The let-7 family is highly conserved and abundantly expressed
across most cells and animal species. The let-7 miRNAs regulate cell proliferation and
differentiation, and their reduced expression has been implicated in epithelial to
mesenchymal transition and enhanced cell migration/invasion.(37, 38) Moreover, they
inhibit the expression of multiple oncogenes, including RAS, MYCand HMGAZ,(39, 40)
and their expression levels decrease in several cancers including HCC.(41, 42) In HCV
infection, let-7b inhibits HCV replication by directly binding to 5’'UTR and NS5B coding
regions of the HCV genome,(43) and by targeting host factor insulin-like growth factor 2
mRNA-binding protein 1.(44) Interestingly, our pathway analysis showed that the estimated
target genes of let-7 were most closely related to the pathway of “Hepatic Fibrosis / HSC
Activation” (Supporting Table 8). In particular, an effect on transforming growth factor-beta
(TGF-) signaling by let-7 is a plausible mechanism for enhanced hepatic fibrogenesis.
Chronic HCV infection up-regulates TGF- signaling and subsequently activates HSCs,
resulting in excessive accumulation of extracellular matrix proteins including collagen in the
liver.(45) Let-7 family members are predicted to target 7GFBR1, SMADZ, COL1A1 and
COL1AZin the TGF- p signaling pathway (Supporting Fig. 9), and thereby are thought to
negatively regulate fibrosis progression. Indeed, a previous study showed that let-7 targeted
TGFBR1 and regulated TGF-B signaling in liver development.(46) Moreover, let-7 has been
shown to be involved in renal profibrotic processes by regulating 7GFBR1 or COL1AZ.
(47-49) Another study indicated that let-7a regulated the expression of type I collagen in
skin fibroblasts by targeting its 3'UTR in systemic and localized scleroderma. Interestingly,
this study also showed that serum let-7a levels were significantly decreased in these patients.
(50) Our pathway analysis along with previous findings(46-50) lead us to speculate that
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decreased levels of let-7 may activate hepatic profibrotic processes associated with TGF-f
signaling pathway in HSCs of CHC patients. As a result, secretion of let-7 in EVs from
HSCs might change according to HSCs activity and/or hepatic fibrosis severity. An
alternative possibility is that EVs including let-7 might incorporate into HSCs and influence
the activation of TGF-p signaling. Future studies need to clarify 1) the expression of let-7 in
different cell subsets in the liver, especially HSCs and hepatocytes; 2) the let-7 levels
secreted from these cells; 3) the function of let-7 in HSCs and hepatocytes. These studies
might suggest to the possibility of enhancing let-7 levels as a therapeutic modality.

There are several limitations in the present study. First, the number of patients, especially
those with significant hepatic fibrosis was limited. Second, the fact that the ability of let-7s
in plasma to discriminate significant hepatic fibrosis was not superior to that of FIB-4, with
only a marginal additional effect of let-7s in addition to FIB-4. Notably, measuring FIB-4
and APRI is easier than examining circulating let-7 expression levels. Thus, measuring
circulating let-7 levels may not be a useful clinical tool to evaluate hepatic fibrosis.
However, our longitudinal analysis implies that calculating the rate of change in plasma let-7
levels measured in serial samples during follow up might predict future hepatic fibrosis
progression. Validation studies in independent cohorts including patients with more
advanced hepatic fibrosis are clearly needed, which might enhance the utility of circulating
let-7 as a hepatic fibrotic marker. Even in the absence of clinical utility, this study has
identified let-7s, more than other miRNAs, as mechanistically important in hepatic fibrosis
progression in CHC.

In conclusion, the present study provides evidence that circulating let-7 may serve as a
surrogate marker for hepatic fibrosis progression in CHC, and suggests a plausible
mechanism for this effect. Further studies are also necessary to elucidate the intracellular
and cell-to-cell functions of let-7 in hepatic fibrogenesis and the specific mechanisms
through which let-7 exert these effects.
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Study design for circulating microRNA expression analysis in patients with chronic hepatitis
C. We enrolled 130 CHC patients from the anti-HCV antibody positive blood donor cohort.
Initially, we analyzed miRNA expression patterns in plasma in the discovery set consisting
of 16 healthy controls, 16 patients with mild fibrosis and 16 with significant fibrosis. Then,
we verified the microarray results by qRT-PCR using the same samples, and selected
candidate miRNAs for further study. Next, we analyzed the association between the
candidate miRNA levels in plasma or EVs and clinical features in the entire set that included
the 32 patients in the discovery set. Finally, we analyzed changes in the candidate miRNA
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hepatitis C virus; miRNA, microRNA; CHC, chronic hepatitis C; HC, healthy control; gRT-
PCR, quantitative real-time polymerase chain reaction; EVs, extracellular vesicles.
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Fig. 2.

MicroRNA expression profiling in plasma using microarray in the discovery set. (A) The
hierarchical clustering based on the normalized signal intensities of 323 miRNAs which
were differentially expressed (176 up-regulated and 147 down-regulated) in chronic hepatitis
C patients (mild CH + severe CH) compared with healthy controls (HC). Up-regulated
microRNAS are represented in red, and down-regulated ones are in blue. (B) The
hierarchical clustering based on the normalized signal intensities of 6 mMiRNASs that were
differentially expressed between mild CH and severe CH, and (C) the expression levels of
these miRNAs. Fold changes (FC) and A-values by the one-way analysis of variance were
calculated by comparisons between mild CH and severe CH. CH, chronic hepatitis.
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Correlations of let-7s and miR-122 expression levels in plasma with histological findings at
initial liver biopsy using Spearman’s correlation coefficient (rho). HAI, histologic activity

index.
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Fig. 4.

Discrimination of significant hepatic fibrosis by let-7s expression levels in plasma. (A)
Expression levels of the candidate microRNAs in plasma between chronic hepatitis C
patients with or without significant fibrosis (Ishak score 3-6 at initial liver biopsy). Boxes
represent the interquartile range of the data. The lines across the boxes and the numbers
indicate the median values. The hash marks above and below the boxes indicate the 90th and
10th percentiles for each group, respectively. P-values were calculated by Mann-Whitney (-
test. (B) The receiver operating characteristic curve analyses were carried out and the area
under the curves (AUC) were calculated to evaluate capabilities of the candidate miRNA
levels in plasma and other hepatic fibrotic markers for discriminating significant hepatic
fibrosis. PLT, platelet count; APRI, aspartate aminotransferase-to-platelet ratio index; FIB-4,
fibrosis-4.
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Fig. 5.

Aéqsociation between changes in let-7s and miR-122 levels in plasma and hepatic fibrosis
progression in longitudinal analysis. (A) Changes in let-7s and miR-122 expression levels
between paired liver biopsies (n = 60). Data represent mean + standard deviation. P-values
were calculated by the paired #test. (B) We divided the 60 patients into two groups
according to the median fibrosis progression rates (FPR) between the paired biopsies, and
compared the changing rates of let-7s and miR-122 levels between the two groups. Boxes
represent the interquartile range of the data. The lines across the boxes and the numbers
indicate the median values. The hash marks above and below the boxes indicate the 90th and
10th percentiles for each group, respectively. P-values were calculated by Mann-Whitney U-
test.
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Fig. 6.

Discrimination of significant hepatic fibrosis by let-7s expression levels in extracellular
vesicles. (A) Expression levels of the candidate microRNAs in extracellular vesicles (EVs)
between chronic hepatitis C patients with or without significant fibrosis (Ishak score 3-6 at
initial liver biopsy). Boxes represent the interquartile range of the data. The lines across the
boxes and the numbers indicate the median values. The hash marks above and below the
boxes indicate the 90th and 10th percentiles for each group, respectively. P-values were
calculated by Mann-Whitney U-test. (B) The receiver operating characteristic curve analyses
were carried out and the area under the curves (AUC) were calculated to evaluate
capabilities of the candidate miRNA levels in EVs for discriminating significant hepatic
fibrosis.
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