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Abstract

Background/aim

We investigated alterations in the expression of serum exosomal miRNAs with the progres-
sion of liver fibrosis and evaluated their clinical applicability as biomarkers.

Methods

This study prospectively enrolled 71 patients who underwent liver biopsy at an academic
hospital in Korea. Exosomes were extracted from serum samples, followed by next-genera-
tion sequencing (NGS) of miRNAs and targeted real-time quantitative polymerase chain
reaction. A model was derived to discriminate advanced fibrosis based on miRNA levels
and the performance of this model was evaluated. Validation of the effect of miRNA on liver
fibrosis in vitro was followed.

Results

NGS data revealed that exosomal miR-660-5p, miR-125a-5p, and miR-122 expression
were changed significantly with the progression of liver fibrosis, of which miR-122 exhibited
high read counts enough to be used as a biomarker. The level of exosomal miR-122
decreased as the pathologic fibrosis grade progressed and patients with biopsy-proven
advanced fibrosis had significantly lower levels of exosomal miR-122 (P < 0.001) than those
without advanced fibrosis. Exosomal miR-122 exhibited a fair performance in discriminating
advanced fibrosis especially in combination with fibrosis-4 score and transient elastography.
In a subgroup of patients with a non-viral etiology of liver disease, the performance of exoso-
mal miR-122 as a biomarker was greatly improved. Inhibition of miR-122 expression
increased the proliferation of the human hepatic stellate cell line, LX-2, and upregulated the
expression of various fibrosis related proteins.
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Conclusion

Exosomal miR-122 may serve as a useful non-invasive biomarker for liver fibrosis, espe-
cially in patients with non-viral etiologies of chronic liver disease.

Introduction

Exosomes are 30-100 nm sized small membrane-enclosed vesicles that originate from internal
multivesicular bodies. These are released into the extracellular space and found in various bio-
logical fluids [1]. Exosomes contain cell-type specific information, including proteins,
mRNAs, and microRNAs (miRNAs), and mediate intercellular communication by shuttling
these molecules to other cells. Studies have unveiled the role of exosomes in liver diseases [2].
Liver cells release and accept exosomes, which mediate intercellular communication and bring
physiological and pathological changes [3]. Various studies have reported the use of exosomes
as biomarkers and therapeutics for a variety of liver diseases [4-6].

miRNAs are small, non-coding RNA molecules that regulate gene expression by binding to
target gene mRNAs to facilitate mRNA degradation and hinder the translation process [7].
Dysregulation of miRNA has been associated with various diseases because miRNAs play
important roles in the proliferation, apoptosis, and differentiation of various cell types [8, 9].
miRNAs can exist in the bloodstream, incorporated into extracellular vesicles such as exo-
somes or attached to RNA-binding proteins [10]. Among the various types of circulating miR-
NAs, exosomal miRNAs are particularly protected from endogenous RNases that allow them
to mediate intercellular communication regardless of the distance [11]. Most reports on circu-
lating miRNAs have focused on total circulating miRNAs, and only a few studies have isolated
exosomes for miRNA analyses [12]. The potential of exosomal miRNAs as biomarkers of alco-
holic hepatitis, drug-induced liver injury, and hepatocellular carcinoma is well documented [4,
13-15]. However, the role of exosomal miRNAs in liver fibrosis has not been studied.

In principle, the diagnosis of liver fibrosis is established pathologically through liver biopsy,
an invasive procedure associated with several complications, including abdominal pain, bleed-
ing, and rarely, death [16]. Many non-invasive methods have been developed as alternatives to
liver biopsy for evaluating liver fibrosis [17]. Transient elastography (TE) and two-dimensional
shear wave elastography are representative non-invasive methods [15, 18] and magnetic reso-
nance electrography has been recently applied to replace liver biopsy in many clinical trials [19].
Attempts have been directed to develop serological biomarkers such as aspartate aminotransfer-
ase (AST)-to-platelet ratio index (APRI) and fibrosis-4 (FIB-4) using simple biochemical blood
tests [20, 21]. However, none of these non-invasive methods has replaced liver biopsy mainly
owing to the associated inaccuracy. In general, these noninvasive methods cannot stage fibrosis
and have much poorer positive predictive values than negative predictive values; in other
words, these methods are optimized for excluding, not diagnosing, liver fibrosis [22].

In the present study, we investigated the relationship between exosomal miRNAs and liver
fibrosis and evaluated their clinical potential as novel non-invasive biomarkers.

Methods
Study population

This study prospectively recruited consecutive patients who underwent percutaneous
liver biopsy due to acute or chronic liver diseases between March 2018 and January 2019
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in an academic hospital (Soonchunhyang University Seoul Hospital) in Korea. The exclu-
sion criteria were as follows: patients under 20 years of age, those with contraindications
to liver biopsies such as ascites and bleeding tendencies, patients who refused to partici-
pate in the study, or those who did not have critical data such as TE and biochemical
data.

A total of 71 patients were studied, and their blood samples were obtained. Before the treat-
ment of acute or chronic liver disease, an ultrasonography-guided percutaneous liver biopsy
was performed and blood samples were collected in the same day under fasting status for more
than 6 hours. Of these, exosomal miRNA sequencing was conducted in subjects who had
chronic liver disease, agreed with the gene analysis, and whose blood samples were suitable for
next-generation sequencing in both quantity and quality of the samples. TE was performed in
the study population to measure liver stiffness by a non-invasive method other than liver
biopsy. Before the procedure, patients fasted for at least 2 hours. In principle, it was performed
on the same day or one day before or after the blood collection date. But in case of acute hepa-
titis, it was performed after acute hepatitis improved, resulting in AST and ALT levels of less
than 200 IU/mL and total bilirubin of less than 3 mg/dL. Data, including individual medical
status, various laboratory findings, liver stiffness measured by TE, and pathologic reports of
the liver tissue, were collected.

Exosome isolation

Exosomes from 1 mL of serum samples were isolated using the ExoQuick Exosome Precipita-
tion Solution (System Biosciences, Palo Alto, CA, USA) following the manufacturer’s protocol.
In brief, the serum was centrifuged at 3000 xg for 15 min to remove cells and debris. Then, 1/4
volume of ExoQuick solution was added to the serum and the mixture was incubated at 4°C.
The samples were centrifuged twice at 1500 xg for 30 min, and the obtained pellet was resus-
pended in 100 pL of phosphate-buffered saline (PBS). Total RNA, including miRNA, was
extracted from exosomes using the miRNeasy Mini Kit (Qiagen, Hilden, Germany), according
to the manufacturers’ protocol. RNA was eluted in 20 uL RNase-free water.

Next-generation sequencing (NGS) of exosomal miRNAs from human
serum samples

Patient samples were processed, and 10 ng of exosomal RNA was used as an input for each
library. Small RNA libraries were constructed using the SMARTer smRNA-Seq Kit (Illumina,
Takara Bio, Shiga, Japan) according to the manufacturer’s guidelines. Sequencing libraries
were generated by polyadenylation, complementary DNA (cDNA) synthesis, and polymerase
chain reaction (PCR) amplification.

The libraries were gel-purified and validated by assessing size, purity, and concentration
using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, California, USA).
The libraries were quantified by qPCR according to the qPCR Quantification Protocol
Guide (KAPA Library Quantification Kits for Illumina Sequencing Platforms). The quality
of libraries was assessed using the D1000 ScreenTape System (Agilent Technologies, Wald-
bronn, Germany). Equimolar amounts of libraries were pooled and sequenced on an Illu-
mina HiSeq 2500 instrument (Illumina, San Diego, CA, USA) to generate 101 base reads.
Image decomposition and quality value calculations were performed using the modules of
the Illumina pipeline. All procedures for NGS analysis were performed by Macrogen (Seoul,
Korea). Clustered reads were aligned to the reference genome by miRBase 21 to identify
miRNAs. The full miRNA NGS data is available at https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE179961.
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Analysis of differential miRNA expression

The reads were normalized by relative logarithmic expression using DESeq2 (Genome Biology
Unit, European Molecular Biology Laboratory, Heidelberg, Germany). For preprocessing,
miRNAs undetected from more than 50% of all samples were excluded, leaving only mature
miRNAs for analysis. For each miRNA, baseMean and log-fold change values were calculated
and compared between the case and control groups. A statistical hypothesis test was conducted
for the comparison of these groups using the negative binomial Wald test in DESeq2. Differen-
tially expressed miRNAs between the two groups were determined by assessing miRNAs with
a |fold change| > 2 and false discovery rate—adjusted P value < 0.05. We also performed hierar-
chical clustering analysis using complete linkage and Euclidean distance as measures of simi-
larity to display the expression patterns of differentially expressed miRNAs that satisfy the
criteria mentioned above.

Isolation and quantification of exosomal miRNAs from human serum
samples

Exosome and total RNA, including miRNA, were extracted using Total RNA Extraction Kit
(INtRON Biotechnology, Seongnam-si, Gyeonggi-do, South Korea). cDNA synthesis and tar-
geted real-time quantitative PCR (qPCR) for miRNA-122 were conducted using Maxima
SYBR Green/Rox qPCR master mix 2x (Thermo Fisher Scientific, Waltham, MA, USA) and
miRNA-specific primers.

Cell lines and cell culture

An immortalized human hepatic stellate cell line. LX-2 (kindly provided by Prof. Sae Hwan
Lee, Soonchunhyang University College of Medicine, Cheonan, Korea) was cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS),
10,000 U/mL penicillin, 10 mg/mL streptomycin, and 25 ug/mL amphotericin. Cells were
incubated under standard normoxic conditions (20% O, and 5% CO, at 37°C).

Transfection of LX-2 cells with miR-122 inhibitor

LX-2 cells were seeded in six-well plates (8.5 x 10* cells/mL) and allowed to reach 60-80% con-
fluency. Cells were transfected with an miRNA-122 inhibitor (MI0000442; Thermo Fisher Sci-
entific, Waltham, MA, USA) at a concentration of 150 pmoL using Lipofectamine RNAIMAX
(Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s instructions.
Lipofectamine RNAIMAX reagent was mixed at 1:1 ratio with diluted miRNA-122 inhibitor
or negative control and incubated at room temperature for 5 min to generate Lipofectamine-
miRNA inhibitor complexes. The complex was then added to LX-2 cells, and cell proliferation
and target gene and protein expression were analyzed after 24 h.

Cell proliferation analysis

Cell proliferation was measured based on the conversion of the colorimetric 3,4-
(5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent into soluble forma-
zan by dehydrogenase enzyme found in metabolically proliferating cells using the Cell Titer 96
Aqueous One Solution cell proliferation assay (G358C; Promega, Madison, WI, USA). Follow-
ing each treatment, 400 pL of dye solution was added into cells in each well of a six-well plate
and incubated for 2 h. The absorbance was recorded at a wavelength of 490 nm using a Varios-
kan LUX Multimode Microplate Reader (Thermo Fisher Scientific, Waltham, MA, USA).
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Real-time RT-qPCR analysis

Total RNA was extracted using Total RNA Extraction Kit, and cDNA was synthesized using
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA).
After reverse transcription, the cDNA template was amplified by PCR using SYBR green
(Thermo Fisher Scientific, Waltham, MA, USA). Collagen-1A (COL-1A), alpha-smooth mus-
cle actin (a-SMA), fibronectin (FN1), and transforming growth factor-p (TGF-f) gene expres-
sion was quantitated by real-time RT-qPCR (StepOnePlus; Thermo Fisher Scientific,
Waltham, MA, USA) using Maxima SYBR Green/Rox qPCR master mix (Thermo Fisher Sci-
entific, Waltham, MA, USA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
as a loading control. The primer sequences are shown in S1 Table in S1 File. The expression
level of each targeted mRNA was calculated as the relative intensity of the PCR product as
compared to that of GAPDH gene using the 274"

formed in triplicates.

method. All PCR experiments were per-

Immunoblot analysis

Cells were lysed on ice for 20 min using a lysis buffer and centrifuged at 14,000 xg for 10 min
at 4°C. For sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), samples
were transferred onto nitrocellulose membranes and the membranes were blotted with appro-
priate primary antibodies at a dilution of 1:1000. The membranes were then treated with per-
oxidase-conjugated secondary antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA). Bound antibodies were detected with Super Signal West Pico PLUS Chemiluminescent
Substrate (ECL; Amersham, Arlington Heights, IL, USA) and developed with Kodak
X-OMAT films (Kodak, New Haven, CT, USA). Primary antibodies used in this study were
COL-1A (ab34710; Abcam, Cambridge, UK), a-SMA (ab5694; Abcam, Cambridge, UK),
fibronectin (sc-69681; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), TGF- (sc-
130348; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), and GAPDH (ATGEN, Seong-
nam-si, Gyeonggi-do, South Korea) antibodjies.

Statistical analysis

Baseline characteristics were compared between groups using an independent sample ¢-test for
continuous variables and chi-square test for categorical variables. In NGS analyses, the mean val-
ues and standard deviation (SD) of reads count and reads per million (RPM) were calculated
and compared according to fibrosis grades. Outliers having values exceeding mean plus SD were
considered to be excluded. The independent risk factors for advanced fibrosis were identified
using univariate and multivariate Cox proportional hazards models. A model to discriminate
advanced fibrosis using miRNA levels was derived by multivariate logistic regression. The perfor-
mance of the variables and the model to predict advanced hepatic fibrosis was evaluated by
receiver operating characteristic (ROC) curve and area under the curve (AUC) analysis and com-
pared using the DeLong’s test. All in vitro experimental results were obtained from at least three
independent experiments. Experimental data were analyzed by a Student’s ¢-test for comparison
between groups. For all tests, differences with P values less than 0.05 were regarded as statistically
significant. Statistical analyses were performed using PASW version 23.0 (IBM Corp., Armonk,
NY, USA) and R version 3.5.3 (R Foundation for Statistical Computing, Vienna, Austria).

Ethical consideration

This study was conducted in accordance with the recent ethical guidelines of the World Medi-
cal Association Declaration of Helsinki and approved by the Institutional Review Board (IRB)
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of Soonchunhyang University Seoul Hospital (IRB No. 2017-11-015). All subjects provided
written informed consent for inclusion in the study. Medical records of the study population
were fully anonymized and de-identified before analysis.

Results
Baseline characteristics of the study population

We collected samples from 71 patients, of which 48 (67.6%) had non-viral and 23 (32.4%) had
viral etiology of liver disease. Table 1 shows the baseline characteristics of the study population.
The median age of the study population was 57, and the majority (66.2%) was female.
Although the liver function of the study population was preserved with median Child-Pugh
score of 5, serum level of aspartate transaminase and alanine transaminase were generally ele-
vated with median level of 75 and 70, respectively. Patients with non-alcoholic fatty liver dis-
ease (NAFLD) accounted for most of the non-viral etiology population (30 out of 48, 62.5%),
autoimmune liver disease 16.7%, and alcoholic liver disease 8.3%. Remaining five patients had

Table 1. The baseline characteristics of the study population.

Non-viral (n = 48) Viral (n =23) Total (N =71) P value
Etiology HBV: 15
HCV:8
NAFLD: 30 NAFLD: 30
Alcohol: 4 HBV: 15 Alcohol: 4
PBC: 4 HCV: 8 PBC: 4
AIH: 4 AIH: 4
Etc: 7
Etc: 7
Age 58 (44.75, 63.25) 56 (37, 65.5) 57 (40.5, 64) 0.888
Male 14 (29.2%) 10 (43.4%) 24 (33.8%) 0.24
Platelet 194 (167.5, 234.75) 169 (133.5, 200) 181 (159, 230) 0.047*
Albumin 4.28+0.45 4.10+£0.47 4.22+0.46 0.142
Total bilirubin 0.65 (0.5, 1) 0.6 (0.5, 1.1) 0.6 (0.5, 1) 0.814
AST 90.5 (48.75, 131) 66 (41, 109.5) 75 (42.5, 127) 0.316
ALT 70.5 (33, 141.25) 57 (32, 146) 70 (33, 146) 0.878
PT (INR) 1.09 (1.04, 1.15) 1.12 (1.08, 1.21) 1.1(1.04, 1.16) 0.105
Child-Pugh score 5(5,5) 5(5,5) 5(5,5) 0.797
MELD score 7.55 (6.87, 8.21) 7.7 (6.87,8.21) 7.7 (7.03, 8.52) 0.353
APRI 1.02 (0.53, 2.12) 0.96 (0.54, 1.7) 1.01 (0.52, 1.92) 0.831
FIB-4 2.64 (1.53,4.76) 2.86 (1.29, 4.97) 2.64 (1.45,4.79) 0.937
Transient elastography (kPa) 10.3 (6.3, 14.3) 11.3 (7.85, 13.7) 10.8 (6.38, 14.3) 0.622
Pathologic grade of fibrosis Gro 6 (12.5%) Gro 2 (8.7%) Gro 8 (11.3%) 0.15
Grl 11 (22.9%) Gr1l 2 (8.7%) Grl 13 (18.3%)
Gr2 14 (29.2%) Gr2 8 (34.8%) Gr2 22 (31.0%)
Gr3 13 (27.1%) Gr3 7 (30.4%) Gr3 20 (28.2%)
Gr4 4 (8.3%) Gr4 4 (7.4%) Gr4 8 (11.3%)

NAFLD, non-alcoholic fatty liver disease; AIH, autoimmune hepatitis; PBC, primary biliary cholangitis; AST, aspartate aminotransferase; ALT, alanine

aminotransferase; PT, prothrombin time; INR, international normalized ratio; MELD, model for end stage liver disease; APRI, AST to platelet ratio index; FIB-4,

fibrosis-4

Data are expressed as mean + standard deviation or median (interquartile range) according to normality test.

https://doi.org/10.1371/journal.pone.0255672.t001
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drug induced liver injury and two were unknown. No significant differences were observed in
baseline characteristics by etiology, including baseline liver function and hepatic fibrosis repre-
sented by various scoring systems, except for platelet count, which was higher in the non-viral
etiology population with a marginal statistical significance (P = 0.047).

Among the study population, eight patients manifested as acute hepatitis, and sub-group
clinical data were expressed in S2 Table in S1 File. Of these, three had non-alcoholic fatty liver
disease, three had drug-induced liver injury, one had autoimmune hepatitis, and one remained
unknown etiology. One patient who diagnosed as autoimmune hepatitis was treated with ste-
roid after diagnostic work-up including liver biopsy and blood sample collection, and other
patients received conservative management without a specific treatment.

NGS to evaluate exosomal miRNA expression changes through liver
fibrosis stages

To evaluate miRNAs with altered expression with the progression of liver fibrosis, we randomly
selected 18 patients with NAFLD etiology. The baseline characteristics of these selected patients
are shown in Table 2. NGS results (GSE179961) revealed various exosomal miRNAs that were
differentially expressed according to liver fibrosis stages. We filtered exosomal miRNAs that
showed at least two-fold changes and were significantly expressed (P < 0.05) through liver
fibrosis stages (S3 Table in S1 File). Considering both average expression level and read count of
each miRNA, miR-660-5p, miR-125a-5p, and miR-122 had significantly different expression
according to liver fibrosis grade. The fold changes of these miRNA expression level according to
liver fibrosis grade are presented in S4 Table in S1 File. The expression of miR-660-5p and miR-
125a-5p showed an increasing trend with the progression of liver fibrosis (Fig 1). However, the
read counts of miR-660-5p and miR-125a-5p were quite low; less than 10 and 50, respectively.

We tracked the expression of miR-122 at various stages of liver fibrosis, and observed a
downward expression trend with considerably higher read counts. Analysis of the data by
omitting the outliers (one in fibrosis grade 2 and two in fibrosis grade 3) revealed statistically
significant differences in miR-122 expression levels at each fibrosis grade (P = 0.04, Fig 2 and
S1 Fig in S1 File). Patients with advanced fibrosis (fibrosis grade 3-4) showed significantly
lower expression levels of miR-122 than those with lower grade fibrosis (P = 0.02, Fig 2 and S1
Figin S1 File).

Table 2. The baseline characteristics of the selected patients for next-generation sequencing of exosomal microRNAs.

Age
Female
Platelet

Albumin

Total bilirubin

AST
ALT

PT (INR)

Child-Pugh score
MELD score
Transient elastography (kPa)

Fibrosis Gr 0-1 (n = 5)

Fibrosis Gr 2 (n =5)

Fibrosis Gr 3 (n =5)

Fibrosis Gr 4 (n = 3)

Total (N =18)

47 + 14.75 51.8 +15.96 63.6 +7.06 67.33 % 7.02 56.33 + 14.04
4 (80%) 5 (100%) 5 (100%) 2 (66.7%) 16 (88.89%)
222.5 (180, 233.5) 186 (181, 196) 180 (176.5, 268.5) 159 (138, 179.5) 191 (173.25, 227.25)
43 (4.2,4.4) 4.5 (4.5,4.5) 43 (4.3,4.4) 4.5 (4.4,4.55) 4.4 (4.3,4.5)
0.46 +0.21 0.48 +0.13 0.6 +0.07 0.97 +0.72 0.59 +0.33
72.6 +41.38 106 + 47.93 84.4 + 36.84 78 + 38.57 86.06 + 40.25
29 (23,33) 77 (35, 117) 70 (26, 89) 30 (27.5, 45) 34 (26.75, 86)
1.05 + 0.05 1.1+0.06 1.1+0.04 1.21 +0.05 1.1+0.07
5 (5, 5) 5(5,5) 5(5,5) 5(5,5) 5 (5, 5)
7.05 + 0.46 7.46 £ 0.67 7.49 +0.37 9.27+1.6 7.66 + 1.04
11.86 + 3.98 11.02 +£2.15 16.8 + 3.08 20.3 + 7.45 1441 +5.17

AST, aspartate aminotransferase; ALT, alanine aminotransferase; PT, prothrombin time; INR, international normalized ratio; MELD, model for end stage liver disease

Data are expressed as mean + standard deviation or median (interquartile range) according to normality test.

https://doi.org/10.1371/journal.pone.0255672.t1002
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Fig 1. Both miR-660-5p and miR-125a-5p are differentially expressed in each fibrosis stage. Read counts and reads per million counts
(RPM) by NGS according to liver fibrosis stages of (a) miR-660-5p and (b) miR-125a-5p.

https://doi.org/10.1371/journal.pone.0255672.g001

Exosomal miR-122 expression in liver fibrosis

To confirm the results of NGS analysis, targeted real-time RT-qPCR for exosomal miR-122
was performed for all study population. As expected, miR-122 expression showed a decreasing
trend with the progression of liver fibrosis. Patients with advanced fibrosis showed a signifi-
cant decrease in the expression level of miR-122 (P < 0.01, Fig 3 and S2 Fig in S1 File). The
decrease in miR-122 expression was more evident when only the non-viral etiology population
was selected (P < 0.01, Fig 3 and S2 Fig in S1 File).

Exosomal miR-122 discriminates advanced liver fibrosis

Exosomal miR-122 showed a fair discriminative ability in predicting advanced liver fibrosis
with an AUC value of 0.77 (95% confidence interval [CI]: 0.66-0.89), which further improved
to 0.87 (95% CI: 0.78-0.97; Fig 4) when limited to the non-viral etiology population. A model
comprising miR-122, FIB-4 score, and stiffness measured by TE was derived using a binary
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Fig 2. The expression of miR-122 is decreased as liver fibrosis progressed. (a) Read counts and (b) RPM counts by NGS according to liver
fibrosis stages. (c) RPM of miR-122 patients divided into fibrosis stage 0-2 and fibrosis stage 3-4. Data were analyzed by omitting outliers. *:

p < 0.05.

https://doi.org/10.1371/journal.pone.0255672.9002

logistic regression analysis (Table 3). The discriminative power for advanced liver fibrosis was
higher in miR-122 model (AUC = 0.86, 95% CI: 0.78-0.95) than with FIB-4 score

(AUC =0.58, 95% CI: 0.44-0.69; P < 0.01) or stiffness measured by TE (AUC = 0.80, 95% CI:
0.69-0.89; P = 0.15) alone (Fig 4). In the non-viral etiology population, the discriminative
power of miR-122 model further improved to an AUC of 0.95 (95% CI: 0.90-0.99); this value
was significantly higher than that observed with FIB-4 score (AUC = 0.57, 95% CI: 0.41-0.95;
P < 0.01) or TE alone (AUC = 0.83, 95% CI: 0.69-0.93; P = 0.03 Fig 4).

Validation of the effect of miR-122 on liver fibrosis in vitro. In the MTT assay, miR-122
expression inhibition significantly increased the proliferation of stellate cells as compared to
the negative control (Fig 5). The inhibition of miR-122 expression also resulted in an increase
in the mRNA expression of a-SMA, FN1, and TGF-f, but no significant difference in COL-1A
mRNA expression was observed. Western blot analysis showed that the expression of COL-
1A, a-SMA, fibronectin, and TGF-f increased following miR-122 inhibitor treatment (Fig 5).
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Fig 3. The expression of miR-122 is downregulated in advanced liver fibrosis stages. miR-122 expression was quantified in (a) total
population and (b) non-viral etiological population. *: p < 0.05.

https://doi.org/10.1371/journal.pone.0255672.9003

Discussion

In this study, we employed NGS to demonstrate that exosomal miRNAs, miR-660-5p, miR-
125a-5p, and miR-122 were associated with the progression of liver fibrosis. We show that exo-
somal miR-122 has the potential to serve as a biomarker for advanced liver fibrosis. In combi-
nation with other non-invasive markers of fibrosis, exosomal miR-122 exhibits excellent
discriminative power for pathologically proven advanced liver fibrosis, especially in the popu-
lation with non-viral etiology. In vitro studies using hepatic stellate cells (HSCs) revealed the
role and mechanism of miR-122 in liver fibrosis. Downregulation of miR-122 expression
could promote the proliferation of hepatic stellated cells and increase the expression of various
fibrosis markers.

Various miRNAs are known to modulate liver fibrosis through different mechanisms both
in vivo and in vitro [23-27]. However, only a few studies have used human blood and liver tis-
sue samples to analyze exosomal miRNAs and their effects on liver fibrosis. In this study, we
prospectively collected blood samples from patients who underwent liver biopsy based on

PLOS ONE | https://doi.org/10.1371/journal.pone.0255672 September 10, 2021 10/17


https://doi.org/10.1371/journal.pone.0255672.g003
https://doi.org/10.1371/journal.pone.0255672

PLOS ONE

Exosomal microRNA in liver fibrosis

Table 3. Multivariate analysis of variables predicting advanced liver fibrosis.
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Fig 4. Exosomal miR-122 shows a fair discriminative ability for advanced liver fibrosis. Graphs of miR-122 ROC for (a) total population
and (b) non-viral etiological population. Comparison of the ROC between combinational model using miR-122, FIB-4, and TE in (c) total
population and (d) non-viral etiological population.

https://doi.org/10.1371/journal.pone.0255672.9004

Variables Overall Non-viral etiology
B OR (95% CI) P B OR (95% CI) P
miR-122 -3.85 0.02 (0.00-1.98) 0.10 -16.81 <0.01 (0.00-0.02) 0.01
FIB-4 -0.22 0.80 (0.65-0.996) 0.046 -0.009 0.99 (0.67-1.47) 0.97
Stiffness 0.29 1.34 (1.13-1.59) <0.01 0.29 1.34 (1.07-1.69) 0.01

OR, odds ratio; FIB-4, fibrosis-4

https://doi.org/10.1371/journal.pone.0255672.t003
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https://doi.org/10.1371/journal.pone.0255672.9g005

clinical needs. Although NGS revealed the increasing trend in miR-660-5p and miR-125a-5p
expression with fibrosis progression, their read counts were extremely low for use as diagnostic
markers. The expression of miR-122, on the contrary, showed a decreasing trend as fibrosis
progressed with considerably higher read counts. The correlation between exosomal miR-122
and liver fibrosis was validated in a larger population by qPCR, realizing its potential as a novel
biomarker for advanced liver fibrosis. The role of miR-122 and the underlying mechanism of
action were studied with in vitro experiments, wherein downregulation of miR-122 expression
was thought to be one of the possible causes of advanced liver fibrosis as well as a phenomenon
caused by liver fibrosis progression.

While naked RNAs are rapidly degraded in the blood, exosomes protect the cargo, thereby
facilitating detection and providing data consistency [28]. The levels of serum exosomal
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miRNAs are higher than those of serum non-exosomal miRNAs [29]. Packaging of miRNAs
into exosomes is a highly selective and specific process, and numerous reports have shown that
exosomal miRNAs affect biological processes in recipient cells [30]. In this regard, our study is
based on miRNAs, especially those packaged in exosomes may suggest accurate and reliable
clinical relevance in real practice.

miR-122 is one of the most abundant miRNAs in the human liver [31], and plays a crucial
role in liver development, differentiation, and functions [32-34]. In line with the essential role
of miR-122 in liver homeostasis, any alteration in the expression of miR-122 has been reported
to be associated with various liver diseases such as chronic hepatitis B or C, NAFLD, and drug-
induced liver disease [35-38]. Several animal experiments have shown that genetic deletion of
miR-122 may lead to the progression of steatohepatitis and fibrosis, and that miR-122 expres-
sion was attenuated in a carbon tetrachloride-induced mouse model of liver fibrosis [39-41].
However, another clinical study reported that elevated miR-122 serum levels correlate with
hepatic cell death and necro-inflammatory activity in chronic hepatitis C patients but not with
fibrosis stage or liver function [42]. Theses discrepancies night be due to differences in etiology
of liver disease. In this study, we performed NGS to discover exosomal miRNA associated with
liver fibrosis in NAFLD patients, confirming that miR-122 is inversely associated with liver
fibrosis grade, and validating the performance of miR-122 as a biomarker of liver fibrosis. Exo-
somal miR-122 has demonstrated clinical utility as a non-invasive biomarker for liver fibrosis,
especially in patients with non-viral etiologies that primarily includes NAFLD. Moreover,
serum miR-122 expression was recently reported as a useful marker of liver fibrosis in chronic
viral hepatitis patients including chronic hepatitis C [43], and chronic hepatitis B patients [44].
In addition, it has been also reported that the expression level of miR-122 in liver tissue varies
inversely with liver fibrosis progression across various liver disease etiologies [45].

The mechanism underlying miR-122-mediated regulation of liver fibrosis is still elusive. In
an in vitro experiment using HSCs, miR-122 prevented hepatic inflammation by inhibiting
lipopolysaccharide-induced cytokine production and the recruitment of immune cells to the
liver [46]. Chronic hepatic inflammation results in hepatic fibrosis and cirrhosis, and HSCs
play key roles in both hepatic inflammation and fibrosis [47, 48]. Accordingly, miR-122 has a
potential to attenuate hepatic fibrosis by regulating hepatic inflammation mediated by various
pro-inflammatory cytokines in HSCs. In addition, a recent study suggested that miR-122 con-
trols liver fibrosis by targeting prolyl 4-hydroxolase, which is involved in collagen maturation
[39]. Proline hydroxylation plays a crucial role in the stabilization of the triple helix of collagen
molecule, and attenuation of prolyl 4-hydroxylase activity may lead to unstable collagen pro-
duction [49]. Overexpression of miR-122 has been proposed to attenuate prolyl 4-hydroxylase
expression, thereby leading to the inhibition of mature collagen-1A production. Consistent
with the previous study, our results showed that miR-122 inhibition promoted liver fibrosis by
increasing mature collagen-1A level. The marked increase in collagen-1A at the protein level,
but not the mRNA level, following miR-122 inhibition suggests that miR-122 regulates colla-
gen maturation instead of production. In addition, miR-122 inhibition resulted in the transac-
tivation of HSCs and modulation of mRNA expression levels of various extracellular matrix
genes, suggesting that miR-122 is involved in liver fibrosis via various mechanisms.

This study has several limitations. First, we did not include normal subjects as controls.
Although there were patients with grade 0 fibrosis, they had acute or chronic liver diseases
requiring a liver biopsy and were grouped together and analyzed to be equivalent to grade 1
fibrosis because their number was too small. Second, we intuitively confirmed the association
between miR-122 and hepatic fibrosis using the LX-2 cell line, because HSCs play a major role
in the regulation of hepatic fibrosis. However, since hepataic fibrogenesis is not an action of
only stellate cells, but an interaction between various cells existing in the liver, it is
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recommended to utilze primary hepatocytes along with non-parenchymal cells such as Kupt-
fer, stellate and biliary cells to reproduce hepatic fibrogenesis. Third, miRNAs are abundantly
expressed in primary hepatocytes more than in hepeatic stellate cells. However, they are also
expressed in HSCs [46], and moreover, exosomes play a role in trasporting miRNAs between
hepatic cells, which makes it possible that hepatocytes-derived miRNAs affect the function of
HSCs [50]. Therefore, down-regulation of miR-122 in hepatic cells can affect the function of
hepatis stellate cells in both autocrine and paracrine manners. Further research is needed
regarding changes in miR-122 levels in hepatic stellate cells during hepatic fibrosis progres-
sion. Fourth, the study population was heterogeneous since this study included both acute and
chronic liver disease patients, but detailed clinical data related to treatment history were
unavailable, resulting in underlying variables controled limitedly. However, the effects of
drugs to the expression of miRNAs were minimized by maintaining fasting status before col-
lecting liver tissue and blood samples. Lastly, external validation was not performed in this
study. Vogt et al. have reported that miR-122 demonstrated high variability in serum from
healthy volunteers, which may make miR-122 challenging for use as a prospective biomarker
of liver damage or injury [51]. This study is expected to be less affected by the inter-individual
variability in serum miR-122 levels, as miR-122 packed in serum exosomes was targeted rather
than miR-122, which freely circulates in serum. However, since natural variability between
individuals clearly exists, further validation studies, including a large number of patients, may
be warranted.

In conclusion, exosomal miR-122 levels significantly decreased in pathologically proven
advanced liver fibrosis. Exosomal miR-122 can serve as a clinically useful non-invasive bio-
marker for liver fibrosis especially in patients with non-viral etiologies primarily involving
non-alcoholic fatty liver disease.

Supporting information

S1 File.
(DOCX)

S2 File.
(ZIP)

Author Contributions

Conceptualization: Seongho Ryu, Jae Young Jang.

Data curation: Tom Ryu, Jae Young Jang.

Formal analysis: Young Chang.

Funding acquisition: Jae Young Jang.

Investigation: Jae-A. Han, Suk Min Kang, Han Seul Park, So Young Jin.
Methodology: Jeong-Ju Yoo, Sae Hwan Lee, Sang Gyune Kim, Young Seok Kim.
Project administration: Suk Min Kang, Han Seul Park.

Resources: Soung Won Jeong, Tom Ryu, Hong Soo Kim.

Software: Jeong-Ju Yoo, Seongho Ryu.

Supervision: Soung Won Jeong, Sae Hwan Lee, Sang Gyune Kim, Young Seok Kim, Hong
Soo Kim.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255672 September 10, 2021 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255672.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255672.s002
https://doi.org/10.1371/journal.pone.0255672

PLOS ONE

Exosomal microRNA in liver fibrosis

Visualization: Jae-A. Han.

Writing - original draft: Young Chang.

Writing - review & editing: Young Chang, Jae-A. Han, Seongho Ryu, Jae Young Jang.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles, and friends. J Cell Biol.
2013; 200(4):373-83. https://doi.org/10.1083/jcb.201211138 PMID: 2342087 1; PubMed Central
PMCID: PMC3575529.

Lemoinne S, Thabut D, Housset C, Moreau R, Valla D, Boulanger CM, et al. The emerging roles of
microvesicles in liver diseases. Nat Rev Gastroenterol Hepatol. 2014; 11(6):350—61. https://doi.org/10.
1038/nrgastro.2014.7 PMID: 24492276.

Masyuk Al, Masyuk TV, Larusso NF. Exosomes in the pathogenesis, diagnostics and therapeutics of
liver diseases. J Hepatol. 2013; 59(3):621-5. https://doi.org/10.1016/j.jhep.2013.03.028 PMID:
23557871; PubMed Central PMCID: PMC3831338.

Bala S, Petrasek J, Mundkur S, Catalano D, Levin |, Ward J, et al. Circulating microRNAs in exosomes
indicate hepatocyte injury and inflammation in alcoholic, drug-induced, and inflammatory liver diseases.
Hepatology. 2012; 56(5):1946-57. https://doi.org/10.1002/hep.25873 PMID: 22684891; PubMed Cen-
tral PMCID: PMC3486954.

Pan Q, Ramakrishnaiah V, Henry S, Fouraschen S, de Ruiter PE, Kwekkeboom J, et al. Hepatic cell-to-
cell transmission of small silencing RNA can extend the therapeutic reach of RNA interference (RNAI).
Gut. 2012; 61(9):1330-9. https://doi.org/10.1136/gutjnl-2011-300449 PMID: 22198713.

LiT, YanY, Wang B, Qian H, Zhang X, Shen L, et al. Exosomes derived from human umbilical cord
mesenchymal stem cells alleviate liver fibrosis. Stem Cells Dev. 2013; 22(6):845-54. https://doi.org/10.
1089/scd.2012.0395 PMID: 23002959; PubMed Central PMCID: PMC3585469.

Valencia-Sanchez MA, Liu J, Hannon GJ, Parker R. Control of translation and mRNA degradation by
miRNAs and siRNAs. Genes Dev. 2006; 20(5):515-24. https://doi.org/10.1101/gad. 1399806 PMID:
16510870.

Yang BF, Lu YJ, Wang ZG. MicroRNAs and apoptosis: implications in the molecular therapy of human
disease. Clin Exp Pharmacol Physiol. 2009; 36(10):951-60. https://doi.org/10.1111/j.1440-1681.2009.
05245.x PMID: 19566826.

Krol J, Loedige |, Filipowicz W. The widespread regulation of microRNA biogenesis, function and
decay. Nat Rev Genet. 2010; 11(9):597—610. https://doi.org/10.1038/nrg2843 PMID: 20661255.

Creemers EE, Tijsen AJ, Pinto YM. Circulating microRNAs: novel biomarkers and extracellular commu-
nicators in cardiovascular disease? Circ Res. 2012; 110(3):483-95. https://doi.org/10.1161/
CIRCRESAHA.111.247452 PMID: 22302755.

Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-mediated transfer of
mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat Cell Biol. 2007;
9(6):654-9. https://doi.org/10.1038/ncb1596 PMID: 17486113.

Sato K, Meng F, Glaser S, Alpini G. Exosomes in liver pathology. J Hepatol. 2016; 65(1):213-21.
https://doi.org/10.1016/j.jhep.2016.03.004 PMID: 26988731; PubMed Central PMCID: PMC4912847.

Momen-Heravi F, Saha B, Kodys K, Catalano D, Satishchandran A, Szabo G. Increased number of cir-
culating exosomes and their microRNA cargos are potential novel biomarkers in alcoholic hepatitis. J
Transl Med. 2015; 13:261. https://doi.org/10.1186/s12967-015-0623-9 PMID: 26264599; PubMed Cen-
tral PMCID: PMC4533956.

Sohn W, Kim J, Kang SH, Yang SR, Cho JY, Cho HC, et al. Serum exosomal microRNAs as novel bio-
markers for hepatocellular carcinoma. Exp Mol Med. 2015; 47:e184. https://doi.org/10.1038/emm.
2015.68 PMID: 26380927; PubMed Central PMCID: PMC4650928.

Lee YR, Kim G, Tak WY, Jang SY, Kweon YO, Park JG, et al. Circulating exosomal noncoding RNAs
as prognostic biomarkers in human hepatocellular carcinoma. Int J Cancer. 2019; 144(6):1444-52.
https://doi.org/10.1002/ijc.31931 PMID: 30338850.

Cadranel JF, Nousbaum JB. [Current trends in liver biopsy indications in chronic liver diseases]. Presse
medicale. 2012; 41(11):1064-70. https://doi.org/10.1016/j.lpm.2012.01.034 PMID: 22425478.

Lurie Y, Webb M, Cytter-Kuint R, Shteingart S, Lederkremer GZ. Non-invasive diagnosis of liver fibrosis
and cirrhosis. World journal of gastroenterology. 2015; 21(41):11567-83. https://doi.org/10.3748/wjg.
v21.i41.11567 PMID: 26556987; PubMed Central PMCID: PMC4631961.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255672 September 10, 2021 15/17


https://doi.org/10.1083/jcb.201211138
http://www.ncbi.nlm.nih.gov/pubmed/23420871
https://doi.org/10.1038/nrgastro.2014.7
https://doi.org/10.1038/nrgastro.2014.7
http://www.ncbi.nlm.nih.gov/pubmed/24492276
https://doi.org/10.1016/j.jhep.2013.03.028
http://www.ncbi.nlm.nih.gov/pubmed/23557871
https://doi.org/10.1002/hep.25873
http://www.ncbi.nlm.nih.gov/pubmed/22684891
https://doi.org/10.1136/gutjnl-2011-300449
http://www.ncbi.nlm.nih.gov/pubmed/22198713
https://doi.org/10.1089/scd.2012.0395
https://doi.org/10.1089/scd.2012.0395
http://www.ncbi.nlm.nih.gov/pubmed/23002959
https://doi.org/10.1101/gad.1399806
http://www.ncbi.nlm.nih.gov/pubmed/16510870
https://doi.org/10.1111/j.1440-1681.2009.05245.x
https://doi.org/10.1111/j.1440-1681.2009.05245.x
http://www.ncbi.nlm.nih.gov/pubmed/19566826
https://doi.org/10.1038/nrg2843
http://www.ncbi.nlm.nih.gov/pubmed/20661255
https://doi.org/10.1161/CIRCRESAHA.111.247452
https://doi.org/10.1161/CIRCRESAHA.111.247452
http://www.ncbi.nlm.nih.gov/pubmed/22302755
https://doi.org/10.1038/ncb1596
http://www.ncbi.nlm.nih.gov/pubmed/17486113
https://doi.org/10.1016/j.jhep.2016.03.004
http://www.ncbi.nlm.nih.gov/pubmed/26988731
https://doi.org/10.1186/s12967-015-0623-9
http://www.ncbi.nlm.nih.gov/pubmed/26264599
https://doi.org/10.1038/emm.2015.68
https://doi.org/10.1038/emm.2015.68
http://www.ncbi.nlm.nih.gov/pubmed/26380927
https://doi.org/10.1002/ijc.31931
http://www.ncbi.nlm.nih.gov/pubmed/30338850
https://doi.org/10.1016/j.lpm.2012.01.034
http://www.ncbi.nlm.nih.gov/pubmed/22425478
https://doi.org/10.3748/wjg.v21.i41.11567
https://doi.org/10.3748/wjg.v21.i41.11567
http://www.ncbi.nlm.nih.gov/pubmed/26556987
https://doi.org/10.1371/journal.pone.0255672

PLOS ONE

Exosomal microRNA in liver fibrosis

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Tapper EB, Castera L, Afdhal NH. FibroScan (vibration-controlled transient elastography): where does
it stand in the United States practice. Clinical gastroenterology and hepatology: the official clinical prac-
tice journal of the American Gastroenterological Association. 2015; 13(1):27-36. https://doi.org/10.
1016/j.cgh.2014.04.039 PMID: 24909907.

Singh S, Venkatesh SK, Wang Z, Miller FH, Motosugi U, Low RN, et al. Diagnostic performance of mag-
netic resonance elastography in staging liver fibrosis: a systematic review and meta-analysis of individ-
ual participant data. Clinical gastroenterology and hepatology: the official clinical practice journal of the
American Gastroenterological Association. 2015; 13(3):440-51 e6. https://doi.org/10.1016/j.cgh.2014.
09.046 PMID: 25305349; PubMed Central PMCID: PMC4333001.

Sterling RK, Lissen E, Clumeck N, Sola R, Correa MC, Montaner J, et al. Development of a simple non-
invasive index to predict significant fibrosis in patients with HIV/HCV coinfection. Hepatology. 2006; 43
(6):1317-25. Epub 2006/05/27. https://doi.org/10.1002/hep.21178 PMID: 16729309.

Wai CT, Greenson JK, Fontana RJ, Kalbfleisch JD, Marrero JA, Conjeevaram HS, et al. A simple nonin-
vasive index can predict both significant fibrosis and cirrhosis in patients with chronic hepatitis C. Hepatol-
ogy. 2003; 38(2):518-26. Epub 2003/07/29. https://doi.org/10.1053/jhep.2003.50346 PMID: 12883497.

Tapper EB, Lok AS. Use of Liver Imaging and Biopsy in Clinical Practice. The New England journal of
medicine. 2017; 377(8):756—68. https://doi.org/10.1056/NEJMra1610570 PMID: 28834467 .

Guo CJ, Pan Q, Cheng T, Jiang B, Chen GY, Li DG. Changes in microRNAs associated with hepatic
stellate cell activation status identify signaling pathways. FEBS J. 2009; 276(18):5163—76. https://doi.
org/10.1111/j.1742-4658.2009.07213.x PMID: 19674103.

JiJ, Zhang J, Huang G, Qian J, Wang X, Mei S. Over-expressed microRNA-27a and 27b influence fat
accumulation and cell proliferation during rat hepatic stellate cell activation. FEBS Lett. 2009; 583
(4):759-66. https://doi.org/10.1016/j.febslet.2009.01.034 PMID: 19185571.

Guo CJ, Pan Q, Li DG, Sun H, Liu BW. miR-15b and miR-16 are implicated in activation of the rat
hepatic stellate cell: An essential role for apoptosis. J Hepatol. 2009; 50(4):766—78. https://doi.org/10.
1016/j.jhep.2008.11.025 PMID: 19232449,

LiJ, Zhang Y, Kuruba R, Gao X, Gandhi CR, Xie W, et al. Roles of microRNA-29a in the antifibrotic
effect of farnesoid X receptor in hepatic stellate cells. Mol Pharmacol. 2011; 80(1):191-200. https://doi.
org/10.1124/mol.110.068247 PMID: 21511916; PubMed Central PMCID: PMC3127536.

Chen C, Wu CQ, Zhang ZQ, Yao DK, Zhu L. Loss of expression of miR-335 is implicated in hepatic stel-
late cell migration and activation. Exp Cell Res. 2011; 317(12):1714-25. https://doi.org/10.1016/j.yexcr.
2011.05.001 PMID: 21586285.

Vlassov AV, Magdaleno S, Setterquist R, Conrad R. Exosomes: current knowledge of their composi-
tion, biological functions, and diagnostic and therapeutic potentials. Biochim Biophys Acta. 2012; 1820
(7):940-8. https://doi.org/10.1016/j.bbagen.2012.03.017 PMID: 22503788.

Tanaka Y, Kamohara H, Kinoshita K, Kurashige J, Ishimoto T, Iwatsuki M, et al. Clinical impact of
serum exosomal microRNA-21 as a clinical biomarker in human esophageal squamous cell carcinoma.
Cancer. 2013; 119(6):1159-67. https://doi.org/10.1002/cncr.27895 PMID: 23224754,

Endzelins E, Berger A, Melne V, Bajo-Santos C, Sobolevska K, Abols A, et al. Detection of circulating
miRNAs: comparative analysis of extracellular vesicle-incorporated miRNAs and cell-free miRNAs in
whole plasma of prostate cancer patients. BMC Cancer. 2017; 17(1):730. https://doi.org/10.1186/
512885-017-3737-z PMID: 29121858; PubMed Central PMCID: PMC5679326.

Girard M, Jacquemin E, Munnich A, Lyonnet S, Henrion-Caude A. miR-122, a paradigm for the role of
microRNAs in the liver. J Hepatol. 2008; 48(4):648-56. https://doi.org/10.1016/j.jhep.2008.01.019
PMID: 18291553.

Xu H, He JH, Xiao ZD, Zhang QQ, Chen YQ, Zhou H, et al. Liver-enriched transcription factors regulate
microRNA-122 that targets CUTL1 during liver development. Hepatology. 2010; 52(4):1431-42. https://
doi.org/10.1002/hep.23818 PMID: 20842632.

Laudadio I, Manfroid |, Achouri Y, Schmidt D, Wilson MD, Cordi S, et al. A feedback loop between the
liver-enriched transcription factor network and miR-122 controls hepatocyte differentiation. Gastroenter-
ology. 2012; 142(1):119-29. https://doi.org/10.1053/j.gastro.2011.09.001 PMID: 21920465.

Deng XG, Qiu RL, Wu YH, Li ZX, Xie P, Zhang J, et al. Overexpression of miR-122 promotes the
hepatic differentiation and maturation of mouse ESCs through a miR-122/FoxA1/HNF4a-positive feed-
back loop. Liver Int. 2014; 34(2):281-95. https://doi.org/10.1111/liv.12239 PMID: 23834235.

Cermelli S, Ruggieri A, Marrero JA, loannou GN, Beretta L. Circulating microRNAs in patients with
chronic hepatitis C and non-alcoholic fatty liver disease. PLoS One. 2011; 6(8):€23937. https://doi.org/
10.1371/journal.pone.0023937 PMID: 2188684 3; PubMed Central PMCID: PMC3160337.

Starkey Lewis PJ, Dear J, Platt V, Simpson KJ, Craig DG, Antoine DJ, et al. Circulating microRNAs as
potential markers of human drug-induced liver injury. Hepatology. 2011; 54(5):1767—76. https://doi.org/
10.1002/hep.24538 PMID: 22045675.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255672 September 10, 2021 16/17


https://doi.org/10.1016/j.cgh.2014.04.039
https://doi.org/10.1016/j.cgh.2014.04.039
http://www.ncbi.nlm.nih.gov/pubmed/24909907
https://doi.org/10.1016/j.cgh.2014.09.046
https://doi.org/10.1016/j.cgh.2014.09.046
http://www.ncbi.nlm.nih.gov/pubmed/25305349
https://doi.org/10.1002/hep.21178
http://www.ncbi.nlm.nih.gov/pubmed/16729309
https://doi.org/10.1053/jhep.2003.50346
http://www.ncbi.nlm.nih.gov/pubmed/12883497
https://doi.org/10.1056/NEJMra1610570
http://www.ncbi.nlm.nih.gov/pubmed/28834467
https://doi.org/10.1111/j.1742-4658.2009.07213.x
https://doi.org/10.1111/j.1742-4658.2009.07213.x
http://www.ncbi.nlm.nih.gov/pubmed/19674103
https://doi.org/10.1016/j.febslet.2009.01.034
http://www.ncbi.nlm.nih.gov/pubmed/19185571
https://doi.org/10.1016/j.jhep.2008.11.025
https://doi.org/10.1016/j.jhep.2008.11.025
http://www.ncbi.nlm.nih.gov/pubmed/19232449
https://doi.org/10.1124/mol.110.068247
https://doi.org/10.1124/mol.110.068247
http://www.ncbi.nlm.nih.gov/pubmed/21511916
https://doi.org/10.1016/j.yexcr.2011.05.001
https://doi.org/10.1016/j.yexcr.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/21586285
https://doi.org/10.1016/j.bbagen.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22503788
https://doi.org/10.1002/cncr.27895
http://www.ncbi.nlm.nih.gov/pubmed/23224754
https://doi.org/10.1186/s12885-017-3737-z
https://doi.org/10.1186/s12885-017-3737-z
http://www.ncbi.nlm.nih.gov/pubmed/29121858
https://doi.org/10.1016/j.jhep.2008.01.019
http://www.ncbi.nlm.nih.gov/pubmed/18291553
https://doi.org/10.1002/hep.23818
https://doi.org/10.1002/hep.23818
http://www.ncbi.nlm.nih.gov/pubmed/20842632
https://doi.org/10.1053/j.gastro.2011.09.001
http://www.ncbi.nlm.nih.gov/pubmed/21920465
https://doi.org/10.1111/liv.12239
http://www.ncbi.nlm.nih.gov/pubmed/23834235
https://doi.org/10.1371/journal.pone.0023937
https://doi.org/10.1371/journal.pone.0023937
http://www.ncbi.nlm.nih.gov/pubmed/21886843
https://doi.org/10.1002/hep.24538
https://doi.org/10.1002/hep.24538
http://www.ncbi.nlm.nih.gov/pubmed/22045675
https://doi.org/10.1371/journal.pone.0255672

PLOS ONE

Exosomal microRNA in liver fibrosis

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Waidmann O, Bihrer V, Pleli T, Farnik H, Berger A, Zeuzem S, et al. Serum microRNA-122 levels in dif-
ferent groups of patients with chronic hepatitis B virus infection. J Viral Hepat. 2012; 19(2):e58-65.
https://doi.org/10.1111/j.1365-2893.2011.01536.x PMID: 22239527

van der Meer AJ, Farid WR, Sonneveld MJ, de Ruiter PE, Boonstra A, van Vuuren AJ, et al. Sensitive
detection of hepatocellular injury in chronic hepatitis C patients with circulating hepatocyte-derived
microRNA-122. J Viral Hepat. 2013; 20(3):158-66. https://doi.org/10.1111/jvh.12001 PMID: 23383654.

LiJ, Ghazwani M, Zhang Y, Lu J, Li J, Fan J, et al. miR-122 regulates collagen production via targeting
hepatic stellate cells and suppressing P4HA1 expression. J Hepatol. 2013; 58(3):522—8. https://doi.org/
10.1016/j.jhep.2012.11.011 PMID: 23178710; PubMed Central PMCID: PMC3619187.

Hsu SH, Wang B, Kota J, Yu J, Costinean S, Kutay H, et al. Essential metabolic, anti-inflammatory, and
anti-tumorigenic functions of miR-122 in liver. J Clin Invest. 2012; 122(8):2871-83. https://doi.org/10.
1172/JC163539 PMID: 22820288; PubMed Central PMCID: PMC3408748.

Tsai WC, Hsu SD, Hsu CS, Lai TC, Chen SJ, Shen R, et al. MicroRNA-122 plays a critical role in liver
homeostasis and hepatocarcinogenesis. J Clin Invest. 2012; 122(8):2884—-97. https://doi.org/10.1172/
JCI163455 PMID: 22820290; PubMed Central PMCID: PMC3408747.

Bihrer V, Friedrich-Rust M, Kronenberger B, Forestier N, Haupenthal J, Shi Y, et al. Serum miR-122 as
a biomarker of necroinflammation in patients with chronic hepatitis C virus infection. Am J Gastroen-
terol. 2011; 106(9):1663—-9. Epub 2011/05/25. https://doi.org/10.1038/ajg.2011.161 PMID: 21606975.

Shaker OG, Senousy MA. Serum microRNAs as predictors for liver fibrosis staging in hepatitis C virus-
associated chronic liver disease patients. J Viral Hepat. 2017; 24(8):636—44. Epub 2017/02/18. https://
doi.org/10.1111/jvh.12696 PMID: 28211229.

Nakamura M, Kanda T, Jiang X, Haga Y, Takahashi K, Wu S, et al. Serum microRNA-122 and Wisteria
floribunda agglutinin-positive Mac-2 binding protein are useful tools for liquid biopsy of the patients with
hepatitis B virus and advanced liver fibrosis. PLoS One. 2017; 12(5):e0177302. Epub 2017/05/06.
https://doi.org/10.1371/journal.pone.0177302 PMID: 28475652; PubMed Central PMCID:
PMC5419651.

Halasz T, Horvath G, Par G, Werling K, Kiss A, Schaff Z, et al. miR-122 negatively correlates with liver
fibrosis as detected by histology and FibroScan. World J Gastroenterol. 2015; 21(25):7814-23. Epub
2015/07/15. https://doi.org/10.3748/wjg.v21.i25.7814 PMID: 26167081; PubMed Central PMCID:
PMC4491968.

Nakamura M, Kanda T, Sasaki R, Haga Y, Jiang X, Wu S, et al. MicroRNA-122 Inhibits the Production
of Inflammatory Cytokines by Targeting the PKR Activator PACT in Human Hepatic Stellate Cells.
PLoS One. 2015; 10(12):e0144295. Epub 2015/12/05. https://doi.org/10.1371/journal.pone.0144295
PMID: 26636761; PubMed Central PMCID: PMC4670168.

Puche JE, Saiman Y, Friedman SL. Hepatic stellate cells and liver fibrosis. Compr Physiol. 2013; 3
(4):1473-92. Epub 2013/11/23. https://doi.org/10.1002/cphy.c120035 PMID: 24265236.

Brenner DA. Molecular pathogenesis of liver fibrosis. Trans Am Clin Climatol Assoc. 2009; 120:361-8.
Epub 2009/09/22. PMID: 19768189; PubMed Central PMCID: PMC2744540.

Sakaida I, Matsumura Y, Kubota M, Kayano K, Takenaka K, Okita K. The prolyl 4-hydroxylase inhibitor
HOE 077 prevents activation of Ito cells, reducing procollagen gene expression in rat liver fibrosis
induced by choline-deficient L-amino acid-defined diet. Hepatology. 1996; 23(4):755-63. https://doi.
org/10.1053/jhep.1996.v23.pm0008666329 PMID: 8666329.

Chen L, Charrier A, Zhou Y, Chen R, Yu B, Agarwal K, et al. Epigenetic regulation of connective tissue
growth factor by MicroRNA-214 delivery in exosomes from mouse or human hepatic stellate cells.
Hepatology. 2014; 59(3):1118-29. Epub 2013/10/15. https://doi.org/10.1002/hep.26768 PMID:
24122827; PubMed Central PMCID: PMC3943742.

Vogt J, Sheinson D, Katavolos P, Irimagawa H, Tseng M, Alatsis KR, et al. Variance component analy-
sis of circulating miR-122 in serum from healthy human volunteers. PLoS One. 2019; 14(7):e0220406.
Epub 2019/07/28. https://doi.org/10.1371/journal.pone.0220406 PMID: 31348817; PubMed Central
PMCID: PMC6660082 of data collection, manuscript writing, and analysis. Hiroko Irimagawa is currently
an employee of Theravance Biopharma. All authors receive or received salary and other forms of com-
pensation (stock equity and restricted-stock options) from Genentech, Inc., and/or Theravance Bio-
pharma. There are no other competing interests to declare and these declarations do not alter our
adherence to PLOS ONE policies on sharing data and materials.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255672 September 10, 2021 17/17


https://doi.org/10.1111/j.1365-2893.2011.01536.x
http://www.ncbi.nlm.nih.gov/pubmed/22239527
https://doi.org/10.1111/jvh.12001
http://www.ncbi.nlm.nih.gov/pubmed/23383654
https://doi.org/10.1016/j.jhep.2012.11.011
https://doi.org/10.1016/j.jhep.2012.11.011
http://www.ncbi.nlm.nih.gov/pubmed/23178710
https://doi.org/10.1172/JCI63539
https://doi.org/10.1172/JCI63539
http://www.ncbi.nlm.nih.gov/pubmed/22820288
https://doi.org/10.1172/JCI63455
https://doi.org/10.1172/JCI63455
http://www.ncbi.nlm.nih.gov/pubmed/22820290
https://doi.org/10.1038/ajg.2011.161
http://www.ncbi.nlm.nih.gov/pubmed/21606975
https://doi.org/10.1111/jvh.12696
https://doi.org/10.1111/jvh.12696
http://www.ncbi.nlm.nih.gov/pubmed/28211229
https://doi.org/10.1371/journal.pone.0177302
http://www.ncbi.nlm.nih.gov/pubmed/28475652
https://doi.org/10.3748/wjg.v21.i25.7814
http://www.ncbi.nlm.nih.gov/pubmed/26167081
https://doi.org/10.1371/journal.pone.0144295
http://www.ncbi.nlm.nih.gov/pubmed/26636761
https://doi.org/10.1002/cphy.c120035
http://www.ncbi.nlm.nih.gov/pubmed/24265236
http://www.ncbi.nlm.nih.gov/pubmed/19768189
https://doi.org/10.1053/jhep.1996.v23.pm0008666329
https://doi.org/10.1053/jhep.1996.v23.pm0008666329
http://www.ncbi.nlm.nih.gov/pubmed/8666329
https://doi.org/10.1002/hep.26768
http://www.ncbi.nlm.nih.gov/pubmed/24122827
https://doi.org/10.1371/journal.pone.0220406
http://www.ncbi.nlm.nih.gov/pubmed/31348817
https://doi.org/10.1371/journal.pone.0255672

